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1. INTRODUCTION

‘The lask GRAD was presented with was to devise a method of generating high energy underwater sound
waves at a frequency of 10Hz This source had to be cylindrical in form, compact, transmil kilowans of
power and capable of operaling independent of depth. After considering a series of possible options
(References 1, 2 and 3) we selected a mechanical system based on standard hydraulic components capable
of transmitting 10kW. This system, its basic mechanical arrangement and the underlying theory are
presented in this paper.

2 THECRY
The basis for any new transducer design must lie with the wave equations which govern the gencration 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 equations, 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:
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From which the specific acoustic impedance z can be calculated:
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The cylindrical form of the wave equation is:
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From which the specific acoustic impedance z can be calculated:
z-E-pn‘; w

‘Where:
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The spherical form of the wave equation Is:
@-cz(ﬁ +32)
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* Which has its own form of specific acousuc impedance:

Z-E-poc cos

Where:
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A simple analysis shows that the wave length of sound in water at 10Hz is spproxiliwtcly:

1-}-%‘3-15&11

"Thus any transducer operating at 10Hz is small compared with 1he wave length, therefore one might expect
a spherical wave equation to be the most appropriate. However, the form of the transducer is cylindrical
50 the panicle displacements at the waterftransducer boundary will have a cylindrical motion. To examine
the effects on particle displacemenis a1 the surface of the transducer and thus the motion of the transducer
surface a series of calculations were performed. These calculations include the planar form of the wave
equation as a comparison. The calculations assume a radiating area of 1.674 m?, a cylinder of radius

0.2675m and 10kW of power at 10Hz.
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Plane wave calculation based on a planar radiating surface;
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Spherical wave calculation based on a sphere of 0.2675m radii:

104
I- -597r 10° Wm?
4mrsu;
T ip4
-2
2pge
pe(Up)°*
p=134 kPa?
P-pga cosh
osfe T o7
(L+k?r7)0-3 1
a0s8-11.20 x 1072,
o= ac::ns 5 -7.968 msec!
e
e-% -126 x 10°m

Ina simila; way the particle displacement can be calculated for a cylindrical wave with a radiating surface
of 1.674 m*:
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The three different forms of the wave equation result in three different maximum particle excursions which
must be achieved at the surface of the transducer:

Planar 1.42 mm
Cylindrical 6333 um
Spherical 126.00 mm "

These particle displacements must be generated by the physical movement of the transducer/ waler interface.
However it is not clear to the authors exactly which form of the wave equation is most appropriate. To
resolve this problem and to investigate some of the practical aspects of generating high intensity underwater
sound, a proof of concept 10kW sound source has been designed.

When high sound levels are generated cavitation is likely to be a problem. Cavitatdon occurs when the
pressure in the wave drops below the vapour pressure of the liquid, i.e. when the low pressure pari of the
acoustic wave drops below the ambient pressure (hydrostatic plus atmospheric) minus the vapour pressure
for the liquid at that temperature.

For example, if the device was 10 operate at 30m, then the 1otal pressure is approximately 4 Bar, or 4x10%
Pa. The vapour pressure of water at say 10 deprees centigrade is 1.2277 kPa, so0 the pressure at which
cavitation will oocur is: |

400 - 1.23 - 398.77 kPa

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

Naon linear effects could further complicate the design. Most simple acoustics assume that water is a linear
medium bul this is not tree. At high source levels the positive half of the pressure wave travels faster than
the negative half. This resulis in a distorted wave form. The distortion increases with distance from the
transducer until a shock wave is produced, i.e. the rate of change of pressure in the central part of the wave
tends to Infinity, a physically unrcalisable effect. The result is a saw-tooth wave [orm and a limit to the size
of the far field acoustic wave, effectively making the far field acoustic wave independent of source level at
very high powers and thus limiting the maximum source }evel which can be generate.
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‘These non linear effects place an upper limit on the source leve! of practical transducers. The easy way to
quaniify this is (o use the concept of extra attenuation, that Is the additional attenvation caused by ron
linear effects between the transducer and the far field. The extra atlenuation can be ¢stimated from the
approximation:

Extra atter’ = 20 log(%) dB
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‘The extra attenuation is 100 small 1o be calculated with precision, torr is approximately 0.12 and the extra
atienuation zero.

Having considered the wave equations, cavilation and non linear effects we were confident that a low
frequency hydraulically powered sound source i$ potentially a practical device, The next phase is to design
a proof of concept prototype to test the fnitial calculationsy:

3. PROOF OF CONCEPT PROTOTYPE

3.1 Design Aims

The aims of a Proof of Concept Prototype are: a) To investigate lhc accuracy of the theoretical predictions
presented sbove; b) To assess the practicality of generating low frequency sound production underwater
using hydraulic coupling; c) To assess whether larger and smaller systems are practical;

3.2 Design Strategy

The displacement of the secondary piston generates the volume change required to extend the membsane
and produce the particle displacement. The hydraulic design must ensure thai the pressure and volume
ratios are matched, Le. that \he primary power source cap ¢nergises the secondary piston to produce the
necessary pressure volume change and peak flow rate. The pressure generated in the secondary cylinder
must be sufficient to overcome the natural resisiance of the water. These pressures and flow rates are then
transformed by the “ratio of the piston's arcas® 1o an equivalent pressure and flow rate on the primary side.
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Since the system oscillates about a mean and 1he required flow rate varies from zero to a peak value
throughout a cycle only the RMS power needs 10 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 contralled by incorporating a linear voltage displacement
transducer within the hydraulic ram, the output from (he ram being used as a (eedback mechanism for a
proportional, integral and differential control loop. A varying set point, in (he 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 piston can be controlled 1o within 0.1% of the required wave form
with a constani phase lag of approximately 5° throughout the cycle.

The hydraulic system can readily be designed to operate independent of depth, by simply compensating the
low pressure side of the system 10 be a littie above ambient pressure. This ensures that hydraulic pressure
is generated relative to ambient pressure,

The volume change caused by the movement of the secondary cylinder must be accommodated within the
transducer, This is perhaps the most difficult aspect of the mechanical design. The only convenient method
is 10 use some form of gas reservoir, the mean pressure of the gas within this reservoir being held close o
the ambient pressure and allowed to adiabatically compress and decompress as the piston cycles.

3.3 Description of Sound Producing Mechanism

The sound source is, in effect, a pressure transformer which converis high pressure low flow rate hydraulics
into low pressure high volume hydraulics by using a simple differential piston (Figure 1). High pressure
hydraulics are readily available in commercial hydraulic systems and the proof of concept prolotype has been
designed around commercially available pans.

The sound waves will be generated by the oscillation of the surface of a cylindrical membrane. The
movement of these surfaces is generated by pressure differences between the inside of the cylinder and the
surrounding sca water. These pressure differences are generated in the following way.

The primary piston is moved back and forward by a controlled flow of fluid from the hydraulic pump via
a high precision servo valve. The pressure of this fluid (P1) at any given time exerts a force on the rod of
the primary cylinder, which is coupled 10 the secondary cylinder. The secondary cylinder moves and creates
a pressure (P2) in the fuid. Because the two pistons are linked by a rigid rod, the force experienced by the
two pistons mist be identical. Thus, if friction is ipnored, the following equation is true:

Area of piston 1x P2

P2-
Area of piston 2
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LAYOUT FOR LFSS POCP
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Figure 1 - Lay Out for Low Frequency Sound Source
Proof of Concept Protorype

The pressure P2 also acis direcly on the flexible membrane, therefore P2 cannol be greater than the
resistive foree of the surmounding water, plus an amount necessary to streich the membrane, plus an amount
which is converted into kinetic energy in moving the fluid.

The force on the secondary piston creates a pressure change in the secondary fuid, also the movement of
the piston causes a displacement of fuid into the annular cylinder of which the outer wall i the membrage.
The final effect is 1o cause 4 displacement of the membrane in a controlled fashion, which creates sound
waves in the surrounding water,

This design is for a 220 dB//uPa sound source. This will produce a sound source of approximately SKW
output, which is large enough to determine performance of a hydraulically powered sound source without
being unmanageable ar dangerous during testing.
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The expected overall efficiency is about 40%. This is due ¢ losses in the hydraulic power ugit, the servo
valve and the sound producing mechanism.

4. CONCLUSION

The low frequency underwater sound source described in this paper is in the authors® opinion a simple and
cost effective 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 altows high pressure low flow rate commercial bydraulic systems 10 be used to drive the low
pressure high flow rate hydraulics which are well matched 1o the generation of acoustic waves. The system
has been designed to avoid both cavilation and non linear effecis. It has also been designed (o operate
independent of depth by compensating the primary power generation 1o ambient pressure and by matching
the gas reservoir to the displaced volume and allowing the pressure to oscillate 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 frequency.

5. SYMBOLS
w=Angular frequency radian secsup-1 c=Velocity of sound m sec!
F-Frequency sec™! t=Time sec
u=-Parvicle velocity m sec”? I-Intensity watts m™!
z=Specific acoustic impedance Rayls ) A-Wavelength m
p~Density kg m? e~Particle displacement m
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