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Abstract 

A method for analyzing the transient behaviour of the transducer 

velocities In an array of transducers Is described and used to obtain 

results for several typical situations. The method is based on a 

finite difference Iteration solution of the differential equations for 

the array. It uses results of Mangulis for the transient self acoustic 

loading and makes approximations for the acoustic Interactions based on 

Rayleigh's general expression for the field of a source In an infinite, 

rigid plane. The results obtained are for small plane arrays of small 

circular pistons. They show that the transient period can be consider- 

ably extended by the interactions and that effects of practical impor¬ 

tance such as velocity overshoots often occur during the transient 

period 
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Introduction 

The use of large transducer arrays in Sonar has stimulated 

interest in transient effects^ because the interactions between trans** 

ducers modify the familiar transient behaviour of isolated transducers. 

The transient period of each transducer is extended as the delayed 

interactions from other distant transducers gradually exert their 

Influence. The transient behaviour of each transducer also depends on 

its location in the array since the interactions enter in a different 

order at each location. Finally, som* of the more drastic interaction 

effects, resulting in mechanical or electrical damage, might occur 

during the transient period and be unpredictable by steady state 

analysis. 

We have studied various methods for analyzing the transient 

1 2 
behaviour of transducer arrays * and now present a detailed descrip¬ 

tion of one of these methods with examples of results which have been 

obtained. For simplicity the method will be presented in terms of a 

specific transducer equivalent circuit, but it could be applied to 

other cases. In the method to be described here the transient inter¬ 

actions are treated in an approximate manner. These approximations can 

p 
be improved by use of other methods. 

In the present work the emphasis is on the transient build-up of 

the transducer velocities. In earlier work^ we studied the build-up of 

the near field sound pressure at certain points on the surface of simple 

- 1 - 
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arrays assuming Chat Che velocity was specified. The next step should 

be Che use of transient velocity results such as those to be reported 

here as the basis for transient near field pressure calculations. 

Formulation of the Problem 

We will assume that the usual lumped electromechanical equivalent 

circuits are adequate for use under transient conditions. For a piezo- 

ceramic transducer with a parallel tuning coil and neglecting electri¬ 

cal losses we have the circuit shown in Fig. 1 where the circuit 

elements have their standard meanings, e: is the applied voltage, /t£ 

Fig. 1. Transducer equivalent circuit used to describe the method and 

for the numerical examples. 

is the transducer velocity, and is the force exerted by the sound 

field on the radiating face of the transducer which Includes all the 

interaction forces. These variables are related by 

M * I** /1^ > '/¿w, i '‘J > (D 

j«/, a,..., 

2 
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where we are considering an array of N identical transducers. 

If there were no acoustic forces ( m o ) we would have a simple 

transient problem with familiar results. For an isolated transducer in 

a medium where only involves the self radiation force the general 

form of these familiar results would not be strongly modified for 

transducers of the usual sizes where the propagation time across the 

transducer was only a fraction of a period of the driving frequency. 

This point will be Illustrated later. But for a large array of trans¬ 

ducers where ^ includes the interaction forces the results can be 

considerably modified as we shall sea. 

For an array of H transducers, assuming linear acoustics, we can 

write the total acoustic force as 

r* 

+,-1/ (.¿JSj , (2) 
• tx/ * 

where is the pressure produced by the i^1 transducer, and the 

integration extends over the surface of the J*1** transducer. For vibra¬ 

ting surfaces in an infinite, rigid plane we can use Rayleigh's 

b 
expression for the velocity potential and obtain for , 

fc. -L 2. f - Vc ) Js¿ 
rt .rr d* 4. r.v ‘ ‘ , 

(3) 

where is the distance from the area element AS¿ on the i^ trans¬ 

ducer surface to a point on the jth surface, p is the density of th* 

medium and c is the speed of sound. Since it is difficult to use 

Eq. (3) as it is, we will make simplifying approximations and treat the 

self and interaction forces differently. 

- 3 - 
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He will confine ourselves to transducers with circular radiating 

faces and use the work of Mangulis^ for the self radiation forces. H<~ 

solved the problem of the transient loading of a circular piston when a 

sinusoidal velocity is suddenly applied. In our problem we will 

assume that a sinusoidal, voltage is suddenly applied at the electrical 

terminals of the transducer, and thus we will not have an abrupt 

sinusoidal velocity. However, we can reasonably expect that the 

velocities will be approximately sinusoidal with time varying ampli¬ 

tudes which do not change drastically in one period of the driving 

voltage. Under such conditions Mangulls* results should be a good 

approximation. We can write the self radiation force in the form 

+.. (ti - R. Ul/ir + ± X.. U) iül 
• t t U> ** 4* 

00 

where ¿J is the angular frequency of the sinusoidal driving voltage. 

and X^Ci) are the time dependent self radiation resistance 

and reactance given by Mangulls as 

/ 

Cot(2Â+en*)J& , o£T± zicu 

(5) 
j;(2K) 

1 ~ Ti. litu 

MI} 
fc A 

,. S/'aV SinCljtiLCêiG)dé û±T± zfo* 
ci' ^4* 

(6) 
S,(z4+) ~r> zieu 

- 4 - 
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In these equations we have used the variable T» «ot t A is the area of 

the circular pistonnais Its radius and and S, are first order 

Bessel and Struve functions. The resistance ratio varies from unity at 

T-o to Its steady state value at*T« a.£«u, while the reactance ratio 

varies from zero at T- O to Its steady state value at Thus the 

acoustic transient effects connected with the self radiation force end 

At T« l£«x. which for typical transducer sizes is about half the period 

of the applied sinusoidal voltage. 

Tfe will approximate the transient interaction forces by using step 

functions to give the propagation delay from the center of one trans¬ 

ducer to the center of the other. This approximation includes the 

essential feature of the transient interaction, but It Ignores the 

details of the build-up from zero to the steady state value. It is a 

reasonable approximation for small transducers, since the build-up time 

in radians is Z¿A>. For small identical transducers we can approximate 

Eq. (3) in an obvious way and write 

v-[. ~ ^ u~ (?) 
where is the distance between the centers of the ith and Jth trans- 

ducers, and 

l t £ ¿¿tic 

The significance of Eq. (7) can be seen more clearly by considering 

a time /c when the steady state has been reached and the 

- 5 - 
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velocity can be written in complex form as 

/¡r¿ (¢) = V¿ & 

Then with A-TTa,* we have 

r ( t ie_ i -üt 

and the expression in brackets is a well known approximation for the 

6 _ 
mutual radiation impedance between small circular pistons. Thus Eq. 

(7) approaches the correct values for small transducers as the steady 

state is approached. 

Using these expressions for the radiation forces, and specifying 

the applied voltage as 

f 0, T<0 (8) 
eÍ m I $ C.s(T+¿¿), T±o 

we can now rewrite Eq< (l) for T"¿Oí 

This is the set of equations which must be solved to determine all 

the transducer velocities as a function of time. These equations are 

uncoupled in the beginning, from 7*0 to T- mum- 

propagation of sound brings the first interactions into effect As 

more and more interactions enter the picture the equations gradually 
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become more strongly coupled until when T~m .. ) each 

equation Is coupled to every other equation. 

The applied voltage specified In Eq. (8) corresponds to simultane** 

ous application of all the voltages with arbitrary phase relations and 

approximates the use of phase shifting networks for beam steering. The 

use of delay lines would correspond to applying the voltages at differ¬ 

ent times. The differences resulting from these two methods of phasing 

during the transient period were studied to some extent In earlier 

7 
work. 

During the time period from Ts ãAa. to Tm ¿: ) 

Eq. (9) has the simplest form, because the self radiation resistance and 

reactance have reached their constant steady state values and the inter¬ 

actions have not yet started. It Is convenient to introduce the 

customary transducer parameters in terms of the coefficients In the 

equation in this form. Thus we write 

(10) 

(12) 

(U) 

where 

jcAT/- , 
(13) 

- 7 - 
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yc A . (14) 

Solving Bqs. (10)-(12) for and «.shows that V[ la the mechano- 

acoustical efficiency, q Is the quality factor, and W. is the angular 

resonant frequency for an isolated transducer under steady state con¬ 

ditions. 

During the time period from T»o to Tsi^».when the first two 

coefficients in Eq. (9) vary with time we can use Eqs. (10) and (ll) to 

make the substitutions 

(15) 

(16) 

Thus we express the mass, internal resistance and compliance of the 

transducers in terms of the parameters , , <o and . Since 

the mass M is positive the possible sets of parameters are restricted 

by Eq. (15). It is necessary to have 

The Numerical Method 

In the next step we approximate the derivatives in Eq. (9) by 

finite differences as follows: 

- 8 - 
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In Hangulls1 results In Eq.. (5) .nd (6) ue change the lnCegritlon 

variable to X* eoa «• which slmpllfiea the Integrals aonenhat. We also 

define the quantity 

■ ^ “* ^ /^ . 

Now we combine all the foregoing results and write out Eq. (9) for 

the three time regions : 

O — T ¿1 2 "A a. 
r ‘T/iU 

T/iA* 

(r) 

(17a) 

Tú «w'.-) ... *J WlSUWW.IW 

F¡ «M(rvíy)n ¿'- -TZrJl^ t[ -Ct) 

* £■ f ¡^(r’JJr'1 
(17b) 

7-¿ )«., 

. Z *.[V— 

- 9 - 
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In Eq. (17c) the factor was replaced by £/- ^ <*->/**7 

vdilch Is more consistent with the self radiation force and has about 

the same value for /2. 

Eqs. (17a)-(17c) were progranmed for the IBM II30 computer to 

obtain the velocity of each transducer as a function of time starting 

with initial conditions of zero velocity. Note that it was implied in 

Eq. (1) that the initial displacements were zero. It was found that 

the time increment ÙT could not exceed about .02 radians for reason¬ 

able accuracy. Thus about 300 steps per cycle of the driving voltage 

were required. One program was written specifically for line arrays 

where all the ^ are integral multiples of Then 

by making ^ an integral multiple of ÙT the computations 

could be carried out without Interpolation between previously calcu¬ 

lated values. Another program was written for arbitrary locations of 

the transducers in a plane for which Interpolation was required. 

The accuracy of the numerical computations as well as the adequacy 

of the various approximations was tested by computing the velocities 

until steady state was approximately attained and then comparing the 

velocity amplitudes with those obtained from Independent steady state 

calculations. The steady state calculations were done by D.T. Porter 

at USNUSL. Agreement to within a few per cent was found as long cs 

did not exceed .02 radians. Table 1 compares the results for the case 

of a ten element line array driven with the same amplitudes (/?•*/) 

and phases ( S; *0 ) using iia.m.S"t ^ u.S", e 2 and quarter 

10 - 
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wavelength separation between adjacent transducers (transducer number 

one is on the end). The computations were continued for about nine 

cycles, and It appeared that the steady state amplitudes had been 

reached to within less than 1$. The low hastens the approach to 

Table 1. Comparison of transient calculations with Independent steady 

state calculations 

Steady State Velocity Amplitude 

Transducer 

1 

2 

3 

k 

5 

from transient 

3.57 

2.32 

2.79 

3.19 

2.56 

from steady state 

„kB 
2.31 

2.72 

3.11 

2.52 

steady state, but In this case, where the array Is 2.25 wavelengths 

long, the Interactions still cause minor transient fluctuations for 

several cycles. The differences In Table 1 are probably caused mainly 

by our approximation of the Interactions, which requires . s~. 

Results 

In Fig. 2 we show the effect on the transducer velocity of using 

Mangulls' transient radiation Impedance as compared to using the steady 

state radiation Impedance. The difference between the velocities Is 

small at first and gradually disappears after 7« <i4<u , showing that 

acoustic transient effects do not change the transient behaviour of 

small Isolated transducers very much. As can be seen from the lower 
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part of the figure the transient radiation resistance is very high in 

the beginning. This makes the velocity nearly in phase with the driving 

voltage so that it approaches its steady state amplitude more quickly. 

Thus the transient radiation impedance makes the velocity attain a 

higher value at its first peak as shown. In other words the transient 

radiation impedance makes the transducer behave as though it had a very 

low if at the beginning. 

Note that Fa has the units of velocity. The velocity 

values in Fig. 2 and subsequent results calculated for F « / are then 

in units of 

Figures 3 and 4 show the velocities as a function of time for a 3 

by 1 array. The Acu of the circular oistons is 0.5. The efficiency of 

the transducers is the ¿ÿ is 4 and the driving frequency equals 

the resonant frequency. These parameters refer, as given in Eqs. (10)- 

(12), to an isolated transducer. The Interaction impedances modify the 

radiation resistance and reactance causing the actual efficiency, ^ and 

resonant frequency to vary depending on location in the array. The 

separation between transducers is a quarter wavelength. The driving 

voltage amplitudes and phases are equal, and the voltage wave form in 

these figures is just cost. 

The velocities of the two transducers on the ends of this 3 by 1 

array build up to steady state in a way that is very similar to that 

for an isolated transducer. For example, after Q cycles the amplitude 

is within a few per cent of its final value. The velocity of the 

- 12 
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transducer in the middle shows slightly more Interesting behaviour. 

After about two cycles it builds up to a maximum and then decreases 

slightly toward its steady state value. The steady state velocities 

are given in the figures. 

In Figures 5 and 6 we consider transducers with the same para¬ 

meters in a 3 X 2 array. Because of the symmetry there are still only 

two different velocities. The velocities of the corner transducers 

simply increase steadily to their final value which is slightly lower 

than that for the end transducers in the 3x1 array, because of the 

different interactions. But the velocities of the middle transducers 

now show a definite overshoot after about one cycle. Note, however, 

that the maximum velocity attained by the middle transducers is less 

than the steady state velocity of the end transducers. 

Next in Figures 7-9 we have a 3 x 3 »rray of the 8an,e transducers. 

The corner velocities build up in about the same way as before. The 

side velocities build up very quickly with a slight overshoot. The 

velocity of the center transducer shows the most interesting behaviour. 

It starts to build up, but all the interactions from the other trans¬ 

ducers which surround it soon load it heavily and cause it to decrease 

to a very small value before it starts to Increase again. It appar¬ 

ently takes several more cycles to reach the steady state value of O.76. 

The total radiation Impedance obtained from Porter's steady state 

calculations for the 3*3 array are given in Table 2. The most notable 

feature of these results is the large negative radiation resistance of 

- 13 - 
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the center element. 

Table 2. Total radiation impedance and steady state velocity amplitude 

of the transducers in the 3 x 3 array with £a. e O. used for 

Figures 7-9. 

Transducer X/fcA 
Steady state 

velocity amplitude 

corner 

side 

center 

0.15 0.30 3.½ 

0.44 0.19 1.69 

-1.43 0.31 0.?6 

Such absorption of energy from the sound field is common for a trans¬ 

ducer in such a location relative to the other transducers. It can also 

be seen from Figures 7-9 that the velocities of the corner and side 

transducers are approximately in phase after >-6 cycles, while the 

center transducer is almost 100° out of phase with the others. 

Figure 9 shows that for the center transducer in the 3 x 3 array 

it takes considerable time for1the interactions to have their full 

effect. The interactions from the four transducers on the sides of the 

array begin at T* /.¿7 radians, while those from the four corner trans¬ 

ducers start at TV 2.¿3 radians. However, these interactions are weak 

until the velocity of these outside transducers build up, and the effect 

on the center transducer doesn't become noticeable until T”« é radians. 

Then the impedance magnitude of the center transducer begins to increase 

and its velocity to decrease. Note that .f*and ./A_fcA 

means that the Internal resistance ./ÄFc/V. The total resistance 

in the steady state is then ^ , and the 

- 14 - 
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center transducer has a greater impedance magnitude than the others. 

Figures 10-19 show the velocities of the transducers in a 10 x 1 

line array phased to end fire with transducer parameters of / and 

¿I » /0 chosen to emphasize both interaction effects and transient 

effects. Hie driving frequency is slightly below resonance (  

« £.*7) which also gives more complicated transient effects. A 

definite pattern of velocity amplitude modulation appears in which the 

modulation frequency increases as we go toward the downstream end. 

This modulation frequency is approximately the difference between the 

driving frequency and the effective resonant frequency of the trans¬ 

ducers in the array. The steady state calculations show that the total 

radiation reactance of the transducer on the downstream end is about 

.»ficA which is slightly less than the self reactance of .317fcA. 

This means that its effective resonant frequency is -- /. and the 

difference frequency is l.1# ui —ij ss. .Iÿu} in agreement with the 

modulation frequency appearing in Fig. 19* There is an increase of 

radiation reactance along the array resulting in a decrease of resonant 

frequency and thus a decrease of modulation frequency. On the upstream 

end the total radiation reactance is ^ . 5?j>c A , the effective 

resonant frequency is ~ . Off to, and the difference frequency is 

.o+co f which is similar to the modulation frequency in Fig. 10. 

Thus the modulation in Figures 10-19 comes from the mixing of the steady 

state and transient parts of the velocity, 

This variation of radiation reactance and lowering of resonant 

- 15 - 
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frequency along the array la also responsible for the variation of the 

steady state velocity amplitude from one transducer to the next. Thus 

the transducer on the upstream end is closer to resonance than any other, 

and it has the biggest velocity. However, transient effects are 

important here, because the velocity amplitude of this transducer 

reaches a value about 35# higher than its steady state value. Since 

this transducer has a higher steady state velocity than any other trans¬ 

ducer in the array, we have a case where the damaging effects of high 

velocity could occur during the transient period. 

The effects shown in Figures IQ-19 ere rather extreme because of 

the off-resonance operation with high and high efficiency, but they 

show the kind of situations which might be troublesome in practice. 

Calculations were also done for a 10 x 1 array of the same transducers 

in the broadside mode. Here too the transient velocity of the end 

transducer exceeded the highest steady state velocity. Probably the 

off-resonance driving is mainly responsible for this behaviour, but the 

extent to which it occurs is affected by the interactions and the 

phasing. A 10 x 1 array of transducers with C)*#, • S' and other¬ 

wise the same as those above was also tried at resonance and end fire. 

The velocity overshoots were small, and the transient effects did not 

persist beyond $ or 6 cycles. 

- 16 - 
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Conclusion 

He heve not yet studied enough ceses or sufficiently Urge erreys 

to permit firm generel conclusions shout the trenslent behevlour of 

precticel Soner erreys. However, it is cleer thet the trenslent period 

cen be extended conslderebly by interectlon effects end thet velocity 

overshoots cften occur. The cslculstions do suggest thet the velocity 

ettsined in en overshoot et resonence does not exceed the stesdy stete 

velocity of some other trensducer in the errey. In other words, over¬ 

shoots only seem to occur et resonence for trensducer* which heve 

reletively low steedy stete velocity. However, in ceses such es the 

end fire errey below resonence the trenslent velocities cen exceed the 

steedy stete velocities. In such ceses steedy stete enelysls would not 

reveel sltuetions which might ceuae trensducer demege. 
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, r affect on the velocity of using Mangulls 2 IZTLT. .. -p-d » u.tng the steady 

state radiation Impedance. 

- IB - 



R
R

 A
 Y
 

B
R

Ü
A

œ
iG

t 

Pabu Mathematical Labobatobiib, Incobpobated 

ONE RIVEE BOAD • CABUSLE. MASSACHUSETTS 

0109-SR-l 



A
R
R
A
Y
 
B
R
n
A
ü
S
I
Œ
;
 

Pou UàmauTiCAi. Luourouu, Incououtio 
OmUVUROAO • CARLISLE, MASftACHUMTTl 

0109-SR-l 

F
i
g
.
 
4
 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
m
i
d
d
l
e
 
t
r
a
n
s
d
u
c
e
r
 
i
n
 
a
 
3
 X
 
1
 
a
r
r
a
y
 
d
r
i
v
e
n
 
w
i
t
h
 
t
h
e
 
s
a
m
e
 

v
o
l
t
a
g
e
 
a
m
p
l
i
t
u
d
e
s
 
(F
 
=
 
1
)
 
i
n
 
p
h
a
s
e
 
(
 t

f 
~
 
O

')
. 



ax
t1
 
AK
’R
AY
 

H¡
K'
LJ
/\
I 
JS
l 
L
F
 

I 

i 
r, ; 

Puu Mítuimatical Lákutoiuu, IxcouotiTio 0109-SR-l 
ONIMVUltOAD • CAKUSU.M«UACHlnnTS 

nj -H o H rj 
t ! 

- 21 - 

CO 

1: 
o 

r 

c 

5 g ♦ « 
o 

• 1 
U ' 

P
i
g
.
 
5 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
c
o
m
e
r
 
t
r
a
n
s
d
u
c
e
r
s
 
i
n
 
a
 
3
 X

 
2
 
a
r
r
a
y
 
d
r
i
v
e
n
 
w
i
t
h
 
t
h
e
 



x3
-
\
'
4
 

:-j
xr

? 
aí

^n
’a

y 
b
.^

d
ao

g
ii

jl
 

Fabu Mathkiutical Laboiatoubs, Incoepokatko 

ONKIUVKB ROAD • CARLISLE. MASSACHUSETTS 
0109-SR-l 

22 

F
i
g
.
 
6
 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
m
i
d
d
l
e
 
t
r
a
n
s
d
u
c
e
r
s
 
i
n
 
a
 
3
 
X
 
2
 
a
r
r
a
y
 
d
r
i
v
e
n
 
w
i
t
h
 
t
h
e
 
s
a
m
e
 

v
o
l
t
a
g
e
 
a
m
p
l
i
t
u
d
e
s
 
(
F
 
=
 
1)
 
i
n
 
p
h
a
s
e
 
(

 &
 
- 
6

 )
. 





MiTHDunCAL Umiatouu, Ihcowouî» 
ONt RtVtK ROAD • CAILISLE. MASSACHUSETTS 

0109-SR-l 

- 24 

,. ... !■; • ' ■ . 



rn
'T

iv
i 'm

í ¡ 
A

V
M

M
V
 
rx

f: 

p.»«» Mathiiuticai Umutouh, Incoitoutis 
ONIUVUIOAD • OIMJHJt,UASUCHVUm 

0109-SR-l 

25 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
c
e
n
t
e
r
 
t
r
a
n
s
d
u
c
e
r
 
i
n
 
a
 
3
 
X
 
3
 
a
r
r
a
y
 
d
r
i
v
e
n
 
w
i
t
h
 
t
h
e
 

s
a
m
e
 
v
o
l
t
a
g
e
 
a
m
p
l
i
t
u
d
e
s
 
(
F
 
B
 
1
)
 
i
n
 
p
h
a
s
e
 
(
 £
=
 
O
)
.
 



LN
DÍ
 I

R
I
l
 

1
0
 
X
 
1 
A
R
R
A
Y
 

Faut Matkkmatical Laboratories, Incorforated 
ONI RIV1R ROAD • CARUSU. MASSACHUSETTS 

0109-SR-l 

n 
C 
<0 

-, "H 
O *a 
• (9 

26 

F
i
g
.
 
1
0
 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
t
r
a
n
s
d
u
c
e
r
 
o
n
 
t
h
e
 
u
p
s
t
r
e
a
m
 
e
n
d
 
o
f
 
a
 
1
0
 
X
 
1 

l
i
n
e
 
a
r
r
a
y
 

p
h
a
s
e
d
 
t
o
 
e
n
d
f
i
r
e
 
(
F
 
=
 
1
,
 

).
 



53
*0
 1
 

V
 

L?
 

[_
N[

 )|
 

’|.
R
L
 

10
 X
 
1 
A
H
R
A
Y
 

Paux Mathikaucai Lasoxatoriu, Incouoxateo 

ONE MVU ROAD • CARLISLE. MAMACHl'SETTS 
0109-SR-l 

F
i
g
.
 
1
1
 
V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
s
e
c
o
n
d
 
t
r
a
n
s
d
u
c
e
r
 
i
n
 
a
 
1
0
 
X
 
1 

l
i
n
e
 
a
r
r
a
y
 
p
h
a
s
e
d
 
t
o
 

e
n
d
f
i
r
e
 
(
f
 
=
 
1
*
 

)•
 



S
t
e
a
d
y
 
s
t
a
t
e
 
5
.
7
5
 

Paix* Matumaticu. Labokatombs, Incobtoratbo 

ONI KIVtft ROAD • CARUSU. MASSACNlVCm 

QQ 

O r) 

0109-SR-l 

- 28 - 

P
i
g
.
 
1
2
 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
t
h
i
r
d
 
t
r
a
n
s
d
u
c
e
r
 
i
n
 
a
 
1
0
 X
 
1 

l
i
n
e
 
a
r
r
a
y
 
p
h
a
s
e
d
 
t
o
 

e
n
d
f
i
r
e
 
(
F
 
=
 
1,
 
5
 
~

 I
f 

).
 



0109-SR-l 

It 

à 

Pabu MathtiuTical Labobatoriis, Incobpobatio 
ONE RJVIB BOAD • CARLISLE. MASftACHUMTTS 

P
i
g
.
 
I3
 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
f
o
u
r
t
h
 
t
r
a
n
s
d
u
c
e
r
 
i
n
 
a
 
1
0
 X
 
1 

l
i
n
e
 
a
r
r
a
y
 

p
h
a
s
e
d
 
t
o
 
e
n
d
f
i
r
e
 
(
F
 
= 

1,
 



[ 
N

L
lF

IR
tl
 

1
0
 X
 

1 
A

K
II

A
Y

 
FaIU MaTHUUTICAL LaBOKATOKJU, iNCOarORATIO 

ONK Rim ROAD • CARUftLL MASSACHUSETTS 

0109-SR-l 

O 

CQ 

c 
flj 
•o 
« 
u 
I 

H 

G 
i7) 

li 
O 
u. 

8 
4 

8 
a 
< 

r 

? 

i " ■■ i1 
O C 

4 4 

Cj O < %-i 

- 30 

HHHj HHpl m HHH 

F
ig

. 
14
 

V
e
lo

c
it

y
 

o
f 

th
e
 
f
if

th
 
tr

a
n

s
d

u
c
e
r 

in
 
a
 

1
0
 X
 

1 
li

n
e
 
a
rr

a
y

 

p
h
a
se

d
 
to
 
e
n
d
fi

re
 
(
F

=
1
j
 

S
 ~
 

O
 

).
 



LN
D

f-
 I

 R
II
 

1
0
 

X
 

1 
A

R
R

A
Y

 

Za* 'M Mathematical Laboiatories, Incoreoratlo 
ONE RIVER ROAD • CARLISLE, MASSACHUSETTS 

0109-SR-l 

to 
ß 
« 

O •o 
• <0 

Q u t % 
c 
I! 
O 

u. 

8 c 
O 
•H 
¡i 
O 

8 
!! 
< 
1- 
Lu 

5 
■H 
¡' 
i-• 
2 

8 
% 

O 
'.i 
< 

H-1-h 
O O G 

m en 6 
i ! >H 

31 

P
i
g
.
 

15
 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
s
i
x
t
h
 
t
r
a
n
s
d
u
c
e
r
 
i
n
 
a
 
1
0
 X
 
1 

l
i
n
e
 
a
r
r
a
y
 

p
h
a
s
e
d
 
t
o
 
e
n
d
f
i
r
e
 
(
F
 
=
 
1,
 
5
*
-
)
•
 



E
N

D
f "

IR
L*
 

1
0
 X
 

1 
A

R
R

A
Y

 

Piau Mi Traunen. Luoutoiib, Ikcoifoiitw 
OmilVUROAD • CAUJSLE. MUSACHUSrm 

en 
c 

o >2 

0109-áR-l 

- 32 - 

ã 

F
ig

. 
16
 

V
e
lo

c
it

y
 
o

f 
th

e
 
se

v
e
n
th
 
tr

a
n
sd

u
c
e
r 

in
 
a
 

1
0
 X
 

1 
li

n
e
 
a
rr

a
y

 
p
h
as

ed
 

to
 
e
n
d
fi

re
 

(F
 

= 
1

, 
£

 =
 1

7- 
).

 



Pitu Mathuuticai Uioutouu, Incorpoutid 

ONI RIVER ROAD • CARLISLE, MASftACHCSETTS 0109-SR-l 

c 
«a 

33 - 

* 

F
i
g
.
 
I
7 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 e
i
g
h
t
h
 
t
r
a
n
s
d
u
c
e
r
 
i
n
 
a
 
1
0
 
X
 
1
 
l
i
n
e
 

a
r
r
a
y
 
p
h
a
s
e
d
 
t
o
 
e
n
d
f
i
r
e
 
(
f
 

= 
1, 

S 
=
3
I
T
/
 

).
 



E
N

G
F

IR
E
 

i
o
 X
 
i 
a
r
r
a
y
 

PlUl MiTODUnCAl UlOlATOUU, ÍNCOMORATIO 

ONt UVU ROAD • CARURU. UAWACHVUTTS 

OIO9-S8.-I 

t-r i I i ■ ■ I" 
OOOOO ‘0 00000003 
»AAAAAAAAAAA A . 

ocncrsGin^noj-HOHcym V in 03 N as Cl 0 
I I I I I I H 

- 34 - 

F
i
g
.
 
1
8
 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
n
i
n
t
h
 
t
r
a
n
s
d
u
c
e
r
 
i
n
 
a
 
1
0
 X
 
1 

l
i
n
e
 

a
r
r
a
y
 
p
h
a
s
e
d
 
t
o
 
e
n
d
f
i
r
e
 
(
F
 

*=
 
1>
 &

 —
 0
 

)•
 



AVttw ï X oí 
rjM

i'. ir in:i 
o
ta

 

Pauu Math ima tical Laioratouks, Incorporated 

ONE RIVER ROAD • CARLISI.F., MASSACHUSETTS 

0109-Sll-l 

oooooooooocooocpcpcpcpooo 

H I ! I I I I I I I H 

F
i
g
.
 

1
9
 

V
e
l
o
c
i
t
y
 
o
f
 
t
h
e
 
t
r
a
n
s
d
u
c
e
r
 
o
n
 
t
h
e
 
d
o
w
n
s
t
r
e
a
m
 
e
n
d
 
o
f
 
a
 

1
0
 X
 
1
 
l
i
n
e
 
a
r
r
a
y
 
p
h
a
s
e
d
 
t
o
 
e
n
d
f
i
r
e
 
(
F
 
*=
 
1
,
 
$
 =
 

) 



Pta» MiTHnunciL Lajoiatuiuu, Incoikuud 

OMIUVItlOAD • CAWJILE. IIAWACHU'SKTTS 

0109-SR-l 

References 

1) C.H. Sherman and N.E. Gordon, "Numerical Approach to the Transient 

Behaviour of Sonar Arrays", PHL Tech. Memo. No. 2, Contract No. 

NOOUO-66-C-OI72, August, 1966. 

2) J.L. Butler and D.A. Moran, "A Fourier Series Approach to the 

Transient Solution for Acoustical Arrays", PML Tech. Memo. No. 3, 

Contract No. N00140-68-C-0109, March, I968. 

3) C.H. Sherman and D.A. Moran, "Transient Sound Field of Simple Arrays 

of Circular Pistons", PML Scientific Report No. 1, Contract No. 

NOOI4O-66-C-OI72, November, I966. 

4) Rayleigh, The Theory of Sound Vol.II. Dover, New York, p.107. 

5) V. Mangulis, Acústica, IJ 223 (1966). 

6) R.L. Pritchard, J. Acoust. Soc. Am. 32 730 (I960). 

. 36 - 



UNCLASSIFIED 
Security Classification 

DOCUMENT CONTROL DATA • RAD 
(Security classification of title, body of abstract and indexing annotation must be entered when the overall report is classified) 

1. ORIGINATING ACTIVITY (Corporate author) 

Parke Mathematical Laboratories^ Incorporated 
One River Road 
Carlisle, Massachusetts 017^1 

2a. REPORT SECURITY CLASSIFICATION 

Unclassified 
26. GROUP 

mu mm mm 

3. REPORT TITLE 

TRANSIENT ANALYSIS OF TRANSDUCER ARRAYS 

«. DESCRIPTIVE NOTES (Type of report and inclusive dales) 

Scientific Interim 
S. AUTHORISt (First none, middle initial, last none) 

Charles H. Sherman 
Dorothy A. Moran 

S REPORT DATE 

May 1968 

70. TOTAL NO. OF PAGES 7& NO. OF REFS 

36 6 
SO. CONTRACT OR GRANT NO. 

N00140-68-C-0109 
b. PROJECT, TASK, WORK UNIT NOS. 

C. OOD ELEMENT 

m m m 

¿ DOD SUBELEMENT 
mm m m 

fa ORIGINATOR'S REPORT NUMBER^ 

Scientific Report No. 1 

tb. OTHER REPORT H0(S) (Any other numbers that may be 
assigned ms report) 

K>. DISTRIBUTION STATEMENT 

Distribution of this document is unlimited. It may be released to the 
Clearinghouse, Department of Commerce, for sale to the general public. 

11. SUPPLEMENTARY NOTES 

«a «B am 

IX SPONSORING MILITARY ACTIVITY 

U.S. Navy Underwater Sound Laboratory 
Fort Trumbull 
New London 
Connecticut O63OI 

13. ABSTRACT 

A method for analyzing the transient behaviour of the transducer velocities 

in an array of transducers is described and used to obtain results for several 

typical situations. The method is based on a finite difference iteration 

solution of the differential equations for the array. It uses results of 

Mangulls for the transient self acoustic loading and makes approacinu'.tlons for 

the acoustic interactions based on Rayleigh's general expression for the field 

of a source in an infinite^ rigid plane. The results obtained are for small 

plane arrays of small circular pistons. They show that the transient period can 

be considerably extended by the interactions and that effects of practical 

importance such as velocity overshoots often occur during the transient period. 

UNCLASSIFIED_ 
Sea icy Classification 

DO, FORM 1473 
MOV SS 



UNCLASSIFIED 

Security Classification 

Security Cl sasifi cation 




