
 

  

 

  

  
     

  

_ BRITISH 715°”
CDUSTICAL semen“

SOCIETY “M” “’7'

momma SC G LAWS OF A. OUST'IC ARRAY INTERACTION
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  For a fixed set of parameters, computing the performance of
an array of N transducers when taking acoustic coupling into
account usually involves the solution of a real matrix equation of

order 2.“. If N is large, the computation for just one set of
parameters can he a considerable task. In array interaction

studies many parameters are variable, and the computations]. effort
to cover even a limitedrange of variables can be formidable
indeed. One approach to reducing the magaitude of effort required
is to search for scaling laws, even of an approximate nature, which
will enable conclusions drawn from a study of one array to he

applied to a family ot‘ arrays. This paper, which is based on Ref 1,

describes the derivation of such approximate scaling laws for
planar arrays ofpiece-electric elements vibrating either within an
infinite, plane, rigid baffle or with no baffle present; the trans-

ducer faces are deemed to be rigid and circular, with diameter less

than V2 and, for convenience, the medium will he assumed to be

water. All transducers of an array are presumed identical. The

several scaling laws which will be deduced can he applied in com-

bination, providing the restrictions applicable to each individual

law are complied with.

Over a limited frequency band, a piano-electric transducer

may he represented by the well known Van Dyke equivalent circuit

of Fig 1, where upper and lower case subscripts denote electrical

and mechanical units, respectively. Instead of specifying the
equivalent circuit components directly, we specify the following

quantities: fa, mechanical resonant frequency of an isolated

transducer in water; a/lo, piston radius in wavelengths at fa; 9,

density of water; c, velocity of sound in water; nu, mechano-

acoustic efficiency 01‘ an isolated transducer in water; Q',

national Q factor of an isolated transducer in water: k, coupling

coefficient; B, electrical to mechanical transfom coefficient;

tan 5, dielectric loss factor. From the foregoing, the impedancee

of all the circuit components of Fig 1 may be deduced in terms of

quantities which are constant for a specified element and of the

following three calculable quantities: (a) the self radiation
resistance at f0, nth”; (h) the self radiation reactance at £0,

xrhh; (c) the normalised frequency, f/fo.

For the sake of some generality we allow an optional series

or parallel tuning inductance, LE, and an optional series input
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resistance, Rs, with the restriction that the impedances at {’0 are.

each assumed to bear some fixed ratio to R     

      

       

      

r(s)o'

The self rsdiatiamresistence and reactance at any frequency

can, of course, he expressed in terms of their respective values at

to and of functions of f/fo, while the mutual radiation impedance

is given (Ref 2) to a fair degree of accuracy, for elements up to

l/k diameter (or up to yeatsr diameters with decreasing accuracy),

by
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where (131 finance"; the distance between the 3m and hth elements

and the u's represent the velocities. To the degree of approxima-
tian implicit, it can be deduced that am) and Iron) are each

only functions of f’/1'o and of Btu”.

Thus, for a fixed. elemnt specification, all impedances of
P15 1 have been expressed in terms of constants, of RAE)“ of

xrhh and of functions of f/fo. If LA.) and Lm are grouped

together, even the dependence on Xr(°)° disappears.

For stated boundary conditions (eueh as the resence of an
infinite, rigid baffle or the absence of a baffle and for given
value of me, the quantities Eden/m and Xr(s)/acA are fixed.

. 2 2As the platen area, A, is x(aA°)_£c/f°) , Rru)‘: and Xr(a)°

each equal to a constant times fo . Thus the impedances of the

are

equivalent circuit components may each be expressed as a function

of f/fo and as proportional to fo-Z. Hence we may deduce the

following dependence factors for the parameters E, B and fa (which

we shall call scaling law 1).

Power of dependence on
t‘ B 7

   

Piston velocity
Force on piston
Total radiation impedance
Radiation impedance/gall
Radieted power
Radiated power/piston area
Input current
Input impedance
Input power     
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The values of to, B and E used for portraying the curves of

array performance in this study were f0 = 1 1:11, B = 1 Newton/Volt

and E = 1 Volt. With the help of scaling law 1 the curves can be
interpreted easily for any values of f0, 8 and E.
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With cmatant voltage drive and no external seriesimpedance,

the force across the input to the mechanical part of the equivalent

circuit is unaffected by the values of k and ofttan 5; hence the

acoustic performance is then unaffected by these two parameters.

(Scaling law 2.)

Using the equivalent circuit formulae and the formulae for

the self radiation impedance of small, circular pistons, the total

mechanical impedance, ZIll r,- (see Fig 1) for an isolated element can
,

be shown to satisfy

zm,r z r(s)o (1 + '

where A is the fractional bandwidth, (1’ - f°)/f°, and is seamed

small. Thushfor two differept isolgteifllemgégfor each of which

the specification is ideriticaI,"exc“eI:t for Q3,” “1' r will be the
n

same for both elements at equal values‘of Q'A. Thus curves of a

parameter depending only a 2m 'ri’willziinen plotted on a generalised
, .

frequency scale of 2v, be the same for both elements (to within

the accuracy implicit in the aboV‘ZeW)J-lilhcn there is a
constant voltage source and no series impedance in the electrical

feed, this applies to the acoustic quantities such as piston

velocity, force on piston and radiated power. (Scaling law 5a.)
It does not hold, in general, for electrical quantities such as

input current, input impedance and input power, because the

expressions for these quantities contain the terms andA

separately and not only in product form. It does however hold for

these electrical quantities if the input to each of the two
elements is parallel-tuned to f , assmning they hage negligible

dielectric loss and the same value of Q'k/(1 - k2) , for

Q. and A than only occur in the product form in the relevant

formulae. (Scaling law 311.)

It is not immediately obvious that the ability to plot
parameters independently of Q. will holdfor elements in an array,

as the mutual radiation impedance formulae do not show anobvious

dependence on Q'A. However, computational checks have been made

for some small arrays. Such a comparison is presented for tie

arrays in which the specification is identical except that in the

one case the elements have a Q. of 6, in the other of 12. Each

array consists of 9 abutting pistons (} rows x 3 column) in an

infinite, rigid baffle. The element specifications, equivalent

circuits and curves forvelocity magnitude and radiated power are

shown in Pig 2; the curves are for constant voltage drive with no

steering or tapering. There an three unique element positions in

each array, namely comer, mid-side and centre; thus three separate

mu line curves are shown on each grams; in addition, the varia-

tions of the same parameter for an isolated element are depicted

by a broken line curve. It will he sees that the severe inter-

action effects follow very similar curves for the two arrays over

a range of values of ZQ'A from about -2 to +2. Scaling law )a

thus appears to apply to arrays, and similar computational evidence

indicates that this is also true of scaling law 3b.

It was indicated earlier that, with Lt“) and 1.III grouped  



 

-1.—

 

togeflser', the impedances of the equivalent circuit could all be
expressed in terns-of constants, of Erhh and of functions of

f/fo. Thus, toa certain deg-ea of approximation, if two arrays

have the same specification, apart from the element size, mg,

the equivalent circuit components within each array willbe scaled
to fine value of Educ applicable to that array. Thus, the

following approximate scaling can be expected: piston velocity,
radiated power, input current and input powerwill be proportional
to 1/llr(.)°, whereas mutual radiation impedance, total radiation

resistance and input impedance will be proportional to lids”.

(Scaling 1a- 1..) Quantities, such an radiation reactanoe and force
on piston, which depend on 1.1.“) or l.In separately will not

neon-stillnmlerrptu steeple-:9! gsemlmem shown 3:: Pie 3-
Do the right hand graph of each pair, the expected highest point
of the array curves as sealedfrom the left hand graph is indicated
by a short horizontal line: Quite respectable agreement can be
observed “Wan-’tli'eviets" M Math-""5

We nexteompare an array_in a1: infinite, rigid baffle and an
unbafi'led Ki'i‘éy iiifls ’otfiersice idedtidfl‘yapecmcatien. Denoting
"baffled" m "Med" quantities by the subscripts b and u,
respectively, one finds (using results from Refs 5 and L) that, over
the range of small a/lo which concerns us, the ratios RT“) 1/

xix-(3).“ and Xr(5)'b/Xr(a)’“ are, to a rough degree of approximation,

constant. Hence, similarly to scaling law b, the two arrays will
scale approximately in the ratio cs- inverse ratio of the respective
values of 31(5):). (Sealing law 5.) An example of scaling law 5

is portrayed in Pig L, and the agreement there is again quite
reasonable.

We note that the equivalent circuits of“ the two arrays in Fig 1+
differ significantly. One can deduce (by a combination of scaling
laws I. and 5) that two similar arrays one baffled and one mbaf'fled,
yet both with elements having (nearlys the some equivalent circuits,
will yield approximately the same performance if a/).o for the

baffled array is one sixth less than for the unhaffled one.
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    INPUT ELEMENT RADIATION
CIRCUIT I (VAN DYKE CIRCUIT) LOAD

Fig 1 Eqflflénfi’flflcflpflflf MhpiélflS-elfibkrifimfiwnt, its radiation
load and the assumed input components. .
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r (kH) mo' 11m 0, B(N/V) k “'15
1 0.05 0.90 6 1 0.28 0
1 0.05 0.90 12 1 0.28 0

113’ v N m/N 1:3 N/m/s

0.213 1 : 1 18.1 x 10:: 0.28 11.6
0.107 1 1 9.1 x 10 1.67 12.6

(m
W)

 

 
R
a
d
i
a
t
e
d
p
o
w
e
r

  
ZQ'A

Fig 2 Example of scaling law 33  



 

     
  
  
    
   
   

Array using 0 O 0‘ 0.21 May using

element B O 0 0 °

0 O 0

Element f°(kfi) 11/)»o 11m 0' B(N/V)

B 1 0.05 0.90 12 1
c 1 0.10 0.90 12 1    11F V N 111/?! 9
B 0.107 1 : 1 9.1 x 10

c 0.007 1 : 1 0.6 x 10 9
Constant voltage.

No steering or §

 Fig '3 Example of scaling law A,
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Unbafl‘led array uses element D.  

Element fo(kH) a/lo nma ow B(N/V) k tan5

  

    

   

    

B 1 0.05 0.90 12 1 0.28 0
D 1 0.05 0.90 12 . 1 0.28 0

p1? V N m/N _9 kg N/m/s
B 0.107 1 : 1 9.1 x 1o_9 1.67 11.6
D 0.212 1 : 1 - 18.0 x 10 0.55 7h.

Constant voltage. No F—W
steering or‘taperins. E

Baffled Unbaffled Baffled Unbaffled
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Fig 1. Example of scaling law 5

  


