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INTRODUCTICN

In teaching arvay theory within an undarwater acoustica course thare is a
requiremens fcr supnortisg Jdemozstraticans and experiments. A typical exacple is
the imvestigatica =f the directivity pattarn of a multi-element linmear array
wvhich would invalve the coopariscu of theorevizal acd practical plots. When
carried out in a tesc taok, such dexcestraticms whilst praducipg representative
results, fail ro prowvide the accuracy for an unqualified and convincing weri-
fication of the asscciatad rheory. This is particularly noticeable when inves-
tigating directivity patZzerns at angles agproachiag 90°; there are many possible
causes such as questionadle baffle conditiors, housiag diffraction effects, nen-
inert moyncings ecc.

It is the author's opinion that such demonstrations should nto be attended
by the necessity for qualifying explanarions of complicated phenomena which are
not ixmediately relavant and are 1ikely to confound the student, It is on this
premise thac the dezonstration apparatus was developed.

Classical texts introduce basic array theory on the supposition of point
sources located at the centre of an infinite, rigid and inert baifle. If the
basic theory is to be demonstrated without qualification then attiention must be
givea to cbraining or at least approaching the gupposicions menticaed. In this
context a rigid baffle is a perfectly reflecting surface and the approach to a
rigid baffle is significantly easier in air than in water. A consideraticn of
the acoustic impedaace of air, water and common structursl materials will con=
firm chis staterent. Operation ia air also simplifies the other design object-
ives of cbtaining aa effective infinite and inert baffle.

In developing the facility the major effort has been addressed to the
acoustic problems, leaving the associated eleccronics and display as adequate
for the purpose but in need of enhancement.

In its present form the facility consiats of a 1.2 metre square table
serving as a baZfla ac the ceatre of which is a linear array of seven independ-
ently controlled transmitting point sources. A hand rotated gantry pivoted at
the baffle plane carries a sicgle receiving transducer which allows the array
field to be investigated over a displacesent of + 88° from the acousti- axis,
Fig 1 ia a gemeral view of the faciliry which also shows the associated elec-
tronic instruments and unita. Each source has an on—off switch and electironic
controls for sectiag the source a=plitude and phase, by t:is means, any combin-
ation of sources =ay be selected for form different arrays for the demonscration
of unifcrn and tapered array theory.

The transducers have a resonant frequency of 44 kHz and are operated in a

pulsed mode in order to eliminate rhe problams of reverberatiom and interferimg
echoes from the imtediate atructure, From the receiving transducer the signal

Proc..O.A. Vol 6 Part 3 (1884} 63




Proceedings of The Institute of Acoustics

AN ULTRASCNIC ATR-ACCUSTIC APPARATUS POR THE DEMONSTRATION OF ARRAY THEORY

is passed via a 60 d3 axplifier to a dual time-base oscilloscope which displays
a range-gzated portiom of the pulse as a sine wave. The associated gantry angle
is shown as a reading om a digital voltzeter.

System aignal-to-noise is bectfer than 58 d3 and by careful adjustment of
.source amplizude and ;nase, directivity pattarm nulls of 45 d3 are revealaed.

DETAILED DESCRIPTICN

The transducers

Two forms of seven element array were produced, the first being a relatively
simple censrructicn espleying cne transducer, served as a meand of assessing the
potential cf the oropesed facility. The secomd, having sever separataly
controlled tramsducers gave improved resuits and extended the investigations to
tapered arrays arnd beam-steerirg.

In selectiny a tranaducer the first reguirement was for an oparating
frequency out cf the seric rasge 50 as to eliminare the problems of cperating
nuisance and sufiiciently high that the general laberatory backzround noise
would not adversely affect the demenstration. The second requiremen: was for a
practical wavelength ie one that would cot require a large structure which would
be out of place in a laboratery. Proprietory 40 kHz transducers as used for TV
controllers and alarm systems were readily obtainable howevar their diameter,
being 16 om (approximately 21}, precluded their diract use im a linear array of
seven elementa intended ¢0 have no diffraction secondaries. In the absence of
any other suitable transducer it was decided to use them in some modified form
0 as to allow a socurce spacing of less than A.

A requirement commen to both forms of array was that however housed, theras
should be no direct structural torme sound making the baffle other than inmert,

The single transducer array

An iavestigation showed that radiatiom froem a | mm diameter aperature
produced an adequate signal level at the receiver. From this resulr it was
decided that a suitable array would be a linear arrangement of seven 1 mm holes
pitched ar 5.5 ma (t mm = A/g which is a good approximation to a point source).

The protecting mesh acreoss the radiacing aperarure of the transducer was
removed and replaced by a plate having nine holes set out on a circumferance of
approximately 12 mn. Silicon rubber tubes of 2 mm bore and 50 mm lengcth were
used to connec: the tramsducer to a coupling block into which tha 1 = diameter
sources were drilled. Conneetions ro the block were made via trembome type
slide adjusters allowing tie acoustic length of each transmission path to be
adjusted for equal phase at the source. Additiomally, t“a block was fitted with
adjustable conscrictions so as to afford a means of setting che sources for
equal amplitude. A wiew of the interior of this arrangement is shown in Fig 2.

The array has the attraction of gimplicity in thact a single line drive only
is required and no special demand is placed on the frequency stability of the
drive oscillater. Furchermore, drive lLevel changes do not result in source phasa
differences ag would be the case for a muléi-transducer soluticn with its
attendant imperZecticns. The priacipal diffieulty with this single traasducer
array is the vather tedious mechanical procedure when setting up for equal phase
and amplitude at the scurces, When making source amplitude adjusczencs thera is
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a noticeable interdependency between adjacent controls. This problem is thought
to be caused by a mis-match between the coupling tebes and the variable com=
strictions i the ccupling block. Standi=g waves are sac up which interact at
the points where the tubes terminate in the transducer to produce a degree of
mtual coupling.

During the setting up procedure it was observed that heat radiation from
the hands, affecting one tube Zere than another, produced a noticeable phase
difference at the sources. AsS a rtesult of this observaziom the array assexply
was doudie cased to minimise phasz shift when handling the array housing.

The defects mentiored alove make the single transducer array totally un-
guitable for tapered frive damenstrations,

As a coxsequence of the silicon rubber ccupling tubes and the use of plastic
foam material for a transducer bedding, structural borme sound is underectable
end there are no prodlems due to direct coupling between adjacent sources.

Arrays of less than seven elements may be investigated by the simple process
of blanking unused sources with strips of PVC electtical tape, this technique
teduces the source output to below the receiver nojse level. The array housing
is readily detachad allowing other configurations to be investigared and may be
rotated to obtain field patteras in any plane.

The multi-transducer array

A wajor problem in producing 4 multi-element array is the inevicable per-
formance dissimilarities of proprietery 40 kEz transducers. Ideally the trans-
ducers should have identical resonant frequencies unaffected by the drive level
changes required when tapered array demonstrations are conducted. Furthevmore,
it would be desirable that the transducers have identical phagse-frequency
characteristics such that pre-set source phase conditions weuld not be affected
by the frequency drift of a simple oscillator. These ideal properties are not
found in proprietory tranaducers.

As for the single transducer design, it is required that a seven element
array be designed having ro diffraction secondaries. The problem of 16 mm diam-
eter transducers conflicting with a requirement for the sources to be pitched ac
5 mm was solved by re-mounting the piezo-electriec elements into a 10 mm diameser
tube fitted with an exponential horn. A cut-away drawing of the arrangement is
shown in Fig 3a and the assembly of units forming the seven element array in Fig
3b. .

With reference to Fig Ja the bilaminar ceramic element operates in a
vibrational mode haviag one nodel ring of approximately & wm. The perspex mount
has a tubular extension of this diamerer to which the ceramic is attached by RIV
silicon rubber and is grooved to accept the comnecting wires. The mount assembly
is a sliding fit in the cubular bedy to provide a means of coarse phase adjust-
ment, Prior te assembly the ceramics were adjusted by grianding to bring their
resonant frequencies to a common value, a nominal 43.8 kHz. This frequency was
chosen ‘to give a kd value of unicy where d is the source spacing of 5 mm.

The choice of an exponertial rather than a conical horn was based on the
fact that the former provides a better match and lends itself more readily to the
mechanical manipulation necessirated by the conflicting source spacing and
transducer diameter.
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The hoTns were produced by wrapring a shaped iength of 0.15 mm thick alu-
minium sheet arcucd an exporenzial meadrel, the overlay joint being set by tae
application of cyano-acrylaze achzsive.

The receiver :transcducer

Since the ceracic and cone had to he retrieved frem the 40 kHz rransducer
in order to effacc an increase of reganant fraquency ra 463.8 k¥z the apperiunity
of re-housicg the assembly ¢o form a totally screened receiver stalk was caken.
This virtually eliminated electrical moise pick up.

System vise~tize :nd facility dimengions

For this applicaticn a mest important parameter is the combined risa-time
of the transmitter and receiver as this will dictate the dimensicns of the
apparatus. TFrom the transducer specifications a rise-tims ¢f 2 s was predicted
whilst the practical value was feund to be about 0.75 ms, it is gquescionabla
whetier the griadinz and rtemounting of the ceramic coatriduted to the reducrionm.
Based on the measured value, a pulse duracisn of 1.5 ms was necessary which
equates to a physical leagth in air of 0,5 metre which in tusn dictares tha: the
oinigum path length between the receiving transducer and any part of the siruc~
ture must be ac least 0.25 metre,

System block diagram

Ceneral purpose laboratory instrumeats together with several purrosa-buile
units are cornected to form a conventional pulsed system as depicted by Fig 4.
The receiver pulse is diszplayed on a dual time-base o3cilloscope, the delayed
time base and associated control being used as a range gate to selact out a
specific cycle of the receiver pulse for amplitude zeasurement. The SYNC input
ta the Transmitter Pulse Generator ensures that the oscillator output is co=-
herent with the leading edge of the transmitter pulse giving a more visually
acceptable digplay. In order to combat the different phase/frequency character-
istics of the individual transducers an oscillator with a frequency stabilicy
better than 1 in 10% is necessary.

The Plock diagram does not show the simple circuitry of the gantry angle
indication, This consists of a servo—quality potentiometer driven from the
gantry pivet, the potentiometer being supplied from & de source sufficient to

develop an ocutput of 0.1 volt per degree. 4 digital voltmeter is used as a
display.

Amplitude and phase adjustrment prascedura

If good results are te be obtained some care must be used in setting up the
amplitude and phase of the selected sources. wWhilst other mara accurats metheds
are possible the procedure adopted in obtaining the publiished results is consid-
ered to be adequate and is uncomplicated. The gantry angle is first set te 0°
and a single source is selected, the prescribed amplitude is set and the sine
wave positioned to the graticule centre by means of the X shift conirols, This
source is used as a phase reference when secting up the remaining sources.

By this rethod, judicious use baing made of the oscilloscope expansion
controls, it is possible teo set the amplitudes to better than 1% and phases to
about t 3% of the requited values.
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RESULTS

Some indication of performacce expectation is provided by the directivity
pattern of an isolated source. A source diameter of | mm operating at a fre-
quency of 43.3 kHz has a ka product of 0.4, where 'a' is the source radius. At
90° the theoretical rripcmse is -0.26 dB relative to a perfect point source.
Investigaticn of an isolatad scurce over the full range of angles produced no
error greater than =-0.56 d3 thus the maximum error of the practical scurce is
0.3 dB. !

In this short paver there is insufficient space to show the results ob-
tained using the single transducer array. Direccivity patterns for two, three,
four and seven elemen: arvays were produced and used to demonstrate the thecry,
particular atzenticn being given to theecrstical and practical beaxz widths and
the angular positions of difiraction secondariss. Tha plots were in polar form
and departed from theory by no wore than 2.0° in angle and 3.0 dB in amplitude.

With i:s improved amplitude and phase control the results obtained using
the multi-transcucer array were superior, two sets of results in Cartesian form
are shown in Fig 5. The figure shows the directivity patterns of an array of
seven point sources, cue relating to a uniform array and the other to a 30 dB
Dolph-Chebyshev tapered array, practical results are superimposed as measured
points.

It is suggested that the very accurate results of the uniform array rela-
tive to the tapered array may be linked to the procedurs used in setting up the
source amplitudes and phase conditions. When setting up the tapered array, the
oscilloscope is in a measurement role, whilst for the vrniform array its role is
that of a comparator, as such, the accuracy in matching the amplitudes is at
least an order better since the absolute accuracy of the oscilloscope is irrel-
evant, :

CONCLUSTIONS

The principal objective of designing an array theorv demonstration of
superior performance to that of its underwater equivalent has been achiaved.
Being in the development stage, there is considerabla scope for both improvement
and enhancement, a first priority being the introduction of a plotting facility
with a Cartesian and a polar capability,

Some improvement in dynamic range is pessible by replacing the pre-~
amplifier, which has a rather low saturation level of 1.5 V, by one which would
allow the full output of the transducers to be realised. There may be a limit
to this exercise due to random air movement which manifests itself as a low
frequency disturbance on the display.

As a final comment it is suggested that the apparatus may have appli-
cations as an aid in the design of arrays.

(:) Crown Copyright
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Fig 1 The apparatus and associated instruments
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Fig 2 /ASeven element single transducer array
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(a) The transducer (b) The array assembly

Fig 3 Seven element multi-transducer array
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Fig 5 Directivity pattarns of a linear array of seven point sourcss
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