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1. INTRODUCTION

The task GRAD was presented with was to devise a method of generating high energy underwater sound
waves at a [rcqueucy of 101-17. This source had to be q'lindrical in form, compact. transmit kilowatts of
power and upable of operating Independent of depth. After considering a seria of possible options
(References l, 2 and 3) we selected a mechanical system based on standard hydraulic components mpable
of transmitting IOkW. This system, its basic mechanical arrangement and the underlying theory are
presented in this paper.

7. THEORY

The basis for any new mmdueer design must lie with the wave equations which govern the generation and
propagation of sound. With this in mind we present the basic wave equations below (see Reference 4 for
more details).

From the normal theory of wave equatlons, three different forms can be derived along with the associated
specific acoustic Impedance. These forms are summarised below.

The standard equation for a plane wave is:

flaafi
a: a‘

From which the specific acoustic impedance 2 can be calculated:

Pl-_- C

u 9°

The cylindrical form of the wave equation is:
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From which the specific acoustic impedance 1. an be calculated:

z-E-poc cost»

Where:

217
m¢-(l*(2h)a)a.s

The spherital form of the wave equation is:

fl-c’(fl922)
a! 32 r 3’

Which has its own form of specific acoustic iinpetianoe:

.P-z E pf nose

Where:
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A simple analysis shows that the wave length of sound in water at lOHz is approxitnalely:

l-;-.‘_:g9-15Cht

Thus any transducer operating at 10H: is small oompnred with the wave length. therefore one might expect
a spherical wave equation to be the most appropriate. However. the form of the transducer is cylindrical
so the particle displacements at the water/transducer boundary will have aqlinnrital motion. To quinine
the efl’ocls on particle displacements at the surface or the transducer and thus the motion of the u-ansduoer
surface a series of calculations were performed. These usiculations include the planar form of the wave
equation as a comparison. The calculations mume n radiating area of 1.674 in”. a cylinder of radius
0,2675m and lOkW of power at IOHL
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Plan: wave utmlauon based on a planar radiating surface:

1-K - 5.97:4“0l Wm"1.674
ran»ch ngc=15110‘
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Spherical wave ulcuimion based on a sphare of 0.2675111 radii:

In a similar way
of 1.674 m‘:
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The three diflerent forms of the wave equation result in three difierent maximum particle excursions which
must beachieved at the surface of the transducer:

Planar 1.42 mm
cylindrical 63.33 mm
Spherical 126.00 mm '

These particle displacements must be generated by the physical movement of the uansducer/ water interface.
However it is not clear to the authors molly which form of the wave equation is most appropriate. To
resolve this problem and to investigate some of the practitzl aspects of generating high intensity underwater
sound. a proof of concept ltikW sound source has been designed.

When high sound levels are generated mvitation is likely to be a problem Cavitation occurs when the
presure in the wave drops below the vapour pressure oi the liquid. Le. when the low pressure pan of the
acoustic wave drops below the ambient prmsure (hydrostatic plus atmospheric) minus the vapour pressure
for the liquid atthat temperature.

For example, it the device was to operate at 30m, then the total pressure is approximately 4 Bar, or 4x105
Pa. The vapour pressure of water at say 10 degrees centigradc is 1.2277 kPa. so the pressure at which
cavitation will occur is:

400 - 1.73 - 393.77 km

Referring to the peak pressures calculated above it is unlikely that utvitatlon will occur at 30m.

Non linear efl'ecu could further complicate the design. Most simple acoustlts mume that vater is a linear
medium but this is not true At high source levels the positive half of the pressure wave travels Ester than
the negative half. This results in a distorted wave form. The distortion increases with d'utance from the
transducer until a shock wave is produmd, i.e. the rate or change of pressure in the central part of the wave
tends to infinity, a physically unrealisable effect. The result is a saw-tooth wave [arm and a limit to the size
of the far field acoustic urave. effectively making the far field accuStic wave independent of source level at
very high powers and thus limitingthe matn'tnum source level which tan be generate.
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These non linear efl'ects place an upper limit on the source level or practical transducers The easy way to
quantify this is to use the concept of urua attenuation. that k the additional attenuation caused by non
linear efiects between the transducer and the far field. The extra attenuation can be estimated from the
approximation:

Extra nnen’ - 20 lama) dB

when: r - poi
a
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o: - a7 10" m“ at 10Hz

k - - 4.188 10"

The extra attenuation is too small to be calculated with precision. torr is approximately 0.12 and the extra
attenuation zero.

Having considered the wave equations. avilation and non linear effects we were confident that a low
frequency hydraulically powered sound source is pctentialiy a practiml device. The nan phase is to dsign
a proof of concept prototype to test the initial calculations:;

3. PROOF OF CONCEPT PROTOTYPE

3.1 Design Airns
Tile aims of a Proof of Concept Prototype are: a) To investigate the accuracy of the theoretical predictions
presented above; it) To assess the practimlity of generating low frequency sound production underwater
using hydraulic coupling;c) To mess whether larger and smauer systems are practiml;

3.2 Dain Smiley
The displacement of the secondary piston generates the volume change required to extend the membrane
and produce the particle displacement. The hydraulic design must ensure that the presure and volume
ratios are matched. l.e. that the primary power source can euerg'ises the secondary piston to produce the
necessary prmsure volume change and peak flow rate. The pressure generated in the secondary qlinder
must be sufficient to overcome the natural resistance of the water. Thse prmures and flow ram are then
transformed by the 'ratio of the piston's areas' to an equivalent pressure and flow rate on the primary side.
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Since the system oscillates about a mean and the required flow rate varia from zero to a peak value
throughout a cycle only the RMS power needs to be generated. the peak power requirements being supplied
by a hydraulic-accumulator. The accumulator is recharged during the low power portion of the cycle.

The sound producing cycle can be accurately controlled by incorporating a linear voltage displacement
transducer within the hydraulic rant. the output from the ram being used a a feedback mechanism for a
proportional. integral and differential control loop. Avarying set point. in the form of a sine wave (or any
arbitrary wave form within the slew rate of the system) is applied to the control loop. Experience with
similar systems has demonstrated that the piStcn can be controlled to within mat ofthe required wave form
with a constant phase lag of approximately 5°throughout the cycle.

The hydraulic system can readily be duigned to operate independent of depth. by simply compensating the
low pressure side of the system to be a little above ambient pressure. This ensum that hydraulic pressure
is generated relative to ambient pregure

The volume change caused by the movement of the secondary qtinder must be accommodated within the
transducer. This is perhaps the most difficult aspect of the mechanitzl design. The only convenient method
is to use some form of gas reservoir, the mun pressure of the gas within this reservoir being held close to
the ambient pressure and allowed to adiabatimlly compress and decompress as the piston cycles.

3.3 Description of Sound Producing Mechanism
The sound source is. in effeu. a prawn u-ansfonner which convens high prssure low flow rate hydraulics
into low pressure high volume hydrauli by using a simple differential piston (Figure 1). High pressure
hydraulim are readily available in commeru'al hydraulic systems and the proofof concept prototype has been
designed around commercially available parts.

The sound waves will be generated by the osdllation of the surface of a cylindriml membrane. The
movement of these surfaces is generated by pressure differences between the inside of the Minder and the
surrounding sea water. These pressure differences are generated in the following way.

The primary piston is moved back and forward by a controlled flow of lluid from the hydraulic pump via
a high precision servo valve. The pressure of this fluid (Pl) at any given time exerts a force on the rod of
the primary cylinder. which is coupled to the secondary qlinder. The secondary cylinder moves and creates
a pressure (P2) in the fluid. Bemuse the two pistons are linked by a rigid rod, the force experienced by the
two pistons must be identical. Thus. if friction is ignored. the following equation is true:

Arm of piston l x P2
P2-

Amr of piston 2
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LAYOUT FOR LFSS POCP

TO H.P.U AND
ELECTRONICS UNIT

PNMY Hmmucs 5mm SECONDARY HYDRAULICS sscnon

Figure 1 - Lay Out for Low Frequency Sound Source
Proof of Concept Prototype

The pressure P2 also acts directly on the flexible membrane. therefore P2 mnnot be greater than the
resistive force of the surrounding water, plus an amount necessary to stretch the membrane, plus an amount
which is convened into icinetic enery in moving the fluid.

The force on the secondary piston creates a pressure change in the secondary fluid. also the movement of
the piston muses a displacement of fluid into the annular q'iinder or which the outer wall is the membrane.
The final meet is to cause a displacement of the membrane in a controlled fashion, which creates sound
waves in the surrounding water.

This design is {or n no dB/IluPa sound source. This will produce a sound source of approximately 8kW
output. which is large enough to determine performanue of a hydraulically powered sound source without
being unmanageable or dangerous during testing.
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The expected overall efficiency is about 40%. This is due to losses in the hydraulic power unit, the servo
valve and the sound producing mechanism

4. CONCLUSION

The low frequency underwater sound source desaibed in this paper is in the authors' opinion a simple and
cost efiective method of generating high amplitude sound waves at low frequencies. The design is based on
the pressure transforming properties of two linked cylinders with different piston areas. This mechanical
arrangement allows high pressure low flow rate commercial hydraulic system to be used to drive the low
pressure highflow rate hydraulics which are well matched to the generation of acoustic wavs. The system
has been dmigned to avoid both cavitation and non linear effects. It has also been dislgncd to operate
independent of depth by compensatingthe primary power generation to ambient pressure and by matching
the gas reservoir to the displaced volume and allowing the pressure to osdllate about the ambient pressure.
A proof of concept prototype has been designed to test the theoretical and practical aspects of working at
high power and low frequenq.

5. SYMBOLS

m-Angular frequency radian sump-1 c-Velocity afsound m sec“

f-Frequency sec" t-Time see
u-Pam'cle velocity m sec" I-lntmily warts m"
z-Specific (120qu impedance RayLr A-Wavelengtlt m

p-Deruiry kg m'3 e-Pum'tle displacement m
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