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ABSTRACT

The use of aiplitud. and phase shading on a pair
of concentric piston radiators has been ..ployed a. a
seans for controlling the acoustic radiation patterns
for a s.all flush face transducer vhich is intended
for use as a 75 kHz sound source in the un~erwat.r
tracking of vehicles. A description is given of the
design,construction and tests of several sodels of the
co.posite piezoelectric cerasic transducer. Results
indicate that this appears to be a feasible isthod
for achieving a principal design goal of a broa d

• beaividt h radiation pa ttern vith a pronoun ced
reduction in source level along the transducer axis.
Sole additional developesent is needed for achieving a
configuration v hich light be optim a for  prod uct ion.
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I. & &QQ!L~I&Q1

For many years acoustic tracking of underwat er  wea pons
has been achieved by using siafl transducers mounted on the
weapon itself. Their transmissions are  monitored by arrays
mounted on the bottom of the test ranges. The test range of
the Naval Torpedo Station (NAUOE PS T A)  at Keyport ,

• Vashington has a matrix of arrays 3ounted on tba sea floor
• which operate at a frequency of 75 Kh z and ascb ar ray

provides range and bauring information to the shore
computing station.

To ensure accurate tracking whilst on the tracking
range,the radiation pattern should be of such character to

• insonify some miflimum number of arrays on the bottom .

• A variety of des~ gas of pinger transducers have been
used. Pop— out type transducers utilize a small spherical
piezoelectric ceramic ele~est as the radiating soirce. Its

• radiation pattern h~~s been considered quite adequate.
However ,it is not ph~ sicully f lush with the bo dy of the
target vehicl e. It the target vehi :Le should be a high
speed modern torpedo,the protruding transdu:er would
severely affect the hydrodynamics of the torpedo.
Transducers flush with the  body of the torpedo have been
used is the recen t years. &ccordi~g to informal
communica tions f r om personnel  at the $AV T 3 R P ST & their

- operational life has proven to be relat ively short . A

~~ typical radiation pattern for  these f lush  t ransducers  has
• been provided by NAVZORPS T A and is at tached  as Fig. 1.

An approach to a~ h i a r in g  good control of the  radiation
‘I
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pattern is the use of phase and amplitude shading of
concentric piston radiators. These were st’udisl by Shiv

(Ref. 1 ) and a scala modal was built and tested.

It is the intent of thu thesis to dev.lop. a phas ed
concentric piston transducer for acoustic tracking of

underwater vehicles. Sps:ificaily,th. transducer viU be
constructed with the objective of being operationally
compatible with thi underwater ranges and physically
compatible with tb. extender sections used with exercise
torpedos at the MA VTGRPSTL
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II. Q~~I~! ~Q I Q ~IUL2U

Th e NA VT QRPS TA s~ eciiication for the required radiation
pattern is attached as Pig .  2. liowaver ,fr om considerations
of the actual need s tot intensity distribution, this  pattern
is not an optimum one. The transducer ’s physical
orientation is suc h that their main physical axis and their
radiation axis coincid e and project fro m the underside of
the vehicle toward tie ocean bottom. The design objective
of this thesis shall be to achieve a radiation pa t te rn  from
the transducer ~hick tends to optimize the distribution of
the sound energ.y to the  a r r ay  mat r ix  on the sea floor. To
achieve this the radiat ion pattern should have t ie minimum
signal strength directly down the main  azis ,vi th  the source
level increasing with t he  angle off the main axis. This is
due to the fact that at any depth the maiiiaua acoustic range

• to an array is the slant range when the target uehicle is
equidistant between the arrays. At and above angles of
about 70 degrees the signa l strength should rapidly decrease
in order to reduce acoustic coupling to the frame of the
vehicle and to reduce sur face  reflected sound . The
re—radiation of the pulses f rom the  f r ame  or the surface
scattered pulses can cause additiona l range proc essing
problems in the shore station computing sys tem .  The
recommended pattern pf Appendix A (Fig. 3 ) would enable the

receiving arrays to receive a more constant level of signal
from the target vehicle,irrespective of the vehicles
physical position on the range. The justification for this
statement is developed in Appendix A.

In order to ach4eve a radiation pattern vhicn resembles
this optimum one ,a configuration of concentric piston

14
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radiators has been utilized. The development hare follows

L the work of LCDR Shaw. 5 h a w  (Reference 1 ) showed how two
concentric pistan radiators can be phase and amplitude
shaded to control the shape of the radiation pattern.
Computer studies imdicatad that the phase of the relative
movement of the radiating faces was optimal at 183 degrees.
The radiating surfaces are at on e end of a pair of composite
longitudinal vibratoxs which operate at half wavelength
resonance at the J.ntealed freguency of 75 Kh~ . A cross
section of the intended transducer assembly is attached as

Fig. ‘4.

The physical dimensions of the mounting flange on the
torpedo extender section restricts the outside dimensions of
the transducer assembly housing to those displayed on Fig.
5. This in turn physically limits the diameter of the outer
radiating cylinder. Based on computations using a
modification of Shaw’s radiation pattern program (Appendix B
) and upon the availability of stock piezoelectric ceramic
eleaents,the cersaic eleiants shown in Fig. 6 were selected.
The material is a, lead zirconate titanate (Channel 5800),
manufactured by :hannel Industries of Santa
Bar bara ,Caliiornia. The polarization on the outer ceramic
is in the radial diraction.The cylindrical discs are

• polarized along the thickness direction. By joining the
ground leads of the two radiators and joining the two
positive leads to~gether and driving them with the same power
amplifier source,the effect of the above transverse and

TI
parallel coupling is that the radiating faces are driven 183

j
~. 

degrees out of phases
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III. 
~~~~~~~~~~~~~~~~~~~~~~~

A. C0$STRUCTIOM

There were several practical construction problems. One 
-

was that of arriving at dimensions of the ceramic and metal
parts of the coappsita cesonators in order to achieve the
desired mode of vibrati~a at the desired freguency. A
second problem was to soun t the two  resonators to provide
mechanical stability with acoustical isolatio~n. :hanges in
the solutions to one problem interacted with solutions to
the other.

The initial design of the enclosure and dimensions of
the radiating face ot the outer piston are shown in Fig. 7
and Fig. 8. These two pieces enclose the outer
piezoelectric ceramic cyl inder  and pEe-stress it by the
coapressiona l force caused by the six joining bolts. &
crossection of the f~.nishe1 transducer assembly is seen in
Fig 4.

The mechanical support for the inner vibrator is
provided by a thin sheet of steel(8 mils thick) wh ich is
clamped between the elameats at the approximate middle
point. Since the vibra tors  are not symmatr ical ,the
attachment points are not displacement nodes for
longitudinal vibcatjons. Ilowever,this thin~ sheet metal is
reasonably compliant in the transverse direction and appears
to provide adeg.izate vibration isolation between the two -
resonators. This assymatry was due in ~‘art to the need to

___________________ - - 
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have the radiating faces  in the same plane. Careful
repeated adjustments of dimensions were required to obtain

the desired resonance frapiency and pre— stress.

A critical part of tke construction and assembly
procedure was to achieve a go~od mechanical joint between the
Top and Base pieces along with proper compre ssional loading
of the ceramic element. rhe effect of a small clearance at
the joint,which results in a multitude of spurious
mechanical resonances,is shown in the electrical admittanca
diagram of Fig. 9. The admittance diagrams in the air and

-: in the water as shown in Fig. 10 to 114 were finally achieved
with a good mechanical joint.

I
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B. RADIATIO N TESPS OF P~&&5DUCER ASSEMBLY MOO 0

Tests of the rad~.atioa patterns for the transducer Mod 0

were performed in the MPS anechoic tanks using procedures
described in Appeadi~ C. For these initial tests ,only, the
cylindrical torpedo extender section was not available and
so the baffle used was a plain aluminum sheet ,o:togonal in

-
~~~~ shape ,having a diameter of approximate ly  12 inches.

Para meters which wer e varied for the radiation pattern
measurements were: f reguency , relative amplitude of drive

- 

- to the inner and outer r~.diators and eagnitude of drive. A
representative reco&diag irom the z—y recorder is attached
as Fig. 16. Lt can be seen that for the angles past 90

- 

I degrees ( back radiation) there are lobes of considerable
strength present. This is due to the small baff le
employed.It will be seen that these back radiation lobes ace
significantly reduced when the measurements are done with
the transducer assembly in an azarcise torpedo extender
section. The desired reduction in source level along the
axis was achieved.

The next step entailed the mounting of the transducer
assembly in the now sealed torpedo extender section. This
provides a more realistic ba f f l e  for the transducer
assembly , with the only difference that the longitudinal
dimension would be lpngec in an actual torpedo.

Figures 17,18 an& 19 give an indication of the effect of
frequency change from 64 to 79 Khz on the radiation pattern.
it is seen that at freguencies Lower than the resonance
frsquency, the central lobe is relatively higher.  :omparisoa
of the patterns in th e  extender  section with those in the

__________ 
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plain baffle can be done with Fig. 16 and Fig. 18. The
first and most obvipus effect was the significant reduction
of the back radiation lobes that were present with the

• octogonal baffle. Also far better destructive interference
occurred on the main axis. The radiation pattern was again
examined over a ban~d of frequeqcias. rhe assymatry of the
lobes with the extender saction is due to the assymetri:
location of the t ransducer  alon g the length of th e  extender
section-.

The study of effects of amplitude shading were conducted
using separate aapli~ iers to drive the inner and outer
transducer elesents~ It was found that the •~ st optimum
pattern shape was achieved when the drive voltages were
within one volt o~ each other. Fig. 20 is attached to be
compared with Fig. 18 to indicate the slight differenca
between the two different kinds of voltage drives.

Recordings of the radiation patterns were taken at

driving voltages of 25 volts peak to peak up to 340 volts
peak to peak— in steps of 35 volts. The results are
attached as Pig. 21 to Pig 28. It is apparent  that the
radiation pattern deteriorates with increased volt age drive
and that the transducer assembly is non line~ r. If the
transduc er were linear the pattern should be similar in
shape but of different strength. Phis nonlinearity became
apparent at a voltag e drive of 200 voLts peak to peak.

In an attempt to determine the cause ,the inner and outer
radiators were driven in l apen dant ly  and then together. It

became apparent that the outer ring was the dominant
radiator ,vhich init ial ly seemed to co~iatar the belief that

~~ the transverse e~ ectco-aechanical coupling was less
efficient than the parallel coupling. Also, the back
radiation(90 degrees and greater)  was greater than  the outer

I
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element was driven alone ,which was possibly caused by the
outer ring being spre closely coupled to the housing.  The
most likely cause was believed to be the saturation of the

- SON ITE by the oil in the  housing which would cause it to
lose its decoupling properties.

At this point it was decided to disassemble the
transducer, examiae it for possible structural fai l ings  and
to redesign for improvements.  rhis  was dona and the

-~~ transducer assembly vhicn resulted was called 530 1.

During the exai~.natioa of the transducer assembly MOD 0
one of the leads to the ceramic of the inner piston was
found to be loose. It could not be determined at  the time
whether this occ~red dur ing  the test or was caused by the
dismantling process~ which required significant force to

- 
shear the Son.ite fr om the nozising. As expected , th e  Sonite
was saturated with oil ,;iving credanca to the belief that
the oute r cylinder was directly coupled to the housing and
that the Sonite had lost its decoupling properties.

This resulted in more attention to the job of sealing
the Sonite prior to the 1)D 1. assembly.

- 

- It was decided to improve the radiation pattern by
• dimension changes 9f the radiating faces of the inner and

outer radiators. A stronger pattern at the larger angles(60
to 75 degrees) sea med desirable.

- ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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C. RADIATION TESTS OF TR &N SDUC E R ASSEMBLY NOD 1

Based on a more extensive study of computer calculated
radiation patterns which permitted comparison~ of the effects
of various combinations of radiating face dimensions and
relative amplitude ,jt appeared - likely tha t  an improvement
would result if the outer radius of the outer radiator was
reduced by one quarter centimeter and its inner  radius
increased by one half centimeter. D~ e to the physical
construction of Top Piece N od O,only one eighth centimeter
could be taken oft  the outer diameter.

The dimensions o~ th e newly machined Top Piece Mod 1 are
I 

- 
shown in Pig. 29.

The first tests were of the linearity of response to
increasing drive voltages. Beam pat terns  were recorded at
the resonance fre~ uemcy wi th  equal drive voltages applied to
both elements. Briva voltages were changed from 25
volts (p— p) to 3~$0 volts (p— p) . Typical pat terns  are
presented in Fig . 30,31 and 32. The sound pressure levels
increase linearly w~.th drive voltage and ,.to within the
accuracy of measurement (a few tenths of a db ) over a range
in excess of 20 lB. The r eLat ive  ampl i tudes  of t ie various
portions of the beam and beamwidths appear to remain
essentially independent of drive level.

The effect of f regu ancy change on the beam pattern is -

presented in Pig. 33~ 31$ an d 35 in which the drive level s-as
at the maximum awai~ able(3 l4 0. volts p-p ) with both  elements
driven in parallel. The effect  of a 6 kilx change in

- - frequency on either side of the resonance f requency  appears
to cause only minor changes in b eaaw idth  and relative

‘48
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amplitude of the central lobe and side lobes. At the
highest frequency at which data were taken (8~I ~Hz ) there
was some reduction in overall beamwidth with a concomitant

- increase in amplitude of the  central lobe.

- It is concluded t~ at the Mo d 1 transducer assembly is
linear in its response wi th  an acceptable beamvidth in the
12 Khz band centered at its resonance frequency.

:
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0. RADIATION TESTS OF T R & M S D U C E R  ASSEMBLY NO.D 2

A second redesign of th e vibrat ing system was made with
two principal objectives: -

l.A simpler and easier to machine structure.
2 .A resonance fraguency of 75 Khz.

The same ceramics and inner radia tor  were to be used.
The result of this new design is the transducer assemb ly Mo d
2 ,whose specifications are shown on Fig. 36.

The radiating face dimensions are the same as those of
Nod 1 except that the outer radius was decreased by one
eighth centimeter.

Admittance diagr am s for the transdace~ assembly Nod 2
are attached as Figs~ 37 to 39. It was interest ing to note
that the ob jective of iacreasiag the frequency of resonance
to 75 Khz was essant~.ally reached.

Next the lineasity of the - transducer assembly was
checked by progressively dr iv ing the radiators with a higher
voltage. The results are slightly di ffe ren -~ f ro m the Nod 1
results but still are- considered . to be satisfactory. &
similar radiatioa pattern was recorded for  each successively
higher drive voltage~ but the  di f ference was that the level
of sgnal strength of the minimums progressiveLy increased
with hig her drive. Ihesa minimums at plus and minus 10
degrees off the main axis were at a mean valu e  of 22 db
below the major lobe strength for the lower drive voltage

- - , (8.5 volts res ) .  As the driving voltage was
increased,these nulls similarly increased their  strength
nearly linearly,so that when the maximum of 115 volts res

- 
-

- 
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was applied they were only 10 db below tb~e ma jor lobes
signal level. Fig.. ‘$3 and ‘$1 are attached to show the

radiation patterns for the extremities of the  driving
voltages used. It can be noted here that the overall
beaavidth of Mod 2 is narrower than t ha t  of the Nod 1
assembly.

Next ,vhi.Le being driven at a voltage of 1.15 ras ,a series
‘I of recordings were taken at frequencies ranging from 64 to

84 Khz. An analysis of these indicates that the 12 db down
beaawidth again de~reasas with h igher f requea :y , and as a
group, the radiatipn patterns are relatively flat and
indicate slight assymetry at the higher frequency end.

Tests of the effect of ampli tude shading indicated that
a better pattern could be achieved wi th  shading. Tests were
conducted using separate pow~er amplifiers to drive each

radiator . The inner  piston was driven constantly at a value
of 115 volts rms ,and the drive to the outer radiator  was
varied as necessary. It was found that the Transducer
Assembly Nod 2 operates m ost  effectively for our pu rposes
when the inner element -  drive voltage is 1.5 times that of
the outer element. f igure 42 shows the pattern due to this
shading.

Some efforts were made  towar d achieving a better
electrical impedance match between the amplifiers and the

-
~~~~~~ transducer elements by the use of series inductors to tune

-
~~~~~~ out the blocked capa~ itaaca of the t r ansducer  elements.  The

admittances at the resonant  frequencies were me a sured  and
the required in d uctances to tune  out the blocked capacitive
suscepta nce for an o2timal. impedance were calculated. It

( was demonstrated that this would indeed improve matching.

~~ Variable inductors designed for  laboratory use were
employed. Ideally this inductance should be provided by the
secondary winding of a matching transformer wh ose turns

58
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ratio woul d be suc h as to match the remaining conductance to
the output of the dr~.v ing pqver amplifier.  The lack of
facilities and the t im e required to build appropriate

- 
- transformers caused experimentation on this approach to be

stopped.
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IV. &ND ~~~~~~~~~

A transducer assemaly has been constructed with the
objective to be coapa.tibla acoustically with  the u nderwater
range at the Nava3. Torpedo Station,Keyport and physically
with the extender sections used with exercise torpedos.

S3_

The dimensions of the radiating faces were varied with
- - the attempt to achieve a radiation - pattern as in Fig. 3.
• The sha pe of the measured radiat ion patterns show much

prom ise The maximu m source lev el of 79 db reference one
miccobar at one meter was achieved with a peak power input
of 20 watts. With psoper impedance matching by the use of a
transfor mer and with an appropria te  and higher power output
amplifier it is belióved that  the transducer assembly can
achieve an acceptable source level and radiation
pattern— with the strangest lobes at about  ‘45 degrees off the
main axis. Since this test transducer  has a p lane  face ,the
curved face needed fpr  hyl rodyna. ic  compatibil i ty with  high
speed torpedos could be acieved by an appropriately shaped
rubber cover.

It is recommended that further experimentation be done
vith this approach using the following steps:
1.Construct a new Tap Piece whose radiating face dimensions
are similar to those of ~od 1 assembly but with a shape like
that of the Nod 2 Top Piece. This should mak.e the radiation
pattern as wide as~ the Mod 1 pat terns  but with the
simplicity of Mod 2 ~onstcuctioa.
2.Use Polyalkylene Glycol as the transducer liquid in
accordance with Reference 2. This fluid is considered to be
better tha n t ransformer  or castor oil as a transducer

9 ,
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fluid—especially at high driving voltages.
3. Desig n and buil d an impedance matching transformer to
match the intende& p ower amplif ier  to the transducer

- 

- assembly.
4. Conduct experiments on the effects of shading and phasing
at high power drive.

- 

5. Conduct f inal  transducar  tests at the Acoustic Test
Facility at the Nava l  Torpedo Station at Keyport ,dash ington .

4, -
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APPENDIX A

C3NSIDERATI3NS FOR BEAM PATTERN

Prior to the specification of the radiation pattern of a
transducer, it is of interest first to analyze what portion
of its operational environment should be insonified and then
to determine the source level needed along each direction so
that an optimum or practical pattern requirement can be
specified-.

The transducers ased for acoustic ranging during weapons
tests must insonif y a number of arrays on the bottom of the
test ranges. For a vehicle positioned a distance D from the
bottom , tae smallest propagation loss for transmission of
sound occurs when the target vehicle and its transducer is
directly above it. As the vehicle moves horizontally away
from tne array,the slant range increases with the angle
between the vertical and the line to the array. rue maximum
slant range and ia~imum transmission Loss to be considered
occurs when the vahi~].e is equidistant between the first and
the next  array. The fo l lowing  expression gives the  formula
for transmission loss(?L~ -.
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= 20 log r + ar decibels

where r is the distance to the array and a is the absorption

loss in db per y&rd.

If the distance to bottom D is considered,tke slant

range r can be related by the angle THETA between the

vertical and the array by:

r = D/cos(THETA)

The transmission loss is then calculated by

TL = 20 Log (D/cos(THETA) a a (D/cos (THETA) )

• A plot of the transmission loss verses the angle THETA
is shown in Fig. 43 for a target vehicle distance from the

bottom of D = 600 feet. The distance bet~ eea arrays is
considered to be 2500 yards .

In order that the arcays can expect a near constant
sound pressure level, when a vehicle is at a particular

depth,it becomes apparent that the acoustic source level
must increase with angle off the main axis of the transducer
—which projects down from the transducer to the bottom of

?1
the test range. ~he dotted line on F~,g. £~3 LadLcates  h ow

the source level shoeld increase with the an~gle THETA off
the the transducer axis to compensate for the increasing
transmission loss.

From the above analysis one can conclude that it is
inefficient and not necessary to insonify the test range

with a radiation pat tern as in Fig. 1 and Fig. 2.

The acoustic power Lnto the water could be reduced

70
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significantly if the radia ted energy could be focu sed into a
solid angle of (40 to 75 l.gr.e. off the main axis. If the
acoustic power coul d be reduced by 10 lb in the soli d cone
bounded by 40 degrees off the transducer axis,the
transducers acou~stic po wer  reguirement would be reduced by
approximately 25 percent. The resul t ing radiation pattern
woul d be more efficient than  the existing patterns and there
would be the added benefit of a longer operational l ife due
to the fact that lower driving voltages could be used.
Various target vehicle distance to bottom D have been
studied and the resulting recommended radiation pattern is
attached as Fig. 44.
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APPENDIX B

R A D I A T I O N  P A T T E R N  COMPUTER PROGRAM
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- APPENDIX C

- 
MEASU&EMENT PRO EDURES

r

A. VIBRATION ~OD~ IDEN TIF ICATION
I

~ During the initial, tests ~n Mod O,a capa:itive type

disp lacement probe was used to help identify the vibrational
modes and ,in part icular  t3 determine the longitudinal mode.

k A thin resilient gasket ~ the face of the probe p ermits the
motion of the radiating face to change the spacing between
itself and the probe pi;k—up face. This resilts in a
varying capacitance a.nd causes a varying output. The system
is schematically iilmstrated in Fig. 45.

By moving the pr3be around the cylyndrical radiating
face and observing the changes in probe outpu~t amplitude and
phase (using a Lissa~ ou p it tern ) ,  the longitudinal mode was
identified.

4 -
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-‘ B. ADM ITTANC E D I A G R A M S

Throughout the design and construction phase electrical
- 

admittance measurements were taken using a DRANETZ (Nodel
100—C ) ADMITTANCE METER in order to be able to determine
the mechanical resonaa~ es of the vibrating system of
concern. The aechaaj~cal resonances, may they be radial ,

-~~ thickness or Longitudinal, modes— are indicated on the
admittance diagram as a point of max imu m condu~taace. the

-~ 
- combination of this t echniqu.  to fin d var ious fre gu enc ies of

mechanical resonance and the vibration mode identification
mentioned in the previous section resulted in a methodical
and accurat. method to identify the desired resonant
frequencies.

Adaittanc~ diagram s were generally wade :overin g a
frequency rang. of 20 to 100 Khz and the measurements were
made both in water aad air to determine the effe:t of the
different  radiation ~.apedaaces of fered  by these mediums.

Fig. 46 is mtta~hed to provide a schematic of the
eguipe.ent used.

4
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C. BEAM PATT E RN MEA S URE M EN T S
-j
4

Fig. 47 is attached to give a schematic d iagram of the
— equipment used during the beam pattern measurements. 11.1

the measurements were wale in the anechoic tanks of Spanegal

Hall Ru . 025. Pulsed- transmissions were used in all, cases

so that the direct path pulse could be separated in time

- 
- from the surface reflected pulse.

- - - For the ease o~ plotting , the t ransducer  assembly was
rotated continually at six degrees per second during each

recording run. A potentiometer on the gear train produced a

— d.c. voltage proport ional  to the angular position which was
- - - 

applied to tue x-axis of an x-y recorder . The pick—u p

- 
microphone was a :al3brated LC13 hydrophoae the output of

which was amplified,re:tified by an envelope detector and
the connected to a P.A.R. MOD 160 Boxcar Integrator. This

instrument was used. in su ch a wa y  tha t  a time de layed  gate
which permits only the signal due to the direct acoustic
path to be integrated. Fhe integrator provides as an output
a d.c. voltage wh;ch is proportional to the  a verage
amplitude of the demG dula t ed  pulse. The in tegra tor  provided
a d.c-. voltage as an output which was proportional to the

average amplitude of the demodulate d pulse.

A 11P756 1A Logari thmic Converter  was used in order that
the recorder could cpver the large dynamic range of received

si.gnals on the size scal e.  This ou t p u t  ~as a p p l i e d  to tn e
y—axis of the recorder.

~~; The attenuator se~en in fig. L$ 7 wa s  used to calibrate the
x—y recording. This was especially necessary at signal

levels of —20 db or less relative to the main lobe s t rength
since it was foun& that this decibel scale was not linear

II
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