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There have been various calculations of acoustic interaction effects

in transducer arrays ~~or-~e~~~p~ej refeTeflCeO (s~3, -(b) , (c ’L~ and at least

~~~ one exper imental stud~r specifically aimed at ez~3.oring such effects ~z-~f- ~~

,9--erence (a) )’. Of necessity, all this work con8lders special cases and pro-

~~~~ videa little in the way of genera]. guide lines ‘which are usefUl for prac-
tical arra y prob leme . We shall present here aow~ calculation s which,
although still in the special cace category, cover a wide range of cert ain
variables in an atte~rpt to gain nome insight into such pr c~bleme. For
exaapl e, the extent to ‘which the transducer velocities in the array viii
vary when all tra nsd.ncers are driven by the same force is shown as a func-
tion of transducer spacing and individual transducer effic iency. The die-
cuss ion is directed s~~inly at the case where the transducers are velocity
limited ? and the resulting limitations on radiated po~’er are illustrated.

CALCUlATIONS 
- j

We have chosen an array consist ing of one circula r piston surrounded
by six other pistons in an Infinite rigid baffl e (nee Figure 1). Tie radi-
ation resistance for an array with thi s geometry has been discussed by
Pritchard (referen ce (a)) for the case where all pistons have the saz~ vel-

~~~ 
ocity. Here we shall consider the case ‘where all pistons are driven with
the same internal force which more nearly corresponds to usual pr actice .

J~J We have calculated the piston velocitie s and rad iation impedances in the

~~~ array as a function of the distance (6) between pistons for various amount.s
%j... of internal mechanical resistan ce in the transducers. We have specified a

sIngle value of ka , where a Is the radius of the pistons , and a single
C.~ 

value of the internal mechanical reactance of the transducers • We have

~~~~~ used ka 1/2 because the inte ra ction effects of most inte rest ar e likely
to occur when the individual platens are considerably sn~ ].3er than a wave-
length. We have taken the Int erna l mechani cal reac tance equal to the nag- 00
ative of the self radiation reactance . Thus ~. the results hold only at tie

• frequenc~r of velocity resonance of a. single isolated transducer.

Tie center piston In this hexagonal array v~uld be expected to show
exaggerated Inter action effects because its interact ion with al] the outer
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pistons is the same, and the possibility of a large net Interaction exists .
In this respect the present array is similar to Rusby a cross-shaped array
(reference (d) ) and would be expected to ahoy the kind of effects which he
reported. The interaction effects found here are probably greater than
would be found in moat other arrays ‘where more cancellation of interactions

• usually occurs .

The equations of motion of the center piston and any one of tie outer
pistons in the array are taken to be

(~ .s~~Zj )U,e~/11 F~ (1)

• • (~~ M 42
~~) 

Li~ 
e ~ F, 2

where subscrIpt 1 refers to the center piston ard subscript 2 to the outer
piston . Z~ Is the internal ~~chanicai impedance vMch we take to be

(3)

where X 1, is the self radiation reactance (~~ ~ ~~ )(it = (.1199+. 39691 ‘~p c’. A
for ka = 1/2) Zi and Z2 are the radiation impedanceo of tie center and outer
pistons which in this case (see FIgure 1) are given by

.
~~ 

= Z,, +G z~ 
~~ 6L~ 4~-/a.) 

(1~)

~~ 
+2 

~~~~~~ 
+ 

~~
. 

~~~~ 
+ 5

where the Z].2~ etc . are mutual impedances which have been computed for thin
case by Barrett (reference (e)) from the equation derived by Pritchard
(reference (a)). (J1 t4./A and L~ e’~ ’ are tie two velocities and. F Is

• the magnitude of the internal driving force. Since the dr iving force Is the
samc for all pistons In the array we use it as the phase reference.

When Eq. (4) and Eq. (5) are substituted into Eq. (1) and Eq. (2 ’s the
latter two equations can be solved for the two velocities in terms of the
coninon driving force F. It seems more instructive, however, to express
the velocity nagnitudes in terms of the velocity magnitude of a single,
Isolated platen driven by the san~e force F. For this latter velocity mag-
nitude we find, using Eq. (3)

L4,~’ (6)

78 ~7 3 7 1
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• Figures 2 and 3 show the two velocity ratio . WUn and as functions
of ~~~~~ for ‘Rs /f~u - 1.00, 0.43 and O.]4,which correspond to single tra na-

• duc.r nachanoacoustical efficiencies ( ~~~~~~~~~~~~ ) of 50%, 70% and 90% ,
respectively. Tie phase difference between the two velocities in the ar ray .
,“, —/‘i and tie velocity amplitude ratio ‘4/ti are given in F igure 4.

From tie velocity ma~nitudea and phases tie two radiation impedances can
be f ound from Eq. (4) and Eq. (5) .  The results are shown in Figures 5 and
6, which also show radiation resistance curves for equal piston velocit ies .
The calculations have been done for values of d from closest possible pack-
ing ( d/20.. 1) to quite Loose packing (d/ Zc~. - 2.3 6).

DISCt~ BION

Figures 2 and 3 ahow that for tight packing of the array the velocity
amplitudes are smaller tl*n for a single piston driven by the same force .
This occurs because the radiation impedance is higher In the array than it
is for a single piston . As the packing becomes looser the velocity of the
outer pistons increases, which would be the moat co~nao~ behaviour in any
array. However, the possibility of quite different behaviour i~ shown by
the center piston where the velocity may increase or decrease , depending
on the value of I~M• Note especially that for small R~ tie velocity of tie
center piston may be sign ificantly greater than it would be for a piston
operating alone and driven by the same force . Such an effect could lead to
the mechanical failure of some of the transducer s in an ar ray if tie trans-
ducer velocity limitations did not contain a considerable safety factor.
Although the behaviour shown by the center piston is exaggerated by the
type of array under study, it Is likely that in any large array the envi-

• ronment of one or more of the pistons would be ouch as to caus e similar
effects .

• Other calculations of were made at ~/2e. - 1.96 for RM )

and they show, as expected, tl*t Ui/U,1 approaches unity as Ri&jR ii Inc reases .
it was also found that at - 1.96 the ratio UP/C,, Is a minimum for

• ~~ 0.96. Thus, the curve for RMjR11 3. shows approximately the
• •xtreme behaviour.

Note by comparing Figure 2 and Figure 4 that the velocity peak of tie
center piston for the smallest RM occurs when the center and outer we 10-
cities are near ly 180° out of phase . It should also be pointed out that
tie velocity rat ios in Figure 2 and F iCure 3 pass through other oscilla-
tions before approaching unity at large d. For example) tie ratio Ui/~j ,,
has a peak near lcd - 3 ‘IT/2 where the mutual radi ation resistance between
the center and oute r pistons ha. its greatest negative value.

Figure 5 shows that tie ra diation resistance of the center piston
becomes negat ive and remains negative over a conside rable range of spacing.
This means that the center piston is absorbing some of the acoustic ener~ ’
radiated by the outer pistons . Busby observed tie sane kind of effect in
his measurements. It should be noted that the ye t7. peak of the center

~ / ~
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piston does not occur when RN + R 1 0 , becauie tie transducers In the array
ar e not exact ly at resonance. This peak does occur wieu I Zi~ + Zjj is a

• ainI~ a as can be seen from Eq. (1) -

It ii of interest to note that the quantity Zj4 + Zj Ii. never zero
for any piston of any array . When tie set of linear equations relating
the piston velocities to the driving forces for any ar ray with any set of
driving forces are solved by determinants we have for any one of the vel-
ocities

where A is the determinant of the coeffic ients end 4 is
with the j~~ column replace d by the set of driving forces. ~Tl. d.t.ermin-
ant ~~ is never zero . If it were, there would be a solution other than
all velocities equal t., zero for the case where all tie drivin g forces were
zero, and this is physically impossible. Since ~~ is never zero none
of the velocities are ever infinite • It follows that the quantity I Z~ +Zj  I
for any piston in any- arr ay is never zero • Both RN + R j  end XM +
be zero, but they are never zero under the sane conditions .

In Figure 6 the radiation resistance curve for equal piston velocities
is a meu~er of the family of curves shown there corresponding to RN )~
since large RN and equal driving forces result in nearly equal velocities .
This I. fairly obvious in Figur e 6. It is not obvious in Figure 5, but

• ~mist also be trus there.

The total acoustic power radiated by the arra y can be wr itten

~ * 
(~UI2 + 5 R2~ 

(8)

• We have calculated and plotted on Figure 7 the quantity

+ for U, ~~UL ,

= (9)
R~~~ L~i~~

2 6~~• + -~~ for ~4

This is the ratio of the total power radiated by the array to the power
• which would be radiated by a single isol&ted piston vibrating with a vel-

ocity .qun l to the higher of the two diff.rent piston velocities in tie
array . This t~ tie power ratio which Ii pertinent to the case of velocity
h alted transducers. The ciu’vea in Figure 7 show the power which could be
radiated by this array if tie higher of the two piston velocities in tie
array were limited to the value ~~~~~ 

~~
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For tie lover values of RH the power radiated by tie seven piston array
is lees than seven tiame the power radiated by one piston . This occurs
aminly because the velocities of tie six outer pistons must be kept lower
then tie limiting value In order to prevent the center piston velocity from
e~~eedtng this value. In the interest of radiating power it would be better
to remove the center piston. However, for higher RH (for example, RN z H1,)
tie situation is quite different. Tie outer piston velocity usually exceeas
the inner piston velocity, and the power radiated by tie array is more than
seven t imes that radiated by one piston. The large negat ive radiation
resistance of the center piston for RH R11 las little effect on the power
because it is accompanied by a very low velocity.

Figure 7 also shows the power which would be radiated by tie array if
all pistons led the aa~~ velocity. Again this curve is a mether of the

• family of curves In FIgure 7 for RN ~~? B11. It is clear that the power
radiating capability of the array for a given n~ Y~t imm~ piston velocity
Improves as tie e~ual velocity condition is approached . Hovever~ for RM=Rll
we see that at~ °~i~a. 1.5 tie power cornea close to that in tie equal vel-
ocity case. It can be seen from Figure b that this spacing corresponds to
nearly equal velocity amgziitudee, although tie two velocities are about
1000 out of phase.

It the object is to radiate as much power as possible from a given
array, there is sonietinea then an advantage in using transducers which are
not highly effic ient . This is done at the cost of lowering the effic iency

• of the array, although not to a great extent, as Ia shown by Figure 8~which gives tie meclenoacoustical efficiency of tie ~rrey def ined by

(10)
A

Tie desirability of laying approximately equal piston velocities in
array. of smell pistons intended for tke radiation of high power has become
fairly clear . Tie equal velocity condition could be achieved by providing

J each transducer with its own suitably adjusted driver. Or , it might be
achieved by tie use of different transducers in different locations in tie
arr ay. Another crud. approach in the use of transducers which, when oper-
ating alone, are relatively inefficient. This approach zay not be an bed

• as it seeme since Figure 8 shows that tie array efficiency amy be consid-
•rabl .y Mgbsr than the individual transducer efficiency if tie latter is

• not too high.

The single frequancy at which these calculations lava been med. is a
• seriou s limitation on their usefulness • We hope , therefore, to extend this

work by repeating some of the calculations at frequenc ies which differ by
smell amount s from the resonant frequency of a single isolated transducer .

5
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