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"~ There have been various calculations of acoustic interagtion effects

in transducer arreys ffom-example; references (e}; {b}, {c}) and et least

one experimental study spscifically aimed at exploring such effects fref=—C

) .erence {d))y. OF necessity, all this work considers speciel cases and pro-

vides little in the way of general guide lines which are useful for prec-

tical array problems. We shall present here some celculations which,

although still in the special case category, cover & vide range of certain

veriables in en attempt to gain some insight into such problems. For

example, the extent to which the transducer velocities in the array will

vary whea all transducers are driven by the same force is shown as a func-

tion of transducer spacing and individual transducer efficiemcy. The dis-

cussion is directed mainly at the case where the transducers are velocity -

limited, and the resulting limitations on radiated pover are 111ustrated.<{/
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CALCULATIONS (,// (s
—

We have chosen an array consisting of one circular piston surrounded
by six other pistons in an infinite rigid baffle (see Pigure 1). The radi-
ation resistance for an array with this geometry has been discussed by
Pritchard (reference (a)) for the case where ell pistons have the same vel-
ocity. Here we shall consider the case where all pistons are driven with
the seme internal force which more nearly corresponds to usual practice.

We have calculated the piston velocities and radiation impedances in the
array as a function of the distance (d) between pistons for various amounts
of internel mechanical resistance in the transducers. We have specified a
single value of ka, where a is the redius of the pistons, and e single
value of the internal mechanical reactence of the transducers. We have
used ka = 1/2 because the interaction effects of most interest are likely
to occur vhen the individual pistons are considerably smeller than a wave-
length. We have taken the internal mechanical reactance equal to the neg-
etive of the self radistion resctence. Thus, the results hold only at the
frequency of velocity resonance of a single isclated transducer.
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The center piston in this hexagonal array would be expected to show
exaggerated interaction effects because its interaction with all 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’'s cross-shaped array
{reference (d)) and would be expected to show the kind of effects which he
reported. The interaction effects found here are probably greater than
would be found in most other arrays where more cancellation of interactions
usually occurs.

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

(1)

(Zu+ Z) U,e;""‘ > F.

(ZM"'ZZ) Uz.e;h = F, (2)

where subscript 1 refers to the center piston ard subscript 2 to the outer
piston. Zy is the internal mechanical impedance which we take to be

Zu=Rut L Xy = Ry £ Xu (3)

vwhere X, 1s the self radietion reactance (Zj=R,t< X = (.1199+.39691 lpe A
for ka = 1/2) 2] and Z2 are the radiation impedences of the center and Outer
pistons which in this case {see Figure 1) are given by

£ =% e &, %; gte (%)

Zy = Zyt2F2 +2%,, *Zzs‘*zm.% e 4t 5)

where the Z12, etc. are mutual impedances which have been computed for this
case by Barrett (reference {e)) from the equation derived by Pritchard
{reference (a)). U,e“M ard U, €*#2 are the two velocities and F is
the megnitude of the internal driving force. Since the driving force is the
same for all pistons in the array, we use it as the phase reference.

When Eq. (&) and Eq. (5) are substituted into Eq. (1) end Eq. (2) the
latter two equations can be solved for the two velocitles in terms of the
common driving force F. It seems more instructive, however, to express
the velocity megnitudes in terms of the velocity magnitude of a single,
isolated plston driven by the same force F. For this latter velocity mag-
nitude we find, using Eq. (3)

E
q' RM ¢ Rn (©
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Figures 2 and 3 show the two velocity ratios Woy ana U)_/ Uy as functions
of d/2a. for Ru/Ru = 1.00, 0.43 and 0.1) which correspond to single trens-
ducer mechanoacoustical efficiencies ( —m—%‘v‘) of 50%, 70% and 90%,
respectively. The phase difference between the two velocities in the array,
A4 *Q and the velocity amplitude ratio ¢///4 are given in Figure k.
From the velocity magnitudes and phases the two radiation impedances can
be found from Eq. (&) eand Eq. (5). The results are shown in Figures 5 and
6, which also shov radiation resistance curves for equal piston velocities.
The calculations have been done for values of d from closest possible pack-
ing ( 9/2a. = 1) to quite loose packing (d/2a = 2.36).

DISCUSSION

Figures 2 and 3 sbow that for tight packing of the array the velocity
amplitudes are smaller than 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 most common behaviour in any
array. However, the possibility of quite different behaviour is shown by
the center piston vhere the velocity may increase or decrease, depending
on the value of RM. Note especially that for small Ry the velocity of the
center piston may be significantly 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 transducers in sn array if the 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 such as to cause similar

effects.

Other calculations of u/Uu were made at d/za = 1.96 for Ry > R11,
and they show, as expected, that Ui/Un approaches unity as Ry/R1) increases.
It was also found that at d/2o- = 1.96 the ratio Y/un ie a minimum for
Ru/Ryy 2 0.96. Thus, the curve for Ry/Rjj = 1 ehows approximately the
extreme behaviour.

Note by comparing Figure 2 and Figure L that the velocity peak of the
center piston for the smallest Ry occurs when the center and outer velo-
cities are nearly 1800 out of phase. It should also be pointed out that
the velocity ratios in Figure 2 and Figure 3 pass through other oscilla-
tions before approaching unity at large d. For example, the ratio U /Un
has a peak near kd = 3T /2 where the mutual radiation resistance between
the center and outer pistons has its greatest negative value.

Figure 5 shows that the radiation resistance of the center viston
becomes negative and remains negative over a coneiderable range of spacing.
This means that the center piston is absorbing some of the acoustic energy
radiated by the outer pistons. Rusby observed the same kind of effect in
his measurementa. It should be noted that the velrc:’.t;.,mn.k of the center
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pilston does not occur when Ry + Ry = O, because the transducers in the arrey
are not exactly at resonance. This peak does occur when | Zy + Zilis a
minimum, as can be seen from Eq. (1).

It is of interest to note that the quantity | ZM + Zjlis never zero
for any piston of any array. When the set of linear equnéion- relating

the piston velocities to the ariving forces for any array vith sny set of
driving forcea are solved by determinants, we have for any one of the vel-

ccities
W = Ai/A (7

wvhere &  is the determinant of the coefficients and A s A
with the J2 column replaced by the set of driving forces. determin-
ant A 18 never zero. If it were, there would be a sclution other than
all velocities equal to zero for the case where all the driving forces were
zero, and this is physically impossible. Since A  is never zero none
of the velocities ere ever infinite. It follows that the quantity | Zy+Z;!
for any piston in any asrray is never zerc. Both Ry + Rj and Xy + Xy may
be zero, but they are never gero under the same conditions.

In Pigure 6§ the radiation resistance curve for equal piston velocities
is a meuber of the family of curves shown there corresponding to Ry 277 Ril,
since large Ry and equal driving forces result in nearly equal velocities.
This is falrly obvious in Figure 6. It 1s not obvious in Figure 5, dut
must also be true there.

The total acoustic power radiated by the array can be written
2 Z
’PA = ‘é‘ R‘U. + 5 Rz Uz (8)

We bave calculated and plotted on Figure 7 the quantity

% * G%(“&)z tor U, 72U, >
L7 = (9

——A L =
% Ry Unaa %(%\20—6% e % >U.

This is the ratio of the total pcwer radiated by the array to the power
which would de radiated by a single isolated piston vibrating with a vel-
ocity equal to the higher of the two different piston velocities in the
array. This is the power ratio which is pertinent to the case of velocity
limited trensducers. The curves in Figure 7 show the power which could de
radiated by this array if the higher of the two piston velocities in the
array vere limited to the value Upgy-
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For the lower values of Ry the power radiated by the seven piston array
is less than seven times the power radiated by one piston. This occurs
mainly because the velocities of the aix outer pistons must be kept lower
than the limiting value in order to prevent the center piston velocity from
exceeding this value. In the interest of radiating power it would be better
to remove the center piston. However; for higher Ry {for example, Ry = R;,)
the situation is quite different. The outer piston velocity usually ex::eo&a
the inner piston velocity, and the power radiated by the array is more than
seven times that radiated by one piston. The large negative radiation
resistance of the ceunter piston for Ry = Ry has little effect on the power
because it is accompanied by a very low velocity.

Figure T also shows the power which would be radiated by the array if
all pistons had the same velocity. Again this curve is & member of the
family of curves in Figure 7 for Ry 77 Rjj}. It is clear thet the power
radiating capability of the array for a given maximum piston velocity
improves as the equal velocity condition is approached. However; for RM=Rj1
ve see that at 4/2a.& 1.5 the power comes close to that in the equal vel-
ocity case. It can be seen from Figure 4 that this spacing corresponds to
nearly equal velocity magnitudes, although the two velocities are about
100° out of phase.

If the object is to radiate as much power as possible from a given
array,; there is sometimes then an advantage in using transducers which are
not highly efficient. This is done at the cost of lowering the efficiency
of the array, although not to a great extent, as is shown by Figure 8;
vhich gives the mechancacoustical efficiency of the array defined by

e

U= T ursuIR, -

The desirability of having approximately equal piston velocities in
arrays of small pistons intended for tle radiation of high power has become
fairly clear. The equal velocity condition could be achieved by providing
each transducer with its own suitably adjusted driver. Or; it might be
achieved by the use of different transducers in different locations in the
array. Another crude approach is the use of transducers which; when oper-
ating alone, are relatively inefficient. This approach may not be as bad
as it seems since Figure 8 shows that the array efficiency may be consid-
erably higher than the individual transducer efficiency if the latter is

not too high.

The single frequency at which these calculations have been mede is a
gserious limitation on their usefulness. We hope, therefore, to extend this
work by repeating some of the calculations at frequencies vhich differ by
small amounts from the resonant frequency of a single, isolated transducer.




USL Tech. Memo.

- T T

No. 912-20-62
Jod € F Afuood
JUDITH F. ATWOOD
Mathematician
(i %.Q. / \SAZI Pidiny_-

Physicist

LIST OF REFERENCES

L B

R. L. Pritchard; "Mutual Acoustic Impedance Between Radiators in an
Infinite Rigid Plane", JOURFAL ACOUSTICAL SOCIETY OF AMERICA, vol. 32,
p- T30 (1960)

R. V. Bafer, "Evaluation of Effects of Element Interactions in a large
Low-Frequency Array"”, NRL REPORT No. 5251, February 1959 (CONFIDENTIAL)
(See also Report Nor 5355 and SA91 on same subject.)

C. H. Sherman and D. F. Kass, "Radiation Impedances, Radiation Patterns
and Bfficiency for a large Array on A Sphere”; USL RESEARCHE REPORT
No. 429, July 1959

J. 8. M. Rusby, "Investigation of a Radiation Impedance Anomaly Between
Sound Projectors Mounted in an Array”, U, §. NAVY JOURNAL OF UNDERWATER
ACOUSTICS, vol. 11, p. 463, (July 1961) (CONFIDENTIAL)

E. L. Barrett, "Mutual Radiation Impedance Coefficients for ldentical
Circular Pistons in a Stiff, Infinite, Plane Baffle”, USL Technical
Memorandum No. 1150-39-58, 23 July 1958




-

.
B 5

Fagurc ; Gf@mefr‘) of the Arroy

m Mh. m. ;
No. 912-20-62 3




T

ST VI - Rl & < NS h -

#.f

»

be

T
T russ s snny verne yoo T
23 T + T 13 ﬂnﬁr*: I3 ing e ras W B B4 uw L ae
! st bei 3 3 4
= sassasts os s T a4 e - : [oost es ol
- s 4 T340 joss r +
: : : & s fiis: (B ity it
by Hid 4 T wu 3]
11 T e
— i o bs bs 5 -
s 2 T 5243 SR 3 b3 e e
3 .~ = .4
'3 & sees pais, 3 e 13-
’ o ' s
354 be ol 1 iede 25281 =i
= - sags e 3 123 £
Faad ses 1l 13 Tok vt $
b3%: 2 ey H - pase T
e ie " - pos
24 i fizetacd . e o 3
+1 e 4 4 <7 s
o3 rt 7 ! S5ass
il jo2s 1t g
Pt re se3s i3s3 3 1383 >
$ 17 A e =4 pess
Jasts saena s gl salassiis! s Fengast: fias sézgenis
b4 T TR s T THRT
{23 saant 8o (823335 £
i jsataest + -+ 2
- v
ST ST r 113 FEnates a1
2ot 8aekd tosabyeator
15t it . b ags s3fysbeese
Sevas net 3
aes aPs T 3
327 ou
Pas 33! ¥
3 >
3 3.
t ¥
$ H
s b4 &
3 o3 & i
o i o
R b3t i : i
+
B R 2534 23S RoRess o)
T ¥ T v ne " oo
eass thresss ::
+ $o e
T o
1%
1 17
t
3
o B3 T roons
S§3siom 8 238
oy b § 282
- fo!
fess oot 3
T
3 ol °3!
. e
3 949 i
45483 :
11 165 ¢ ol

353

1

ae

o

3

163 s 32 1+ + e 2t
51 5 e : d
- -y §% woe booe o
e R R e i34 :
Nb\ -~ n»'M > — ~
2% S3ak b iie] =1 uvn.n 3
4! 3231335 1388y 1 440 1a3: 5 H#H 33 54
13 3 tet 2 b
-
RLE B OO MALSA U YA44aNAN -
. PL-6SE ‘WO 3MiL0101x01 H*Pb

1303
‘lvv. M
1
T 13330
11344 it 53]
v 1233 N»of
1 Saew 13333
it S0 i 3 £
3 3357 rhaasseity i 3 3 g He
4 “ e oS n
T sagal oot 2 T o3 3
¥ o3 :
vos = H
= 3 g ve e 3
'y + e < 'opdy
»> T - I 33 po .
, i i i i
s ‘ 1 3
»Mﬂ b o e
2 ine saies 233
$ 3% > Hot o] 1 $3e5ets 3
s - - 4
T owss $ e2ee sy v 1 e ieod
s 5 it ! : ﬂ :
H e 1
1Y 1 b X $ f3t 853 @ f
Fies ioo 3
.
33833 135 35
53§24 oe
~oy 4+ 2<% vot 4l 13
1




T
a3 TR :
¢y s3isseans obsgdiney 3
f2a3saeundbias L«»W... seysi r
3 T, seaateees 3T
. t21t SEISEeRsst SRS
3 33 e segesives: it i
- -4 e + e
1 &% 4 >3 .M.c ot -4 ofe i
| S3igeels sacitRity IaNts. pyEs &
F R aT i A
| *las
TR Thits saiaiant eisis:
3 . (2 gk %8s 8 >
25 5e32s T 4w 4 -t
| 383 1284 334 T =
| sames e ead 3 gedegs It
. ¥ Es8 S .
o YEprer 3 3 £3
aee 7 -
st e i
: 21538 BIRiE 331555 385333 3532
3+ : HRTT TR s =
218313338 Y s8323%s ' 85% bas8d st =
3938 $37 >4 H T 27
16 4338 £ 35 $e32 oiavs R les Tt e e R < esd
ee * ivess Pty gy Swsnevy 2 3838 8¢ ot o1
< s cesatee: T rels ST 333 421 3 e p %!
, - Tefdre jas - - foa 2 22888 seuy paee IR S22 B .
: e it R B i i s
g ST s B i i i
T eases 1ee Rassseialsene s t fITee Snseasess toygssnc: sotas
e s d e segeages % 3 S edet Foetsetets oo I
2 Jaiisese Bt i 38a330t! R
PSS R34 + .-
T 1383351 5, 1t SRR e
peaioy SHH rysstess destasies 23283 fegais: joiscostines
 § 3 tEesssTs 130R4ieN] iad sobpaisattie 7 it
| Sovesey + pas - o egpwes
133 ¥4 : Fesa) 4T 0as A TEe Bl geacse
333 i3
ds r — e e » e 82
LR : s &3 . .y
155 533 3 3282 Shens £ 51 S335% Saas Easss bia: Fass Seast
cat ryed oo T 4 ¢ s g e saubae at
- .- pe8ss sovd v - +
3 S+o88 banss Sooas , o8 m wﬂ S ol v
233 pf e T I S IR s o .
[ree =333 - o :
. -’
o+ >4 Lels 4 33
: 323 r3oe!
>y A &%
b8 : gosst
i 33308050t 3551
: 15T Ftectes 3551
3 : a2d sresbist :toes
s¥343 fas ¥ 124 S 3ney 1 SupSEnEs twgne sue g da88:
v 238% 8 STsdsss e W peves
3234 e zowas 33212822 2221
: 8584 20830 3
s i3l 3jaisasice: 5
‘lt‘.v
33
s
333
1523
13is R .
.w Seage tm
33 e’
it :
oss ot ¥
b3ty ? s
: T I e
0! 34 et seieppetis c23: 3851 L
3 i eesrier 3334 "~ rebi ety ih
‘ Y s :
< it ! ¥
3 e 232t s -
% ‘3
e : Lot
s
4 3 :
+4
2 3es ros
] 'l
= Lo
55 : 2
3351 15 i
3 %
. 233 g :
34 :
Bl 3 it ’
Ly g iss 3
e s2aze] nen :
tHir
Ba a2y Settssse b :
mxx ¢ . t
T e L5 5y Li3, 2sisepet
133 : : L o - TR
ey 3 23 b3 oas sae
ot e Sissteat g t 53 1o |
ra i $ &2
- r=vy ras Sny b
£33 irad 13
T i S5 F3ass
. s Sran T
 F3ees 00t 13
1

W

i
v . s YR ANIIGTe OO HASSA W IA4403N ¢
S v1-6S€ ‘woamioiorxo1 XM . »




T
. ou o
‘o =1 b oo
T 23 3% vens
T 1338 1
22aadd :
T
LA SReES Ina ]
g
3o s ]
BEiS ¥
EeR 24 -
rm R8s eagsss i
=8 T
(Saoagen sy pal
feats: 3
3 155 14580 a! t
il s
& it + 15382
b : i
o35 ' m.vﬂ»
Ied 253
Speesas e 4 87
it 82 ;
ek B :
93 s
s1328 e
s e 1
2 EHEH
.
s¥a, T3 jaasasss pe:
ummu B : e
=
pane —
Siihegggd A g i i
Pt TRt itict S iy s
It sedmy i 3 333
T 4 32509 1329 3 3 H
+ 1 -t - - f JOSS
P PR=ee - .- 2SS 35t
133 saves daset s 3ide 137 332384 i j2se
353358503 13803 108 isiagags o
o s IgaS sepet nﬂm w. Avuvm
= ST ] 3
3 538 03a0t 3089 n_ﬂ
T T oY -]
? 3 =
T 1 3t 33
i 13 1% a3
& 13331 I3 :
1 Jsm T4 5
ey w7 pa e 3
23! = i3 341 :
1391 i sagel 75
ir HiH
33 3434
e o33 155
ppone +
¥ 3
o
T
113
Tt
HE
3iad
b4 el
T
-4 T+
1 1]
$

8%

sesrsises: 33
33 S35 EERBe sopasbuves Fanas suss pane) : 33233
> JSEapssset poas’ sests baye srapetTEEIERL

el o
pe IRES: SR a8l > i
£ ;328821 POle HH
B irssigtes
I3t e 28 et
(333 SR e she Jaze; (eRageaes
frespastd LT st 3
(3533 B0es. 1gu! 1355: igacssapes beet i 2erd,
b BY p: P 51 i -
piad wu 1% -1 ¥ .NA. he o 4
r235: e } t L
+ 5
3 et =
. - : |
o2, 5 |
i 335 midiiE 5 : |
b e -
-

5
=
=

el 5 74 o4 234 BT
it Iets s it 1t a3daratys

. YE ANIIaYN OD udS53 v 344NN p

Vv1-6S€E

‘W2 3HL 0101 X 01

24




1)

£ SIS (528

H

£
~

y

i

e

i

fzessares

O MASKI 9 134N U -
W arnLoL0i xo1 M-




.

G 4y b e

PRS-t 5o e W i 0 s

Bastsands

nesdons

| FoRREbatss

” : s as
- 3 s ey
: t a T“.MM..:,RHH

4 ,,unni.OU.-Nﬂl- ‘A.I_ML ..JMK u .
PI'6SE WD 3H1040i X O 23t






I'hs 38N O

D e3SEI N V544030 .
S8SE WD 3HLOLOL X O} Na\* .




