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ABSTRACT

The use of amplitude and phase shading on a pair
of concentric piston radiators has been employed as a
means for controlling the acoustic radiation patterns
for a small flush face transducer vhich is intended
for use as a 75 kHz sound source in the unierwater
tracking of vehicles. A description is given of the
design,construction and tests of several models of the
composite piezoelectric ceramic transducer. Results
indicate that this appears to be a feasible method
for achieving a principal design goal of a broad
beamwidth radiation pattern vith a pronounced
reduction in source level along the transducer axis.
Some additional developement is needed for achieving a
configuration wvhich might be optimum for production.
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I. INIRODUZTION

For many years .agoustic tracking of underwatar weapons
has been achieved by usinjy small transducers aouated on the
veapon itself. Their transaissions are monitored by arrays
mounted on the bottom of the test ranges. The test range of
the Naval Torpedo Station (NAVTORPSTA) at Keyport,
Washington has 21 matrix of arrays aounted on th2 sea floor
vhich operate at a frequency of 75 Khz and =2ach array
provides raange and b2aring information to the shore
coaputing station.

To ensure accurate tracking whilst on the tracking
range,the radiation pattacn should be of such character to
insonify some minimum number of arrays oan the bottoa.

A variety of desigas of pinger transducers have been
used. Pop-out type transducers utilize a small spherical
piezoelectric cerami¢ eleaent as the radiating souacce. Its
radiation pattern has been considered gquite adequate.
However,it is not physically flush with the body of the
target vehaicle. If the target vehicle shouli be a high
speed modern torpedo,the protruiiag transducer would
severely affect the hydrodynamics of th2 torpedo.
Transducers flush with the body of the torped> have been
used in the receat years. According to> informal
communications from personnel at thes NAVTORPSTA theirc
operational 1life has proven to be relativaly short. A
typical radiation patteran for these flush traansiucers has
been provided by NAVRXORPSTA and is attached as Pij. 1.

An approach to achiaving good control of the radiation

1




pattern is the use of phase and amplitude shading of
concentric piston radiatars. These were studiel by Shaw

(Ref. 1 ) and a scale moiz2l was built and tested.

It is the intent of this thesis to develope a phased
concentric piston traansducer for acoustic tcacking of
undervater vehicles. Spacifically,thes transducecr will be
constructed vith the objective of being oparationally
compatible with the undsrwater ranges and physically
compatible with the extesander sections used with exercise
torpedos at the MAVTORPSTA .
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I¥. QESIGN CONSIDERAIIONS

The NAVTORPSTA specification for the requira2d radiation
pattern is attached as Pig. 2. Howaver,from considerations
of the actual needs for intensity distribution,this pattern
is not an optimuam one. The transducer’s physical
orientation is such that their main paysical axis and their
radiation axis coincid2 and project from the underside of
the vehicle toward the oc2an bottom. The design objective
of this thesis shali be t> achieve a radiation pattern froa
the transducer #shich tends to optimize the distribution of
the sound energy to tha2 array matrix on the sea floor. To
achieve this the radiation pattern should have ta2 minimua
signal strength directly down the main axis,with the source
level increasing with th2 angle off the main axis. This 1is
due to the fact that at any depth the maximum acoustic range
to an array is ths slant range when the target vehicle is
equidistant between the arrays. At and abov2 angles of
about 70 degrees the signal strength should rapidly decrease
in order to reduce acoustic coupling to the frame of the
vehicle and to reduce surface reflected soand. The
re~radiation of the palses from the frame or the surface
scattered pulses can cause additional range processing
probleas in the shores station computing systen. The
recoamended pattern of Appendix A (Fig. 3 ) would enable the
receiving arrays to receive a amore coastant level of signal
from the target vehicla,irrespective of the vehicles
physical position on th2 range. The justification for this
statement is developed in Appendix A.

In order to achjeve a radiation pattern whica reseables
this optimum onp,a configuration of <conceantric piston

14
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radiators has b2en utilized. The ievelopment hare followvs
the work of LCDR Shaw. 3haw (Referesnce 1 ) showel how two
concentric piston radiators can be phase ani amplitude
shaded to control the shape of the radiatioa pattern.
Computer studies imdicatad that the phase of the relative
movement of the radiating faces was optisal at 18) degrees.
The radiating surfaces ars at one end of a pair of composite
longitudinal vibrators which operate at half wavelength
resonance at the jntenied frejueacy of 75 Khz. A cross
section of the intended transducer assembly is attached as
Fig. 4.

The physical dimensions of the amaounting flange on the
torpedo extender section restricts the outside diaensions of
the transducer assembly housing to those displayei om Fig.
5. This in turn physically limits the diameter of the outer
radiating cylinder. Based on computations using a
modification of Shaw!s rajiation pattern program (Appendix B
) and upon the availability of stock pi2zoelectric ceraaic
elements,the ceramic elea2nts shown in Fig. 6 wera2 selected.
The material is a lead zicconate titanate (Channel 5800),
manufactured by Channel Industries of Santa
Barbara,California. Th2 polarization on the out2r ceramic
is in the radial dicection.The <cylindrical discs are
polarized alohg the thickaass direction. By 3Jjoining the
ground leads of the ¢two radiators and joiniang the two
positive leads together and driving them with the same power

amplifier source,the effect of the above traansverse and
parallel coupling is that the radiating faces are driven 180
degrees out of phases

w3 . i Cikciaadn - i
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Figure

5 - TRANSDUCER ASSEMBLY HOUSING
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III. EXRERIMENTATION

A. CONSTRUCTION

There wvere several practical construction problems. One
vas that of arriving at limensions of th2 ceramic and metal
parts of the comppsit2 resonators in order td> achieve the
desired mode of vibration at the desired frejuency. a
second problem was to aount the twdo resomatocrs to provide
mechanical stability with acoustical isolation. <Changes in
the solutions to one problem interactad with sd>lutions to
the other.

The initial design of the enclosure and dimensions of
the radiating face of tha2 outer piston are shown in Pig. 7
aad Fig. 8. These two piecas enclose the outer
piezoelectric ceramic cylinder and pre-stress it by the
compressional force caused by the six joining bolts. A
crossection of the finished transducer assembly is seen in
Pig 4.

The mechanical support for the ianner vibrator is
provided by a thia- sheet of steel(8 mils thick) which is
clamped between the el2a2ats at the approximate middle
point. Since the vibrators ars2 nanot symmatrical,the
attachment points are not displacement nodes for
longitudinal vibratjoas. However,this thin sheat metal is
reasonably compliant in th2 transvecrse direction and appears
to provide adeguate vibration isolation betw2en the two
resonators. This assymatry was due in part to tha need to

21

£ A5 o i




T R TR T

o
~
T

B I

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

the desired resonance fra2juency and pre-stress.

A critical part of the construction and asseably
procedure was td> achieve a1 good mechanical joint between the
Top and Base piaces alonj with proper coapressional loading
of the ceramic element. The effect 2f a small clearance at
the joint,which results in a multitude of spurious
mechanical resonancés,is shown in the electrical admittancz
diagram of Fig. 9. The adaittance diagrams in th2 air and
in the water as showa in Pig. 10 to 14 were finally achieved
with a good mechanical joint.
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B. RADIATION TESIS OF TRANSDUCER ASSEMBLY M0D 0

Tests of the radjation patterns for the traasiucer Mod )
were performed in the NPS anechoic tanks using procedures
described in Appendix C. Por these initial tests ,only, the
cylindrical torpedo extender section was not available aand
so the baffle used was a plain aluminum sheet ,octogonal in
shape,having a diameker of approximactely 12 inches.

Parameters which wer2 varied for the radiation pattern
measurements vere: frejuency, relativs aaplitula of drive
to the ianner and outer riiiators and aagnitude of drive. a
representative recosding <Zroa the x-y recorder is attached
as Pig. 16. It can be seen that for the angles past 90
degrees (back radiation) there are 1lobes of coasiderable
strength preseat. This 1is due ¢to the small baffls
employed.It will be seen that these back radiatioa lobes are
significantly reduced when the measuresments are done with
the transducer assembly ian an axarcise torpeio extender
section. The desired reduction in source 1level along the
axis was achieved.

The next step entailed the mounting of the transducer
assembly in the now seialed torpedo extender sectiom. This
provides a amore realistic baffle for the transducec
assembly,with th2 only diffecence that the longitudinal
dimension would b2 longec ian an actual torpedo.

Figures 17,18 and 19 jive an indication of tha effect of
frequency change from 6% to 79 Khz on the radiation pattern.
It is seen that at fresjuencies lower than th2 resonance
freguency,the ceatral lobe is relatively higher. Coamparisoa
of the patterns in tha axteader section with those in the

32




plain baffle can be done with FPig. 16 and Pig. 18. The
first and most obvipus effect was the significant reduction
i of the back radiatioa 1lobes that wvere preseat with the
1 octogonal baffle. Also far better destructive iaterference
i= occurred on the main axis. The radiation pattern was again
examined over 131 band of frequencias. TIhe assymatry of the
lobes with the extender saction is due to thes assymetric
location of the transducar aloag the leagth of the extender

section.

#Q The study of effécts >f amplitude shading wer2 conducted
f. using separate amplifiers to drive the inner and outer
: transducer elements: It was found that the most optimua
3 pattern shape was achiavel when tha drive voltages were
within one volt of each other. Pig. 20 is attached to be
compared with Pij. 18 t> indicate the slight difference
between the two differeat kinds of voltage drives.

Recordings of the ~radiation patterns were taken at

. driving voltages of 25 volts peak to peak up td 340 volts
peak to peak- in skteps of 35 volts. The r2sults are
attached as Pig. 21 ¢to Fig 28. It is appareaat that the
radiation pattern deterisrates with incra2ased voltage drive
and that the transducar assembly is non lins2ar. If the
transducer were linear tha pattern should be similar in *
shape but of diffeseat strength. This nonlinearity becanme
apparent at a voltage2 drive of 200 volts peak to peak.

In an attempt to deteraine the cause,the innac and outer
radiators were drivea ini2pendantly and them together. It
became apparent that the outer ring was th2 doainant
radiator,which initially s22med to coantar the belief that
the transverse edectro-mechanical Soupling was less

efficient than the parallel coupling. Also, the back
radiation (90 degrees and jreater) was greater than the outer




element was driven alone,which was possibly caus2d by the
outer ring being mpre closely coupled to the housing. The
most likely cause was believed to be the saturation of the
SONITE by the oil in the housing which would -ause it to
lose its decoupling properties.

At this point it was decided to disassemble the
transducer,examine it for possible structural failings and
to redesign for improvaaeats. This was don2 and the
transducer asseably whica resulted was called MOD 1.

bDuring the examjnation of the transducer assambly MOD 0
one of the leads to the c2ramic of the 4inner piston was
found to be lodse. It could not be determined at the tim2
wvhether this occured during the test or was causad by the
dismantling process,vhich reguired significant force to
shear the Sonite froa th2 ndusing. As expected ,the Sonite
was saturated with o0il,3iving credanca to the belief that
the outer cylinier was directly coupled to the housing ani
that the Sonite had lost its decoupling properties.

This resulted in mor2 attention to the job o5f sealing
the Sonite prior to the %2D 1 asseambly.

It was decided to improve the radiation pattera by
dimension changes of tha radiating faces of the inner and
outer radiators. A stroanger pattern at the larjer angles(60
to 75 degrees) sea2med desirable.
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C. RADIATION TESTS OF I'RANSDUCER ASSEMBLY MOD 1

Based on a more extensive study of coaputer calculated
radiation patterns which permitted comparison of the effects
of various combinatioas of radiating face dim2ansions aand
relative amplitude ,jt appeared likely that an iaprovement
would result if the outer radius of tha outer radiator was
reduced by one guarter centimeter and its imaer radius
increased by omne half ceatimeter. Dae to the physical
construction of Top Piece Mod 0O,only one eighth centimeter
could be taken off the outer diameter.

The dimensions of taa aewly machined Iop Piec2 Mod 1 are
shown in Fig. 29.

The first tests were of the 1linmearity of r2sponse to
increasing drive voltajes. Beam patterns were recorded at
the resonance frejuemcy with egual drive voltagaes applied to
both elements. BDrivs voltages were changel froa 25
volts (p-p) to 340 volts(p-p)e. Pypical patterns are
presented in Fig. 30,31 and 32. The sound pressure levels
increase linearly with drive voltage and,to within the
accuracy of measurement (2 few tenths of a db ) over a raage
in excess of 20 iB. The ceslative aaplitudes of tae various
portions of the beam and beamwidths appear to remain
essentially independent of drive level.

The effect of frejuaacy change on the beam pattern is
presented in Pig. 33,34 and 35 in which the drive level was
at the maximum available (340 volts p-p ) with both elements
driven in parallel. The effect of 1 6 kHz change ia
frequency on either sidas of the resonance fregueacy appears
to cause only minor changes in beamwidth 2and relativa

48




amplitude of the c¢eatral 1lobe and side 1lobas. At the !
highest frequency at which data were taken (84 kHz ) there ;
vas some reduction in overall beamwidth with a zoncomitant '
increase in aaplitude of the central lobe.

T S e T Ny

It is concluded taat the Mod 1 transducer asseably is
linear in its response with an acceptable beamwidth in the
12 Khz band centered at its resonance fraguency.
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Figure 29 - DIMENSIONS OF TOP PIECE MOD 1
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D. RADIATION TESTS OF TRANSDUCER ASSEMBLY MQGD 2

A second redesign of the vibrating system was made with
tvo principal objectives: '
1.A simpler and easjer t> machine structure.
2.A resonance frajuency of 75 Khz.

The same <c2ramjcs 2aad inner radiator were to be used.
The result of this new design is the transducer asseably Mol
2,whose specifications are shown on Fig. 36.

The radiating face dimensions are the same as those of
Mod 1 except that the outer radius was decreased by on2
eighth centimeter.

Admittance diagrams for the transducer assembly Mod 2
are attached as Figs. 37 to 39. It vwas interesting to not2
that the objective of iacreasing the frequency of resonance
to 75 Khz was essa2ntjally reached.

Next the lineasity of the transducer assembly was
checked by prograssively iriving the radiators with a higher
voltage. The resulks ares slightly different froa the Mod 1
results but still are <coasidered to be satisfactory. a
similar radiation pattern was recorded for each successively
higher drive voltagejbut the difference was that the level
of sgnal strength of the2 ainimums progressively increased
with higher drive. Thes2 minimuas at plus and wminus 10
degrees off the wmain 2axis were at a mean value of 22 db
below the major lobe streagth for the lower drive voltage
(8.5 volts ras ). As the driving voltage was
increased,these nulls similarly increased their strength
nearly linearly,so that whea the maximum of 115 volts ras

57
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was applied they were only 10 db belovw the wmiajor 1lobes
signal level. Fig.. %) and 41 are attached to showv tae
radiation patterns for the extremities of the driving
voltages used. It can be noted here that the overall
beamwidth of Mod 2 is narrower than that of the Mod 1
asseably.

Next,while being drivea at 3 voltage of 115 ras,a series
of recordings wvere taken at frequeacies ranging from 64 to
84 Khz. An analysis of these indicates that the 12 db down
beamwidth again decreasss with bhigher freguency,and as a
group, the radiation patterns are relatively flat and
indicate slight assymetry at the higher frequency end.

Tests of the effect >f amplitude shaiing indizated that
a better pattern could be achieved with shading. Tests were
conducted using separate power amplifiers to 1irive each
radiator. The inner piston was driven coastantly at a value
of 115 volts rms,and the drive to the outer raiiator was
varied as necessary. It was found that the T'ransducer
Asseably Mod 2 operates most effectively for our purposas
when the inner element drive voltage is 1.5 tiaes that of
the outer element. Figurs 42 shows the pattern due to this
shading.

Some efforts were amade toward achieviny a better
electrical impedance match betweean the amplifiars and the
transducer elements by tha use of series inductors to tune
out the blocked capacitance of the transducer eleaents. The
admittances at the resonant freguencies were measured and
the required inductances to tune out tha blockad capacitive
susceptance for an optimal impedance were <calculated. It
wvas demonstrated that this would indeed improva2 matching.
Variable inductors designed for laboratory use were
employed. 1Ideally this ianductance should be provided by the
secondary winding of a @atchiag transformer whose turas
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ratio would be such as t> match the remaining conluctance to
the output of the drjviny power aaplifier. Tha 1lack of
facilities and the tia2 required to build appropriate
transformers caused experimentation on this approach to be
stopped.
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IV. SUMBABY.CQNCLUSIONS AND BECOMMENDALLONS

4 transducer assemasly has been construct2d with the
objective to be compatibl2 acoustically with the underwvater
range at the Naval} Torpedo Station,Keyport and physically
with the extender sections used with =2xercise torpedos.

The dimensions of th2 radiating faces were varied with
the attempt to achieve a radiation-pattern as in Fig. 3.
The shape of the wmeasared rcadiatioan patteras show auch
promise The maximum sourc2 level of 79 db refarence one
microbar at one meter wis achieved with a peak power input
of 20 watts. With psoper impedance matching by the use of a
transformer and with an appropriat2 and higher pawvwer output
amplifier it is beliéved that the tramnsducer asseably can
achieve an acceptabla source level aad radiation
pattern-with th2 strongest lobes at about 45 degr2es off the
main axis. Sinca2 this tast transducer has a plaane face,the
curved face needed for hyicodynamic compatibility with high
speed torpedos could be acieved by an appropriately shaped
rubber cover.

It 1is recoamended that further experimentation be done
with this approach using the following steps:
1.Construct a new Top Piacs whose radiating face dimensions
are similar to those of 424 1 assembly but with a shape like
that of the Mod 2 Top Piesc2. This should make th2 radiation
pattern as wide asi ths Mod 1 patterns but vwith the
simplicity of Mod 2 coastcuctioan.
2.Use Polyalkylene Glycol as the traansducer 1liquid in
accordance with Referenc2 2. This fluid is consiiered to be
better than transformer or castor o0il as a traansducer
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fluid-especially at high driving voltages.

3. Design and build an iapedance matching transformer to
match the intended: power amplifier to the traansducer
assembly.

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

5. Conduct final transiucer tests at the Acoustic Test
Pacility at the Naval Torpedo Station at Keyport,dashington.
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APPENDIX A

CONSXIDERAIIONS FOR BEAM PATTERN

Prior to tha specification of the radiation pattern of a
transducer, it is of interest first to analyze what portion
of its operational eavironment should be insonifizd and then
to determine th2 source level needed aloang each direction so
that an optimum o5 practical pattern requireaent can be
specified.

The transducers ased for acoustic ranging during weapons
tests must insonify a nuaber of arrays on the bottom of the
test ranges. For a vehicle positioned a distance D from the
bottoa, tae smallast propajation loss f£for transaission of
sound occurs when the target vehicle and its transducer is
directly above it. As the vehicle moves horizontally away
from tae array,the slaat range increases with the anglz
between the vertical and the line to the array. T[Ihe maximum
slant range and magimua transmission loss to be considerei
occurs when the vahiéle is equidistant between th2 first and
the next array. The following expression gives the formula
for transmission loss(TL)s




't = 20 log £ + ar decibels

where r is the 3distanc2 to the array and a is the absorption
loss in db per yard.

If the distance to bottom D is considered,the slant
range r can be relatel by the angle THEIA between the
vertical and the array by:

£ = D/cos(THETA)

The transmission loss is then calculated by

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

A plot of the transaission loss verses the aagle THETA
is shown in Pig. 43 for a target vehicle distance from the
bottom of D = 600 feet. The distance between arrays 1is
considered to be 2500 yacds.

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 >ff ths main axis of the traasducer
-which projects down froa the traansducer to th2 bottom of
the test range. The iotted line on Fig. 43 inlicates how
the source level should increase with the angle 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 raage

with a radiation pattern as in Fig. 1 and Fig. 2.

The acoustic power into the water could be reduced
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significantly if the radiated energy could be focused into a
solid angle of 40 to 75 lagrees off the main axis. If the
acoustic power could be reduced by 10 ib in the solid cone
bounded by 40 degrees off the tcansducer axis,the
transducers acoustic poser reguirement would b2 reduced by
approximately 25 perceat. The resulting radiation pattern
would be more efficient than the existing patterns and there
would be the adied benefit of a longer operational life due
to the fact that 1lowar driving voltages could be used.
Various target va2hicle 3Jistance to bottom D have been
studied and the resulting recommended radiation pattern is
attached as Fig. 44.
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APPENDIX B

RADIATZON PATTERN COMPUTER PROGRAM
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APPENDIX C

NMEASUREMENT PROCEDURES

A. VIBRATION MODE IDENTIFICATION

During the initial tests on Mod 0,a capacitive type
displacement probe was used to help identify the vibrational
modes and,in particular to determine the longituiinal mode.
A thin resilient gasket >a the face of the probe permits the
motion of the radiating face to change the spaciag between
itself and the probe pick-up face. This resalts in a
varying capacitance and causes a varying output. The systea
is schematically illustrated in Fig. U45.

By moving the probe around the cylyndrical radiating
face and observing the changes in probe output amplitude and
phase (using a Lissafjou pattern ), th2 longitudinil mode was
identified.
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B. ADMITTANCE DIAGRAMS

Throughout the design and construction phase electrical
admittance measurements wsre taken using a DRANETZ (Model
100-C ) ADMITTANCE METER in order to be able to determine
E the mechanical resonaaces of the vibrating system of
- concern. The mechanjcal resonances, may they be radial,
£ thickness or loangituiinal wmodes- are indicatad on the
admittance diagram as a point of maximum conductaace. the
: combination of this techaigue to find various frejuencies of
. mechanical resonance and the vibration mode identification
mentioned in the previous section resulted im a methodical

and accurate aesthod to ideatify the desired resonant
frequencies.

;1' Adaittance diagrams wvere generally wmade covering a
frequency raage of 20 t> 100 Khz and the measur2ments were
. made both in water amd air to determine the effect of th2
E: different radiation jiampedances offered by these amediums.

Pig. 46 is attached to provide a schematic of the
eguipement used.

o WY e
-, T




OSCILLATOR

DRANETZ
ADMITTANCE

METER

X-Y RECORDER

TRANSDUCER

Figure 46 ~ PBQUIPMENT FOR ADMITTANCE MEASURENENT
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C. BEAM PATTERN MEASUREMENTS

Pig. 47 is attached to give a schematic diajram of the
egquipmeant used duriag th2 beam pattarn measur2m2nts. all
the measurements wereé mais in the anechoic tanks of Spanegal
Hall Bm. 025. Pulsed transmissions were used in 1all cases
so that the direct path pulse could be separated in time
from the surface reflected pulse.

For the ease of plotting , the transducer assembly was
rotated continually at six degr2es per second during each
recording run. A poteantiometer on the gear train produced 2
d.c. voltage proportional to the aagular position which was
applied to the x-axis of an x-y recorder. The pick-up
microphone was a caljbrated LC1) hydrophone the output of
which was amplified,rectified by an envelope d2tector and
the connected to a P:A.R. MOD 160 Boxcar Integrator. This
instrument was used in such a way that a time d2layed gate
which permits only the signal due to the diract acoustic
path to be integrated. The integrator provides as an output
a d.c. voltage which 1is proportionmal to th2 averags
amplitude of the iemodulatesd pulse. The integrator provided
a d.c. voltage as an output which was proportional to the
average amplituds of the iemodulated pulse.

A HP7561A Logarithnic Converter was used in order that
the recorder could cpver the large dynamic range of receivei
signals on the siae scal2. This output ¢as appli2d to the
y-axis of the racorder.

The attenuator seen in fig. 47 was used to calibrate the
x-y recording. This was especially aecessary at signal
levels of =20 db or less relative td> the main lob2 strength
since it was found that this decib2l scale was not linear
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