UNIVERSITY OF CAPE TOWN

DEPARTMENT OF MECHANICAL ENGINEERING

A TOWED
SUBMERSIBLE

W.R.DUNKLEY B.Sc(Eng)

A thesis submitted in partial consideration

for the degree of ¥.Sc.(Eng) . December 1972,




The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Contents.

1. Introduction.
2. General Design Theory.
2.1 Qoean Enginesring.
2.2 Design Philosophy.
2.3 General Degign.
3. Anélyais.
3.1 Steady State Analysis.
3.2 Dynamic Analysis.
3+3 DNon-Dimensional Analysis.
3.4 Results of the Analysis.
3.5 Vibrational Stability.
4 Detailed Design.
4.1 Forward Section.
4.2 Stern Section Structure.
4.3 Air Cirouit.
4.4 Control Circuit.
4.5 Base.
4.6 Costs.
5- Trials-
5.1 Preliminary Testing.
5.2 Sea Trials.
6. Conclusions.
6.1 Assegsuent of Vehicle Performance.
6.2 Suggestions for Future Development.
Appendix A. General Design for Hydrodynami-
' cally Operated Body.
Appendix B. Computer Solutions.
Appendix C. Wind Tunnel Tests.
Appendix D. Operating Instructions.
References.
Acknowledgements.

10
13

19
20
22
23
28

30
30
32
40
42
44
46

48

48
49

51
51
51

23
56
64
12

4
76



1.

Intreoduction.

One of the main problems in oceanographic research relating
biological disturbances to chemical and physical parameters
is that of oombining observation and synopticity. At the
moment parameters such. as sound and plankton levels can be
measuréd continuously, whereas geological and temperature
readings are discrete (1,2). The diffioulty is particularly
acute for acoustic measurements. These give very detailed

continuous records of underwater biological disturbances

such as fish shoals or whale movements, and it is quite

impossible to correlate these with data such as local temp~
erature or salinity whic¢h may be crucial factors in their

interpretation.

Consider the present way of measuring ocean temperatures.
The instrument used is the bathythermograph, developed by
Spillhaus in 1938 (3). This carries a liquid in glass
metal thermometer or bimetallic strip whioch, operating

through a linkage, causes a metal pointer to etch a trace

on a smoked glass slide, which is itself being gradually

- moved perpendiocular to this trace by a Bourdon tube or a

pressure sensitive bellows. Since the depth of sea water

can be assumed to be proportional to the pressure for depths

"down to 1000 m a continuous trace of temperature against

depth is generated. In operation the bathythermograph is
lowered to the predetermined depth where the impulse due to
stopping the descent by sharply braking the towing cable
céuses the recording mechanism to start. The device is then
rapidly hauled to the surface. There is & 90% temperature
response in 0,4 seconds, and oycling takes about 15 minutes
(3,5)« In this way a discrete temperature profile of a

seotion of the sea at a particular time is attained. The

'profile position will not be exact due to the ship's motion,

either through drift or intended manoceuvring, and the temp—

erature profile is usually time dependant as well.

One of the most interesting and significant regions of the

sea is the thermocline (Fig. 1,1). This is the dividing
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region between the cold ocean bottom currenté and the warm
sﬁrface layers, and since it delineates the interface between
two liquids of different densities waves are formed, in this
case bf long period sincelihe density difference is small.
Off the Cape Coast of South Africa this temperature diffe-
rence may be 15 C°, and the wave length of order 1 km (5).
Td depict this region accurately a continuous temperature
record is needed scanning both horizontally and vertically.
This has been tried using a weighted cable carrying spaced
thermistors feeding information to deck recorders (3).

This is expensive, uses complex elecironic equipment, and
the multi-cored signal’oable needs special winching facili-
ties. Even when the cable is faired to reduce drag (4) a
velocity gradient in the water or a variation in ship speed
causes the cable profile to alter and the depihs of the

thermistors to change.

One way to continuously scan the sea would be to tow a
submarine vehicle that would cycle vertically in the water
between set depths. Its period of vertical oscillation

would be short compared with the changes in parameters to

be measured, in this case long internal waves. It would
carry continuouély recording depth and temperature measuring
instruments; if possible storing the resultis on a magnetic
-tape or paper drum or else itransmitting the data to the

towing vessel. It could be designed so that it was relatively
independent of ship speed and self contained so that it could
operate unattended for long periods of tipe. Normal
odeanographio surveys require regular stops for geologiocal
core samples to be>taken or for éampling reversing bottiles

to be cast, and during these moments the vehicle could be
hauled aboard and its recording sheeils or power sources
renewed as necessary. Aocordingly'a specification was
determined in oconsultation with members of the QOceanography
Department of the University for a suitable towed body

(Table 1.1). Initially it was to carry temperature measuring
devices, but it should have the possibility of extending this

to carry instruments to measure pH, conductivity, etoc..

\
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The only published work at present concerning such a device
is by Glover (2), who is developing an undulating plankton
recorder for long distance towing with an oscillating wave
length of 20 km. It is not very appropriate to make direct
comparigson with Glover's work since there local instabilities
are damped out during tﬁe long, slow oscillations, whereas
for a device with a much shorter wave period such local

perturbations crucially affect the performance.

A device with a relatively short undulation periodvfor intense
dagta collection would be a major advance in ooeanographic
recording techniques, and one that could have a wide varity

of commercial applications.
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Table 1.1 Sgecifioationé for Design.

Depth range
Pressure range

Temperature range

Oscillation wavelength

Ship speed
Accuracy of position

i) Vertically

ii) Horizontally

Weight in sea water of

recorder

General comments

0-50m
1 - 6 bars
5 - 25 °
About 200 m

7 knots (3,5 m/s)

Im

Unimportant

455 kg

It must be safe and easy to
handle on the aft deck of the
T.B. Davie, the rescarch
vessel of the University of
Cape Town, and should have

an overall length of less than

1,75 m.



Corrogion.

Corrosion is the gradual transformation of a metal into
one of its compounds due to the presence of particular
nearby chemicals. The main corrosion mechanisms are

direct chemical attack and electro-chemical atfack.

For electro—-chemical attack, or galvanic action, to occur
there must be a continuous electrical path between the
electrodes. Seawater is a good electrolyte and readily
gsets up a galvanic cell between dissimilar metals or
between a metal and a local patch of its oxide. Corrosion
oocurs most readily in metals that are far apart in the electro-
chemical series for seawater, given in Figure 2.1, with the
anodic region becoming pitted and cathodic areas masgked
with hydrogen. If the hydrogen is swept away the local
corrosion continues, but if it remains another cell is set
up elsewhere on the méterial and general corrosion results.v
Galvanic corrosion can be minimised by not using dissimilar
-metals or by ensuring that the oritical components are the
more.cathodio and are protected by plating or paihting.
‘Many sea going vessels have sand blasted hulls to remove
any post-fabrication pitting and then use a sacrificial
anode of a Zn-Mg-Al ocomposition which renders ihe metal

cathodic and protects it from attack.

- Purely chemioal attacks occur in a number of ways, of which
the most common and least understood is stress corrosion.
Here certain chemicals dissolve the surface layer of the
material at selective spots, sudh as grain boundaries; and
cause ocorrosion oracks to form. This occurs only under
conditions of tensile stress and will affect a submarine
vehicle at areas such as bolted joints, welds and heat

treated regions.

Fatigue is important because metals do not have an apparent
fatigue 1limit in geavwater. In submerged vessels the
structural fatigue falls into the low cycle range, less than
10 000 cycles, gnd the life is more dependent on the design

and fabrication methods than the materials used.
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? -
Absorbtion of hydrogen and water into stecls causes

embrittlement and consequent brittle fracture. This

danger is increased near to the sea bottom and at estuaries,
where the oxygen content of the water usually decreases.

It is usually confined to martensitic and precipitaté
bardened steels, and is not a problem with austenitic

steels or non-ferrous alloys except for certain body centred

cubic alloys of aluminium.

Besides elctro-chemical and direct chemical corrosion ocean
appliances are attacked by marine organic life.. Small
crustaceons such as barnacles disturb the smooth flow of

water around a oarefuily profiled body -and cause pitting by
encouraging a local deflclenoy of oxygen. Copper based
anti-fouling paints are toxic to them but have to be regularly
renevwed, and even these do not discourage curious sharks or

dolphins.

Other failure mechanisms such as cavitation pitting or
waterline rusting are not considered here, for although they
occur at sea they are usually assoociated with surface vessels

or high speed submarines.

Non metallic substances are not prone to the;oorrosioh
problems outlined above, except organic attack, ahd 30 are
particularly attractive for use ih a marine context.  The .
common substances are wood, plastic and glass, which in
general are not as strong as metals and have other serious
disadvantages which preclude their general use as major
struotural materials. Wood forming is not suitable for
intricate parts, requires careful moulding or caulking and
must be continuously maintained. Glasges such as 'Pyrex!
have been used to effect in research machines, but are
expensive, have negligible tensile strength and are highly
notch sensitive. Even when in a purely compressive role
they can only be uged in conjunction wifh a titanium lattice
which brings further material difficultiss. Plastics have
the greatest potential, so far unrealised commercially
except for fibreglass which is readily available, cheap and
of low demsity. Properties of the more commonly available

materials are discussed in References 6, 10, 11.
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Toving.

There is little readily available literature on sub-surface
towinge. Surface towing is characterised by the distance
between the vesséls due to their lack of manoeuvrability,
especially when the tovwed vessel cannot turn or stop
independently. With towed submersibles there are the added
dangers of the cable fouling the propellors of the ship

and the submersible being disturbed by its wake. Both

of these argue for a long tow. Small submersibles are
affected by ocean currents, as described previously, but
this drift can be detected and compensated for by a suitable
control system. The greatest difficulty occurs when towing
near to the surface. A ship speed of 7 knots is equivalent
to the speed of fast ocean waves, so with 3 following sea

a towed body wéuld be in a metastable gtate. For a towed
submersible this effect will be present to a depth of about

8 m, depending on the sea state.

Design Philosophy.

A vepssel that does not have its own propulsion unif must rely
on the foroes generated by the interaction with its environ-
ment for motion. For a body moving in a fluid these

impressed forces are due to differencies in mean density
between the fluid and the immersed body and %o the hydrodynamio
effeots, 1ift and drag, of the fluid flow around the body.

For a towed vehicle there is also the force exerted by the
towing vesgsel. Any design must utilise some of these forces,

and this section looks at the merits of each.

Forces Due To The Towing Vessel,

The effect of these alone is to raise the towed body to the
surface and keep it there. If the body has some weight and
drag it will stabilise at a depth which depends on its weight
and shape, the length of the towing cable and the boat speed.
Changing the weight of the body whilst in the water is
equivalent to changing its mean density, a hydrostatic effect,
and changing its shape induces a change in hydrodynamic

forces. Both of these cases are examined later. Continuously
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varying the boat speed to change the depth is impracticable
due to the difficulties in manoeuvring the T.B. Davie at
sea, and undésirable since the specifications impliéd a
design that could operate without the need for continuous
control from the ship. Varying the cable length seems a
clumsy solutionm. It iﬁvolves constantly opverating winches
on deck with at least'BO m of cable being wound and unwound
every cyolsz. It does not utilise the ship's motion except
to increase the drag and the power consumed. Hovever it . -
is a simple method that can be continuously monitored, with
the instruments packed intQ a pressure vessel and lowered

over the side on a weighted oabla.

Hydrodynamio Forces.

Any increase in the 1ift or drag on a towed body will increase
the force tending to raise it to the surface. Conversely ‘

a decrease in these quantities will cause it to sink. - The
properties can be altered by changing the profile of the

body in the water or altering its attitude, either by moving

attached hydroplanes or by adjusting its mass distribution.

Most constant depth submarine devices, for instance the
paravane, prepare their equilibrium depth by altering their
fins before being launched. However a moving body has a
number of inherent disabilities that must be overcome before
it ocan be guccessfully used as a preoise research instrument.
The most imporitant of these is stability. If a towed vehicle
is swept sideways by a cross current or a region of underwater
turbulence it has no automatic righting system and will
continue to move in a direotion dependant on the final
orientation of its fins in relation to the surface. If it
has been rolled onto its gside it will continue to move sideways
unless a stabilising system is incorporatéd into the control
‘circuitry. Also a body that relies on hydrodynamic forces
alone has to be carefully streamlined for slight changes in

. profile to have a notidable aeffect. A preliminary design

wag evaluated inoluding a stability control but was eventually
discarded due to its increasing complexity and cost. Dotails

of this design are given in Appendix A.
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Hydrostatic Forces.

Ir legendnis to be believed the principle of floatation has
been recognised by soientific man since Archimedes (c. 400 B.C.).
More receﬂtly it has been uged for oceanographic research work
by M. Picard in the Bathyscape ‘Trieste' (14) and for a free
vehicle it has many advantages. However heavy the scientifio
package it can always be rendered effectively weightless

in seawater by attachiné a suitable vélume of less dense .
maferial, and vertiocal motion assured by a slight change in
 weight. Its disadvantages are that the float is usually
vlarge and so vunerable to cross currenis, and that most low
density materials are noticably compressible and lose

bucyancy as the bathyscape descends. For a towed vessel

the large float would mean that there would probably be a cor-
respondingly high drag, increasing the towing load and the

moment of the force towards the surface.

Any design would basically consist of a large towed drum
carrying an air oylinder and recording instruments inside

but open to the sea at the base. The only controls would

be two valves controlled by a depth géuge. One of the valves
would be used to open a port at the top of the drum to allow
air toc escape, water to pour in the base and the body to
sink, when.the valvé would close. ' At the appropriate depth A
the other valve would open to flood the drum with air, force
out the sea and cause the body to rise.l The advantages. of
such a system are clear. The shell need not be a pressure
vessel and éd could be manufactured cheaply. The control
would be simple and could be encapsulated in a small pressure
vessel inside the shell. Even if the entire structure was
rolled over and the air spilled out it would right itself.
dve to a towing eye at the top giving it a pendulum like
stability, fall to its control depth and refill with air.
This motion would be noted on the recorded and allowed for

when interpreting the data.

The final design took the baest points from the hydrostatio
and hydrodynamic cases, and is considered in a general outline

in the next section.
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General Design.

General Arrangement.

The final design uses both hydrostatic and hydrodynamic

effects for motion. Basically it is a hollow cylinder
closed at one end by a disc and with the other capped 7
by a hollowed hemisphere. The whole is cut along a plans

parallel to the common axis and at a distance from it at

" the closest point of half the cylinder radius. Attached

along this cut is a perforated plane base shaped to extend
either side of the body into a pair of fixed fins (Fig. 2.2)
A towing eye is attached to the tops

Internally the vehicle is divided into two compartments by

a transverse watertight bulkhead (Fig. 2.3). The aft
section houses two scuba diving aqualungs connected to a
common manifold whose exit is through a solenoid valve to a
pipe that is sealed into the bulkhead and passes through
into the forwafd compartment. This forward chamber has a
vent in the roof and air can leak out via another solenoid
valve. The control circuitry and batteriss for the valves
are in watertight containers in the stern compartment, which
also houses the recorders. The aqualungs, batteries and

recorders are conveniently mounted for easy renewal.

The structure is built around a galvanised low carbon gteel
plate mounted vertically along the centre of the aft section.
The towing eye and all the equipment are bolted to this to
engure that in the event of some disaster thatvdamaged the
shell of the vehicls and made it unfit for further service
the expensgive items of equipment could be recovered and
would not be washed away. Except for two stiffening and

locating hoops the rest of the structure is made from moulded

‘fibreglass pieces. The gurved part of the stern section is

made in two pieces, covering each side with a separate cowling

that can easily be removed for access. The whole structure

can be lightened in the water if necessary by inserting

shaped wooded or polyurethane pieces. Thus the vehicle is

cheap to build and simple to construct.
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Mode of Operation. . .
When on the surface the weight of the body will causse it to

sink. The base is perforated so that it rapidly fills with
water, and the valve in the roof of the forward section opens
for an interval to allow the air to escape. The position of
the towing eye is such that when the nose is flooded the
vehicle takes a nose down attitude and the resulting negative
1ift facilitates desocent. When at the lower specified

depfh the valve controlling the air oylinders opens to admit
air to the forward section, flushing out the water and -enabling
the nose to lift. The effective weight of the body is
reduced by this air, and with the 1ift on the fins due. to the
altered incidence it rises. On reaching the upper control

depth the cycle is repeated.

Due to its particular mass distribution the body is inherently
stable in descent provided that the cenmtre of 1ift is always
astern of the towing eye, but during ascent the stability
position is mofe complex. The forces on the vehicle aré

its weight, its dynamic 1lift and drag and the force at the
towing eye due to the cable. As indicated in Section 3 the
angle to the horizontél of the ocable at the eye depends on
ihe ropultant horizontal and vortical forces on the vohiole.
If this angle is less than the inclination of the body to in
the water then it will probably roll onto its back and be
stable upside down. The exact point of change from one
stable state to the other is difficult to determine sinoce the
vehicle's inclination in the water will be uncertain. - If
the depth recorder showed that irregular behaviour was
occurring in the upper regions of the path then the towing
position would have to be changed to alter the force

distribution.

The time of osciilatioh of the body will depend greatly oh its
effectivg weight. This is considered quantitatively in |
Section 3. Too light a body will not reach the desifed

depth, whilst if it is too heavy the air consumption rate will

be too great during the ascent. The developed analysis oan
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only be considered as a guide to the best weight to use,

and the final corrections must be left for the sea trials.

. Associated with both the weight of the body and its attitude
ig the rate of flow of air into the nose at the lower level
of descent. The inertia of cable and body cause a response
lag to such weight changes, and if the flow is too fast so
that too much air is released into the nose the ascent will
be rapid and the rate of vertical oscillation will corres-—
pondingly increase. If the flow rate is too slow it might
not even keep abreast of the inocreasing oompressioh of the
air already'in the nose. Other important variables are the
trim of the vehicle, including the position of the towing
eye, and the amount of towing cable used. Like the body
welght both of these parameters can be assessed to some
extent by calculation, but the refinements for optimum

performance can only be made during sea trials.
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Analysisa.

This section makes an analytical examination of the performance

of a towed body; its stability depth and descent time and
their dependence on such factors as body weight and cable
length. The first part of the analysis determines the
prbfile in the water of a cable towed at a constant speed
with various vehicles attached. Thig is the 'Steady State!
analysis. Different cable/vehicle combinations give
different cable profiles and stability depths for the towed
vehicle. Correspondingly, once the desired lowest depth
has been specified a cable/vehicle combination can be chosen
whose stability depth is equal to, or élightly greater than,
the desired depth, when the change in vehicle weight to
raise it to the surfacs, énd hence the amount of air used

each cycle, will be a minimum.

Having decided the cable length and vehicle weight the
gecond part, the 'Dynamic' analysis, estimates the descent
time. Both analyses are expressed using non-dimensional

parameters whose nomenclature is given in Table 3.1.
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Table 3.1 Nomenclature

M _Mass of towed vehicle in sea water.
A Effective area of the vehicle.

Cdl Drag coefficient for the vehicle.
u Ship speed.

e Density of sea water.

Mass/unit length of the cable in sea water.

d Cable diameter,
Cd2 Cable drag coefficient.
L Cable length.

8 Distance along the cable from the ship
e Inclination 6f the cable to the horizontal.
T Tension in the cable at s. '
To T = To at s = L
# e=4g at. s = L
g

.Gravitational constant.’

- K1 = 0,5 e G LAY
sz" 035 & C..\z_.ci.
Ie (M Loy L*

Pl = Wl/m
P2 = Cd,

P3 = A/

P4 = cd,

P5 = 4/

P6 = “/(L.9%
PT = Q'-’/M
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3.1 Steady State Analvsis.

st
K2. o* S\vxze. S T-°%4

o+ 5% | - -
\.:.3.55 .

T+ 302

<t % i

MAS

Asgume the foroes on a cable element shown. The assumption
of the force K2 ' Sin'@.5s perpendicular to the element
is a close approximation to the actual experimental result
unless O is very small (14).
Resoiving perpendicular to the element; for equilibrium
k2.l Se?e.8s - w.q.Cese 85~ 2T.5m (8} = 0
If 86 is small compared with &
T%i: = K2.u®. Sn'e - w.q.Cos © (1)

Regolving along the cablej <for equilibrium
(T._ S-Z,J) Cos(%) - (Tq.%-r{z)cgs(szg) - w.s..Sme‘ s .= O

$T
.g_s. = - \03 Sin © | ) o (2)
The boundary conditions for these equations are
3=L' T::To e=¢

Where T 2 = (KL x u?)? + (M x g)°

Tand= (M x g) / (KL x u®)

The equations ocan be solved analytically, but the resulting
expression is ocumbersome, and since it relates s and 8,

has to be integrated numerically to give the cable profile
in x-y co-~ordinates. Aocordingly the entire analysis was

performed numerically, starting from the conditions at s = L
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and deriving T and © after a step length 6s from equations
1 and 2. Knowing the inclination of the cable at points
along its length an integration using Simpson's Rule enabled
the vertical and horizonfal co-ordinates describing the
cable shape to be found. An account of the computer

program used is given in Appendix 2.

Dynamic Analysis,

The system to be analysed consisted of the submersible and
flexible cable. In the dynamic case these sink from the
surface to the design depth, and since the cable is assumed
perfoctly flexible the system has an infinate number of
degrees of freedom. ‘
To analyse it gross assumptions must be made:

1) The cable lies in the plane of motion, i.e. that the
system occupies a two dimensional space at any instant.

2) PForces across the plane of motion are negligible.

3) The towing oable is a rigid rod with the drag and
woeight properties of the cable but freely hinged at the boat
and at the body. Figure 3.1 shows that for typical

“configurations the‘oabie profile is approximately linear for

the steady state case, and our assumption is that this
profile is valid at all moments in the descent. If the

dynamic‘analysis is performed for a long period of time the

‘vehicle will reach a steady state stability depth. Table

3+2 compares this depth with one obtained using the steady
state analysis for different qable/vehicle configurations,
and it is olear that although the analyses are different
their results are close enough to justify the linear
assumption as a first order approximation. _

4) As in the‘previous case the drag coeffioients for
cable and vehicle are assumed'constant over the narrow range
of Reynolds' Numbers considered, and for simplicity it is
agsumed that the drag coefficient for the body is the same
for all flow directions. Reference to the force diagram
will show that this is not such a gross assumption as at
first would seem since the two forces that include the drag

coefficient are almost equiaxial.
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Table 3.2 Steady State = Dynahic Correagpondence.

Maga of
Towed Vehicle

(kg)

Stability Dspth.

Dynanic Case

Static Case

u = 10 knots

12,5 -
25,0

3T»5

50,0

u = T knots

5,0
15,0
25,0

[

Cd'1 = 1,5

0,0909
0,1096
0,1269
0,1431

Cd

0,1292
0,1529
0,1748

0,0909
0,1096
0,1268
0,1428

0,129
0,1532
0,1749
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a2

Kz,(s (=) 4-\.:.5.'\2@). 5s

z
ki 2 &
Kl o>

M s=L
Consider a cable element length $sas shown. Then, as in
the steady state case, there will be a drag force perpendi=-
cular to the element of Ve .. Cdap 4. CLosin®e. se
dﬁe to the motion of the water alone. Since the cable has
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an angular velocity & the total drag force will be K2. ( + sze);SS»I
where K2 = Y2.¢. Cd,.d .The moment about the stern of the ship
due to the resultant forces on the element is 5.(w.3.cose'- KZ,(S"é’lulS"\’@))Ss
and the total moment due to the cable is

f(uj s © -~ K2.(26%+ u?5ine)) . 5. §s

At any 1nstant66 are constant and the moment is

S+
w. g. 31.Q5 o - K2. ez. i— - K2, u.z % . S‘:r\29
The inertia of the ocable and vehicle is I=({M+ wits), L2

Taking moments

a 2 *
L . N L ‘2
Ié=(M.3.Cose—Kl.(ul.Sm"e +L".éz))-L+ ©w.g.5-CsO = KZ..(uz.—i‘S-nze+z'.e )
L. e,
2
L .
Ié+(K|+KZ/)L +Klu. (_S\ne-er.u..z_Sme“ms . Cor 8 (3)

The equations can be solved using a Runge-Kutta method for
small time increments. The program in Appendix 2 was
written to solve this equution and gives an output of depth

against time for any specified systemn.

3.3 Non-Dimensional Analysis.

In non~dimensional analysis the basic dimensions of mass,
length and time are usually redefined in terms of variables
of the system being analysed that are unlikely to change
rapidly. In our case ¢ and g are obviously such variables.

Non dimensionalising an equation is equivalent to soaling'it,
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however, and if the equation is to be .solved by numerical
methods the scaling must result in coefficients that are of
comparable 'size, lest small coefficients result in terms '
being ignored. The first choice of basic variables was
L, ¢, g but this gave a dimensionless group of Nx/é.L3
vhich for most cases was very‘small, loaving the equations
insengitive to changes in M. Trying u, s & OT A, f, &
both gave workable values for the groups but very unequal
coefficients in the equations. The choice of basic
quantities that gave an equation responsive to all variables
was M:f y Lo Since M is a variable that is often changed

this choice is restrictive, but will give the most accurate

- results. The programs written for both'steady state and

dynamic analyses used the dimensionless groups indicated
in Table 3.1

Results of the Analysis.

Figure 3.1 shows some typical dable profiles. These are
identical to those found by Glaubert (14) whose work was
used before the development of computers to give standard

design parameters.

Pigure 3.2 illustrates the importance of towing speed on

any towed body. From the wind tunnel tests (Appendix C)
the drag coefficient of the vehicle was found to vary
between 0,85 and 1,50 for the angles of incidence chosen,
and the specifications show that speeds within 3 knots of
the 7 knot design speed must be considered. Doubling the
speed quadrouples the .drag, and the stability depth varies
accordingly. If the towing ship cannot maintain the design
speed. or the subsurface currents persist the vehicle depth
can be altered by hoisting inboard and changing ihe mass,

by adding weights or floats, or by simply varying the length
of the towing cable. Figure 3.3 shows the effect of drag

variation on the descent time.
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Figures 3.4 and 3.5 are the most directly pracfioal graphs
drawn. The two towing cables available on the T.B. Davie

are steel, of 6 wm and 12 mm diameter, and these graphs show
the stability depths attained using different cable lenghts
and vehiole magses in each caue. It is clear from them that
changing the actual body muss does‘not change the stability
depth very greatly. For instance, if a vehicle of 40 kg mass
towed by a 240 m long 6 mm steel cable reduced its effective
mass to zero by a sudden ingress of air its stability depth
would change from 53 to 35 m. This illustrateé}the importance
of the hydrodynamic 1lift on the body, as the 1lift forces mus ¥
raise both the vehicle and 240 m of cable to the surfaco.

If a cable of polypropylene was used this problem would not
arise since polypropylene has neutral density in sea water.

Jt is weaker than nylon but does not have its elasticity,

making winching easier.

Vibrational Stability.

Tho best researched area analogous to that of the towed
submersible is that of the tethered balloon. As in the wind
tunnel tests (Appendix C) conducted on a scale model of the

towed vehicle the effeots of changing Reynolds' Number can

bs alloved for, and a tethered balloon is an identical system

to the towed submersible if the tetherihg cable is considered
to have negative mass. Neumaxrk (17) analysed the stability

of balloons and found that there were two modes of instability
in directions in the plane of the céblé and one mode of _
lateral oscillation. This lateral and one of the longitudinal
modes had a frequency approximately that of é simple pendulum
of length equal to the towing cable,rand oscillations of
1arge-amplitude in a balloon, where viscous damping effects
were small, but for a submersible the viscous forces are much

greater and large oscillations are unlikely to occur. For

.a weighted cable of length between 150 and 250 m the natural

frequency for pendulum inatability would lie between 15 and
20 s, The desired cycle time for thia design is of order

1 to 2 minutes, so forced resonance is improbable.
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The other mode of instability is in the direction of the
cable, and is unlikely to be impoftant as it has high fre-—
quency and small amplitude. The only source of forcing
.would be from vortex shedding from the rear of the towed
vehiole, a phemowenon that is difficult to caloulate for

on a complex profile without extensive testing.
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Dotailed Dasign.

Forward Sectién.

The forward section is the only part of the main structure

of the vehicle that must be watertight over all its surface,
except the base, so that the air trapped within during ascent
does not escape. It was decided to cast the section in an
approximately hemispherical shape since this contains a

large volume of air for its length and is able to withstand

a certain amount of internal pressure should the exit holes

in the base be temporarily blocked. The hemispheriocal

shape was extended back into a cylindér to give a total
enclosed volume of 0, 04 m3, giving a 1lift of 400 N to the
submersible when filled with air. To facilitate moulding
the nose was made in two geotions; 'a curved part and a flat
bulkhead, cut as part of a diso, whioh were subsequently
bonded together. Dunlop (20) suggested the use of 3 mm
cross laid fibreglass matting for the structure, which is
illustrated in Migure 4.1, Blind brass threaded cabs were
glued with epoxy reésin at 50 mm intervals to the inside of the
rear flange on the curved seotion, and the bulkhead was
tightened onto these against the flange to ensure a tightly
bonded joint. When the resin bond had hardened the caps
were -used as location points to attach the nose to the stern

section.

To ensure that as much air as possible was exhausted from the
nose at the upper switohing depth the soloenoid control valvé
was positioned as cloae to the roof as possible. . The greatest
pressure across the valve seat would then be a head of seawater
equal to the over all height of the body, that is a pressure

of about 0,04 bar. Details of the valve chosen are given

in Table 5.1. Before fitting in position it was totally
immersed in an oil bath and pressurised to 15 bar to test for
possible. leakage of the coil casing in service. The casing
proved watertight but had there beon a slight leak it would
have been filled with heévy 0il or wax and retested. These

would have kept the electrical contacts free from seawater
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but would hot have hindered the operation of the valve

since there are no exposed moving paris. A short length
of copper tubing.was'bonded into the rpof with epoxy resip
and the valve outlet clamped to this against an O-ring seal.

The valve inlet was left open.

The bulkhead was pierced in two further places, and two brass
tubing connectors fixed in place with 'Araldite' epoxy glue
to allow contact between the forward and stern compartments.

A 6 mm 0.D. copper tube was attached between one of these

~and the electirical imput to the valve. It carried the supply

leads and protected them from seawater and the external pressure.
The other connector was joined to the other sclenoid valve

and supplied the compressed air to the forward section.

The flange around the bottom of the nose section was used

" to loocate it to the base. This joint was not watertight;

blind caps were glued to the inside of the flange at 90 mm

intervals and the base bolted fast against them.

Stern Section Structure.

It has already been mentioned in Section 2 that the vehicle

is built around a vertical steel I-beam, and that the stern
section is enclosed by two fibreglass covers shaped to be

part of a oylinder. Once the original concept of the

design had been formulated the dimensions were calculated from
those of the air cylinders most readily available at the time.
These had a diameter of 200 mm and an over all length,
including pillar valve, of 660 mme The cross sectional area
of the wvehicle is the most oritical dimension, since this
determines the drag forces and the towing load. Two bottles
were to be carried, and to allow for fittings and the thiock=-
ness of the central plate a maximum external width of 500 mm
was decided on. This meant that the side covers had to be
moulded to fit inside a oylinder of 250 mm radius. The

exact dimensions of the other eguipment to be mounted within
the struoture, such as the recorder and the pressure resistant
containers for the control mechanism, werec not known at that
stage, so a length of 910 um was chosen for the plate. Thié
seemed to give ample room ingide for the fittings, and so

it proved later. This gave an over all length of 1,30 m
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to the body, well within the specifications.

In designing ‘the central beam it must be remembered that it

is essentially a load bearing tensile member. It transmits
the dynamic loading on the vehicle.fins to the towing cable,
and also the weight of the body when it is lifted onto the
towing vessel, when it may be filled with water. Besides

this it must be a rigid member, corrosion resistant and as
light as possible. The ideal material would be an aluminium
alioy, but the design incorporated a certain amount of welding,
and aluminium welding is a specialist task. Stainless steel
did not justify its cost for a prototype, although for a
production model it might be essential, so a welded low

carbon steel structure was decided upon which ocould be galvanised
and painted for protection. 100 mm wide steel strips were
welded along the top and bottiom of fhe veftical plate to form
the I-beam, the cdrnars being stiffened_by.webs. After

the vehicle had been completely fitted out the beam was removed

and sections cut out to lighten it.

A steel D-ring was bolted to each end of the beam to form
stiffening ribs to locéte the side pieceg, and flanges were
welded to each of these hoops to su§§ort in one case the bow
gsection and in the other the stern wsll. An exploded view

of this structure is given in Figure 4.7.  All these steel
pieces were cut from 3 mm plate and after fabrication the whole -
gtructure was galvanised and painted. bue to the time téken '
for manufacture outside the Engineering Department the fibre-
glass pieces and the I-beam were made oconcurrently. When the
pieces arrived they were found to be oversized due both to

the difficulties of accurate moulding of the'material, and

also 10 the manufacturing methods used. The firgt parts made

- were the bulkhead and stern wall. Thess were slightly too
large and were then used to mark out the other parts. As a
result the fibreglass pieces fitted together, but the I-beam

had to be supplemented by wooden blocks which were screwed to
its base to inorease the height. The hoop sections were made
tto fit'.
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Air Circuit.

The time taken for a run with the vehicle depends on the
battery life, the recorder time and the gas supply. of
these the most easily exhausted is the gas and the greatest
consideration when designing the control circuit and towing
position was to.minimise the volume expended sach cycle.

Compressed air was eventually used as the lifting medium

‘since it is readily available and easily compressed, whereas

a gas such as carbon dioxide manufactured locally in a fire

extinguisher needs constant replenishment of materials.

Also, eguipment to contain air underwater at high pressures
is.readily available for sub—aqua‘sports. The valves and
cylinders are robust and well tested, besides being light

and corrosion resistant. ‘When the vehicle was eventually
fitted out the bottles available had a smaller diameter than
those for whioh the original design was calculated, and were
longer. Two 10 litre bottles were used connected in parallel
to a common manifold. The working pressure inside the
bottles was about 185 bar and this was reduced to 7 bar above
the ambient preséure by a first stage demand valve. This
had an input rating of 200 bar and incorporated a safety
valve on the input side. The demand valve is continuously
open so the air flow was regulated by a solenoid valve whose
maximum pressure across the valve seat was rated at 10 bar.
These pieces of equipment were linked by 6 mm copper tubing,
and the entire assembly is shown in Figure 4.8. . To simplify
rechargingvthe oylinders, and hence to increase the turn
around time of the vehicle, a one way valve and adaptor for
the compréssor.inlet (Fig. 4.6) were incorporated into the
circuit. The cuts in the fibreglass cowling pieces allowed -
the output from the ocompressor on the T.B. Davie to be attaéhed

without removing the cover.

The valves and Piping were securely bolted onto the central
beam, and each air cylinder fixed to it by a stainless steel
strap lined with neoprene rubber and spaced from the beanm by
two polythene pieces. Non metallic materials were always used

where possible in preference to metals to avoid corroding the
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cylinders. The oconnectors into the necks of the aluminiunm
alloy bottles were stainless steel protected from direoct
contact by P.T.F.E. tape. This is standard practice in
Scuba diving, where the connectors are chroms plated brass.
The bottles were pressure tested seperately at 230 bar and

the entire assembly to 230 bar before operation.

Control Circuit.

The essence of any control cifcuitry is that it should be
as simple as possible. Since the control valves for the
air flow were solenoid operated it was laegical to use a
transistorised circuit to operate them, rather than use the
avallable compressed,airito drive a fluid logic circuit.

Since the switching is to occur at two discrete levels

- the obvious way would be to use a pressure switch with each

valve. This would open the valve below a preset depth plus
a differential depth‘thét depends on the switch characteris-
tics. Switches are available for'use‘on moving vehicles,
but they are expensive and do not have any degfee of
flexibility in control. So it was decided initially to use
a pressure géuge to indicate depth and use the output from
an attached potentiometer as the input to a suitable logic
cirouit. A circuit was constructed but a suitable gauge with
an attached potentiometer was priced at R70. This might

be appropriate for a working design, but for a prototype
seemed an unjustifiable expense when cheaper methods were
available. A depth switch was eventually constructed from
a Bourdon pressure gauge, one contact of the switch being the
moving arm of the gauge, the other a bontaot fixed at the
control depth. When the body sinks the arm moves round to
the contact at the higher pressure, cémpleting a circuit to
operate one valve. [ When the body rises again the arm moves
off this cdntaot, closing the first valve, until it-reaches
the higher controlling depth at the lowér pressure when the

other contact is touched, closing a separate cirouit to

'operate the other valve. The contacts are 9 B.A. brass bolts

threaded into the perspex gauge glass. Holes ars tapped at
intervals around the disc to provide for varying the depths,
and the contact bolits and gauge arm are tinned for better

contact. Bach contact leads to the base of a PNP iransistor,
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and the solenoid valve is the collector load. To avoid
surging in the load cirouit when the transistor switches
off and the valve closes, a diode aoross the coil acts as

& voltage leak (Fig. 4.10).

The controlling equipment was enclosed in two watertight
canisters, each mounted on either.side of the central beam
and at the front of the stern chamber (Figs. 4.4, 4.5).

These were made from 90 mm I1.D., steel piping with a blank

plate welded into one end and a flénge to the other. To

this was bolted a disc carrying tubing connectors to bring

the electrical leads into and out of the containers. One

holds the batteries, and the negative output pasises through
a lead trapped between two terminals on top of the container.
Unscrewing one terminal switches off the electrical circuitry

without having to unbolt the container. The original

‘batteries were two 6 volt dry batteries, but after the first

sea trials (Section 5.2) ‘these were found to have a low
capacity and were replaced by rechargable wet cells. The
other container holds the control circuit and depth gauge,
which is threaded to tubing sealed into the disc. The gauge

can then easily be removed by unbolting and removing this 1lid.

-BElectrical leads were fed through reinforced plastic tubing to

protect them from seawater, the ends of the tubing being glued
to the tubing connsectors with 'Araldite'. Both containers
were galvanised, painted and internally pressure tested to

15 bar to check the welding, then bolted securely to the beam.
Bage.

The base was cut from a flat piece of 6 mm cross laid fibre—
glass. It was shaped to fit the nose énd bolted to its R
bottom flange (Fig. 4.1) and bolted to the stern section

along the bases of the central beam and the stiffening hoops.
A series of 35 mm diameter holes were cut through the base to
facilitate water flow and a larger hole of 100 mm diameter cut
under the nose to give access to join up the connectors to the

forward solenoid valve. The position of these holes was un-

. important since even if they extended to the very front of the nose

air would only spill out from them when the vehicle was 'nose up';

once the nose dropped the holes would be covered by water and-
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the nose would refill with air. The forward extent of the
holes does, however, determine the maximum atiitude the body

can adopt in ascent.

Myers (6) suggests a figure for the yield stress of cross

laid fibreglass matting of 200 MN/mz. Assume that in the

very'worst case the vehicle is drggged perpendicuiar to the

water at 10 knots with a drag coefficient of 2,0, i.e. that

of a flat plate across a fluid path (19). Since the base

is supported along the centre and for part of its width frbnt

and rear then for the purposes of this analysis it falls
between being a flat plate totally supported along three

| edges and a simple cantilever. In the worst case it will be

a cantilever, and calculations based on a cantilevered length

of 0,375 m gave a safety factor of 2,8 in this case. TFor

the design speed of 7 knots this becomes 5,7. Since the

conditions fepresent an extreme case the factor was considered

ddequate for safety. If conditions became very bad the vehicle

would probably be hauled aboard and stowed before the possi-

bility of breakage occurred. The total force on the towing

wire at 10 knots was 8,3 kN, considerably less than the

bréaking load of the 6 mm coring cable, estimated at 17,8

k¥ (5).

For a base width of 0,75 m each fin has a width of 0,16 m

and the ratio w/r is 0,75 (Appendix C). Figures C.5 and C.7
show tkat for values of w/r between 1,00 and 0,67 the fins
generate almost all of the dynamic 1ift except when they are
greatly reduced in size, and that for most practical purposes
the effect of the huli can be ignored. The fins were assumed -
to be two flat plates whose cenire of lift for small angles

of incidence was L/4 from the leading edge, where L was the
plate length. In our case the leading edge was swept back

at 0,79 rad across the width of the fin, so the centre of

1ift was measured from that edge along the mid line of each fin..
Once the position of the towing eye had been determined the
fins were shaped so that the calculated centfe of 1ift was
either at the towing point or just astern of it. Thisg

ensured that the dynamic forces tended to decrease the attitude



4.6

46.

of the body in the water and so prevented it from turning

across the water flow.

Figure 4.9 shows the variation of drag coefficient with
Reynolds' Number for typical regular bodies. In the
range of ‘Reynolds' Numbers beiween 104 and 105 the co-
efficients remain approximately constan®, although there

is some variation, as the wind tunnel tests have shown
(Appendix C). The values of the coefficients found for the
greatest available Reynolds' Number, that of 13 000, can

thus be applied to the full scale body with reasonable accuracy.
Costs.

The choice of materials was determined both by the expediency
of building the vehicle quickly and easily and by the |
considerations of corrosion due to the proximity of materials
of different electro-chemical potentials. For this reason
the main metal parts were all fabricated from galvanised low
carbon steel rather than stainless éteel or an aiuminium
alloy. Once the design had proved succesaful consideration
of cost and durability would be more pertinent, as well as
the inevitable modifications to the prototypse. An exact
analysis of costs was not possible since much of the building
was done by tecbnicians at the University who did not keep

a detailed record of manufacturing time, and an estimate of

the time spent by the author was similarly not attempted.

However, a general guide would be as foliOWS;

Manufacturing costs outside thé Univefsity R130

Materials and assembly ' R 80
Fittings R165
Technicians' time (ostimated) 300 hours

Details of the fittings are given in Table 5.1.
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Table 5.1. Specifications of Purchased Fittings.

Air Bottles 10 litre Iuxfer aluminium ailoy cylinders
Working pregssure 220 bar
Over all length 627 mm

Diameter 175 mm

Regulating Valve - 1lst stage Drager Pokemat demand valve
Inpﬂt pressure 200 bar
Output pressure (Adjustable) 7 bar gauge

Forward Solenoid Lucifer type 121A51

© Valve 4 in 2-way valve

12 volt D.C. 00il with explosion-proof
housing
Current rating 0,8 amps
Valve seat diameter % in

Valve seat pressure 0-1,5 bar

After Solenocid Iucifer type 133A54

Valve % in 3-way valve used as 2-way valve
12 volt D.C. coil with explosion=
proof housing
Current rating 0,8 amps
Valve seat diameter in

Valve seat pressure 0-10 bar

Depth Gauge Ferris gauge
0"'100 p-B. i.'

Batteries Furukawa Battery Co. Ltd. Model 6N2-24
Yamaha 6 volt batteries
Capacity 2 ampere-hours

lead-acid rechargable cells
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Once a faulty transistor had been replaced the electrical
circuitry was found to work perfectly, except that the
controlling batteries soon became flat. This was not

unduly disturbing since fhey were probably old stoock

when acquired. However, there were no others.available

and the tests were powered by a car battery placed along=-

gide on the dry floor with leads connected to the vehicle .
terminals underwater. For the first series of sea trials

it was felt that the towing eye should be placed well forward
to avoid the possibility of the vehicle being towed backwards,
although this was considered a remote possibility because

6f both its rounded nose and bluff gtern, and the wide fins
set aft of the towing point. The eye was then moved forward,
and 10 kg of lead pieces bolted into the nose to balance

the vehicle. The batteries were renewed, the bottles filled
to 160 bar and the acoessories arranged for the first sea

trials.

Sea Trials.

‘Due to the crowded timetable of the T.B. Davie the first

series of sea trials were arranged at short notice while

the ship was stationed in Langebaan lagoon. Because of

the haste there was not time to f£it more powerful batteries
than those dry batteries already tested. Once aboard,

the oirouit was tested by closing the battery terminals and
listening for the opening of the forward valve, and then

the vehicle was securely lashed down for the trip to the -
open sea. This was necessary sinoe the body was to be
tasted in at least 80 m of water to give an ample safety
margin, and this depth was not aohieved until about 1 kmA
offghore. Onoe out of the ghelter of the lagoon the wsurfuoce
wavens were maasured as being from 5 to 10 m high. A warp
was tied to the stern handle to faoilitate recovery, the
recorder started and bolted into place and the electrical
circuit made. The towing shackle was then attached through
a swivel to the 6 mm coring ocable, the boat speed reduced

to 4 knots and the body cast over the stern, whenoce it
disappeared in a mass of bubbles. 100 m of oable were run |

out, the spesd inoreased to 7 knots and after 3 minutes cable
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was run out to 200 m. About 10 minuteg later the vehicle
was sighted on the surface some distance dead astern. The
ship speed was reduced to 4 knots without any effect so it

was hauled aboard.

On testing the circuit the forward valve would not open,

and clearly the vehicle had filled with air at the lower
depth but had not exhausted it near the surface, and the
buoyancy and dynamic 1lit't had kept it afloat. At first i%
was thought that water had seeped intd the leads to the valve,
but later tests showed that the batteries were quickly
oxhausted in seawatisr, contrary to previous thought, and

that this had caused the malfunoction. The after deck of

the T.B. Davie was being frequently swept by waves and it

- was too dangerous to effect repairs there, so the,?ehicle

was seocured and the ship returned to the lagoon. There the
recorded trace was checked and showed that 3 oscillations

had taken place between 10 and 60 m with a cyole time of
about 2,5 minutes. The thermometer responée corresponded

to the depth traca, showing that a sufficient flow had passed

“through the incised louvres and over the sensing elements.

Despite the disappointment of not having completed the proposed
series of tests the trial was still partially successful.

It showed that the vehicle was robust enough to stand up to
very heavy seas and correspondingly diffiocult launching and
landing conditions, and that it was symmetrically profiled

and balanced to be towed directly astern. The cycles that
were completed showed that with suitable adjustment>for
response at the lower depth the cirocuitry worked satisfactorily.
That 200 m of cable were needed ingtead of the 275 m predicted
was probably due to the limitations made in the programy for
example that the dynamic 1ift was ignored, and to the very

uncertainty of prediction in such heavy seas.

It was not possible to arrange for further sea trials before
this thesis was printed, and an account of subsequent testing

is included in a supplementary ssction.
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Conclusions.

Assessment of Vehicle Pexrformance.

The trials performed on the vehicle, although these were
not fully completed when this thesis was presented, were
suffiocient to show that it would fulfill its function of
oscillating between set depths whilst being towed behind
a résearch ship. Even in rough weafher it was ablé to be
launched and recovered safely and access to the recorder
and refilling points was easy. The. basic simplicity of

the design means that any repairs can be performed aboard

-ship.

The analysis proved extremely valuable'as.a guide to the
length of towing cable needed and the period of the cycle.
It was never intended as a precise analysis due 1o the
uncertainty of the magnitude of the dynamic forces acting

on the body, but is valid as an indication of what to expect.

Suggestions for Future Development.

The simpliocity and the relatively low cost of operation
and manufacture argue that the basic design of the vehicle
ig satisfactory. There are though cléarly gome areas .

where improvement is necessary.

The first of these is in the dimensions. As already mentioned
in Seotion 4 the cross sectional area of the vehicle was
greater than anticipated, and also greater than necessary.
This could be reduced so that the covers fit more compactly
around the equipment inside, and the drag and towing load
be correspondingly reduced. Similarly the length could be
shortened with an advantageous rearrangement of the weight
distribution. It would not be possible to put equipment
into the nose since access there is difficult, but smaller
pressure vegsels for the electrical eduipment would result

in the air bottles being moved forward and the length reduced.

The choice of materials has already been discussed in Section
4.  Fibreglass proved satisfactory for the vehicle shell,
but all the metal parts, including the air lines, should be
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made from stainless steel. It might prove easier to
replace the I-beam by a vertical metal plate with lugs
 bo1tedAto it for fagtening the side covers, base and end
hoops, and drill a hole through the plate for the towing

point instead of having a separate external fixture.

The most sensitive part of the design is the control
circuitry. The present equipment is a-simple way of
regulation that could be improved by a more sophisticated
logic network which would have four levels of adjustment
instead of the two at present. Each valve could then
switch on and off at separately determined levels instead

of at the same level. This would conserve air and increase
the run time. However, the circuitry is complex, with
consequent increased chance of failure, and needs a depth

gauge with potentiometer attached to drive it.
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Appendix A. General Design for Hydrodynamically Operated Body.

The design utilised a pair of independently controlled fins
mounted horizontaily'tdwards the rear of the body, (Fig. A.1).
These would be rotated through amgll angles of incidence

by double acting oylinders driven by compressed air through
solenoid actuated spool valves. Air was chosen in preference
to electric motors due to the difficulty in obtaining batteries
with suffiocient oapacity which would fit into the limited space
available and be safe enough to operate upside down if necessary.
EVen'the use of a small accumulator and a propellof driven
charger was considered and discarded for this reason. The fins
would be moved up or down at predetermined depths, the continuous
signal from a potentiometer attached to a pressure gauge being
_oconverted in a Sohmidt trigger to a square wave which would
_actuate the épool valves (Fig. A.2). The sensors for the
stabilising circuit would be a pair of mercury filled U-tubes,
to detect angle of roll, and a gyroscope, to detect rate of
roll. Outputs from these would modify the sigﬁal to the

fins as necessary. This equipment must be protected from the
sea and enoiosed in a suitably streamlined pressure vessel.

To allow ready access would mean careful machining of seals

and design of the moving parts. The body design pfOVed to

be heavy and costly with limited space available for instruments

and was therefore discarded.
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Appendix B. Computer Solutions.

Steady State Analysis.
To solve equations 1 and 2 the following diagram is evoked.

l Start l
_____p_——{lnput DataJ

[4Evaluate'Constants|
1
| Choose step length p l
l
s=L.p
N =0
1
64

T=T

o |

{ Tind $Tand Sofrom 1 & 2|

1
T =T+ 5T
=29 + %9

\ l
N = N+1

No Is Nop = L°

Yas

Continue

L

This gives coincident values of s and © for L/p disorete
points along the cable. ‘The second part of the progranm
takes the towed body as the origin and uses Simpson's Rule
to evaluate the integrals s
S
Ys =/s.‘.\e.ss ' xST/Cos e. S§.
© [s]
For this, of course, there must be an even number of points.
Once the vertical and horizontal distances of the ship from
the towed body are known the Gable co-ordinates are re-

evaluated with respect to the ship and printéd. * Any
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numerical analysis is subject to error both by virtue of
tﬁe iteration process and the limitations of the computer.
The only way to check accuracy is to vary the step length
" p for the same set of data and 6ompare results. The
program was run using values of p of 0,05 0,02 0,01 and
0,005. The last two series of results were equal to 3
decimal places, so p = 0,01 was used as béing the most
exact and economical. A typical print out is included

with the program.
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STEADY STATE ANALYSIS —PROGRAM
STATNT TG G BLE L 3) 9 (L) ARG (5109 OIS (1) ARCOS LTt

METNCLI 1) Y (R1)aY (1)
DRTAT (Y39 TOV TG COELT PROTINL ACCHRDING TN DUMKLLY S 2HALYSISY)

¢
LoD FLa AT (/TSN E CONETINATES Y /TSy "ODISTARCE ASTEERNM 9 TIRy*UEPTH®
TT e *ISTANTE A QNG ROPEY/
‘-(f\r', Eoaliy T7 HF" UeayTh v wFL b))
1 i "Al(ij'”Pﬁ j[?T\/” LT LENGTHZ®yFbH U/

‘)'lf"igrl‘(l;._ rJ(‘
T EGRTAT (TR, W 6) .
Vo RO MATITS "TOWMING LOARZIPPGPE MASS*G)=YyFliot)
PTG AT(/TRy NI DIMENSIAONAL GROUYPS-INPUT*/
TIPy Y (CLPLF LELGTHZL) Y/ .
TSIV T25 Y OLRLE MASS PEROUNIT LEMSTH*L/PRIOPE AASOGT "2 Flidehy
Try ' F2 725 'PROKE ”Pﬁu COLFFICTENT="yFiU. 6/
CTRY TP IV, T25, "PROGE Ea/L*%220,E1% .4/
TS5y TRPUY T28,CAELLE URHC COFFACIENT="9F il &/
THe ' POy T2R, " CLELE QT4 /L= R0 Wb/
TOr "PAT s TP25, PSHIP SPERS/SART(L*GRAV. CONST )"y Fluch/
CTRYRPTIV TSy UATER DENSTTY*(Lx+2) /PRORE MASS= ¥ Eit ab)
RTZAD(2y107) PleP2+yP2+PUPSePHPT :
WRITE(Se16)
JEYYLATE DISTANCEs ANGLE
pP1zP2
pPPI=P? :
B0 Yl NNNZ1.1Ged
PizOPtixll,/NNM
PT=PPTx10C ./ NN ,
WRITE(Se13:5) P1lyP2yP34PU4P5.P4yPT
CONTLeS*FTxFb6*FA
U=COAN*P UxP5S
DRAGZCOMKP2*P 32
Tiezle+0RAGxORAG
T ZCORTUT)
PHIZ1./DRAG
PHIZFTEN(PHT)
PZJeudl
T=T4
THETAZPHI
ANGLE(1)zZPRT
ROPEZ (1) T edll
OO 1 MzZ31e1((
DISTZP*Y
S STZSIM(THET )
CT=COS(THFETA)
DTzP1%xSTxP
OTAZHUPI*CT-D%CT«ST)r*P/T
THETAZTHETA+DTH
TZT+0T
AN N4+
ALGLE (M) THETY
1 ROPF(MNN)=DICT
WRITELS5+123) T

r-r]

/("LF LENCTHZY Wy FaL L)

PR

-1}

C FORMULATE SINE. COSINE

OO 17 JTie101
Ho&MGLE (J)
A°5CNS (J)=COS (H)

17 AMSINCJII=SIMIH)

IMTFGRATE BY SIFPSOM'S RULE

HZP/3.
X(1)=Ne1yd
Y{1)Zita il
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J0 128 Jz3e1102
KdzJ-1
KKz )="
KLz(Jd+1)Y/?
KW= (g=1) /2
YORLD)TY (K ) (0. C0S (J) *4yxf NCOS (KJ)+ARCOS (KK ) *H
TOOK KL ) TX K™ )+ (ANSIN () #6 ox ANSTINIKY) ¢4 NS TM( KK ) ) *H
U0 19 91,41 : -
ANGIJ)IZY (J)
19 DISCUIZX(I)
DEPTHZANG (51 )
CASTERNZNIS (1)
D0 20 gziest
Iz572-4
ACJYZPSTERN-DIS (1)
24 Y (JIIZNEPTH=-4N5 (1)
U0 21 Uz1e1:1e2
I=z¢)+3y/2
RCPF(I)ZROF T (J)
71 OANSUIYZANGLE (JU)
D¢ 72 Jz1e51 :
12572~y ' ' .
22 ANGLE(I)ZANG(.J) : -
COTELL IT LIKT IT IS
WRITE(S5+1001) ASTERN+DEPTH
NRITE(S104) (Y(T) 9 X(I) s ROPE(I)yIZ1+51)
1,00 CONTINUT
CALL EXIT
END

—TYPICAL RESULTS

TOWING CABLE PROFILF ACCORCING TO DUNKLEY S AMALYSIS

NON DIMENSIONAL GROUPS-IMPUT
(CABLE LENGTHZL)

P1 CLHELE MASS PERP UNIT LENGTHxL/PROEE MASSZT 38,4710 i
po PROFE UFAG COFFFICIENT= « R340y
Pz . PROPE AGNEB/L#*22,5320( Lu=-LE
pu ' : CAZLE GXAG COFFFICIENTZ  1.20iio
P& CPBLE LTR /L7240 Li =00
PA SHID SEFEN/SyRT(L*3RAV. CONST.) = e 387150
p7 WATER OSNSITY*(L*¥3)/PROBE MASS=Z ,1220CL+10
THUTNG LOAD/(PROABT "ASS*G) = 31 .7%671 :
PPOFF DEPTH/CRRLE LENGTHz R745
DISTANCE ASTERN/CAGLE LTNGTHZ o25ik:
CURVE COORDINATES . _
DYSTANCE ASTERN ODFPTH ' DISTAWCE ALONG ROPE
ottt e il PRSI T
L191 _ cLLb CC 200
Li2Z7R1 _ 2121 . LS
CRTR : RS TUET L
LTHE el 38 SY
. ("G5 3 R 1ol i
L1141 362 L1225
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Dynamic Analysis.

th i 2 '
The equation to be solved is of the type &S = A& 4+ B.qf(e)
This can be rewritten as two first order simultaneous

differential equations

sz, + B. -C(GJ

é:x
x =
The program was written to utilise the Runge-Kutta method
to advance the solution of these two equations by steps
of St=h gtarting from the initial conditions when the

body is on the surface of & = & =0

IStartl

{Input Datal

[Evaluate 4,B]

Choose h

9=é=o
T =0

]
| ivaluate £ (8) |
t
Use Runge-~Kutta to advance one step
T=T+h

3 =0+ %0

i
[Wirite T, Depth (= L.Sin®)|

!

NQ IS 9 >/ 9'\&% ?
i

Yes

Runge-Kutta was used in preference to methods such as Adams—
Moulton 6r Hanning predictor-corrector methods, because it -
gave accurate results at uniform time intervals. The other
methods gave results at non-uniform time intervals due to

the automatic changes in time interval associated with them.
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If this automatic procedure was suppressed the ;ccuracy or
the computer time suffered becausé of the small values of
step length required.  For all the cases evaluated there
was no difference to the fourth decimal place in the results
between using double or single precision, so that the latter
was adopted for economy. As in the previous case different
values of h were tried to obtain the optimum solution.

A program and sample solution are included.
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2

DYNAMIC ANALYSIS — PROGRAM

CouTINUR
CONTINUE
CrLL EXTT

et

(2)

CTAVRCION YUZY XYY (2)Y2E (2 )
i FAOxTATUTSFicetia TR ,0F 1y al)
BT FARTAT(TENL W A)
T2 r VAT IHT»TO YO DINMENMSTOMAL GROUPS - IMNPUTS*/
TiTe " (CHEELF LEMOTRH=L) Y/
T 'RP1IY e TO5, Y TARLT MASS PFROUNI LLn‘JT"f*L/PQOQ" MAS Sz
TRy TP T YeT25,PROBE URED L(‘:LFFTLIENT M -V
ST E TR TY G T25 7P ROBET AREAN/ %D TV E1.A/
© Th v'PJ'vTE"' *Coeols UDRAT CCFFFICIENTZYyFliah/
TS 25, T2Ry "2 0LL DIAL/ULS YW ELN A/
CTEGZPAYZT25, "SR TP SEEELU/ZSORT(L*CERAV ., CONSTL)=Z s Fliteb/
ST TPT Yy T25. THAT K EMb]’TY*(L**"’:)/PQDPL MASSZ "9 E1:iab/
SAHT TS YT IME YT uv‘Dr.PTH')
KAy Lul) P19P2ePT4PUH PSR PT
PP1IZPY
PE7zPT _
BC 11 WNZTZ2420,°
PizPPlailg. /Ny
P7TzZPPT+1C /"N
WRITE(S59132) PleP2yP34yPUsP5PAPT
ATl .+P1/3,
CONTL «5%PAXPOEXP 7
RI(P2*P I4PUXPS /U )yxPT /2,
Rz -2/0
Y{1)=2.751
Y{Z2)Yzoa 00l
Az 3.0
XZwatf uidl
UC. 1w WTlelioi
g0 1 J=-t.n
Y (1)
ACzZCOS(C)
ASZSIN(T)
ZZ(T e+ 5%F 1) 5l .
22/ (PP 3+ . SxD5kpU%AS ) xCONMKAS
CZTL/N '
YY( 1))=Y (2)%H.
CYY{PIZU(Y(2)*Y(2)%kR+7) %4
JO ? JJzT1e2
LOTO{Z eSSy b) e d
T2yl
GUJIIZIY(UJ) =YY (JSJ) /6.
GOTO &
A E(JI)IG(JJ)—YY(JJ)/B.
0Tn u
5 L(J ):h(dJ)'*YV( JUr/2
Y (J)z (dd)*YY(J’)/?.
J(J”:U(JJ)"’YY( JJY /5.
2 CoITINYF
GO TO(T7919791)
T XzZX+: a5%H
1T CoNTINYST
CZY(1)
DEPTHZSTIN(L)
WRITC(S5y1i0.3) XeDEBTH
IF (DEPTHW.EF.*.251) GOTO 11
1 ¥

M !Fl'-‘"o/?/
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" — TYPICAL RESULTS

NON JTMENSTONAL GROVPS - T4PUTS
(CARLE LENGTH=L) .
SAULE NASS SER ULIT LEWGTHeL/PROSE #a5¢=

TIME
e PG
L
o LA
L2000
L1000
« 1230
e 14U

PRO®E DRAGCG COFFFICIENTE= - TR
PRIGE ACA/L #%2 Z.03%7051 105

Chanlt DRAG CORFFICIFNTZ T il vy
CARBLE JTha./LZ.H73 04 -0

SHIP SPPED/SOUPT(L*CRAV. CONST )=

THATTR O OFNSITY* (L% 3) /PROBFE MASST 435625 4"

0P TH
. 7485
sUc?
«2497
e 2503
«2501Q
« 2515

.(.'RL!OLL
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Appendix C. Wind Tunnel Tests.

Once the general shape of the body had been decided it was
important to evaluate its 1ift and drag characteristics
for different detailed profiles. These would be used in’

the unalytical work and in determining the final design.

The moat suitublo apparatus Lor simulating flow conditions
Wit the low spood wind tunnel in the fluid mechunics
laboratory. This incorporated a 1lift and drag balance

" which the other available testing facilities, i.e. the
flume tank and the %towing tank in the Civil Engineering
Deparfment, did not rave. The tunpel had a 240 mm diameter
working section and an inlet length of 500 mm, of which 130
mm were flow straighteners. The maximum indicated air
velocity was 22 m/s, which gave a Reynolds' Number based

on diameter of 1,3 x-lO4 using a 3/20 scale model, whereas
at the design speed in water the Reynolds' Number of the
full scale body would be 1,5 x 105. There was little that
could be done about this discrepancy except to examine the
characteristics over a wide range of Reynolds' Numbers and

extrapolate, as discussed in Section 4.5.

The first series of tests investigated the effect of changing
the dihedral angle of the fins (Fig. C.1). The dihedral |
angle is important from considerations of 1lift and stability,
negative dihedral causing instability in gide slip. The

model was equipped along its length with wings of width equal
to its radius, the leading edges angled back at C,79 rad. The
dihedral angle was varied between + 0,52 rad, and angles of
incidence (Fig. C.2) between + 0,26 rad. Results were obtained
for Reynolds' Numbers of 5 000, 9 000, and 12 000, and
prediotably increasing the Reynolds' Number increased the
lift/drag ratio for the body in every case due to the increased
energy of the boundary layer resulting in later separation
(Fig. C.3). The lift/drag ratios for the various wing

angles are shown in Figure C.4 for particular angles éf
incidence. In all cases the highest ratio occurred at a
dihedral angle between O and 0,17 rad. Fixing the fins at

0 rad meant that the base of the body could be moulded
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simply as a flat sheet, facilitating the assembly and

access for the prototype model.

Having decided on the fin angle the only variable left was
their area. Figures C.5 to C.8 summarise the resulis of
the second series of tests, made on models with thé Tins

set at O rad dihedral angle but with length and width
varying as indicated in Fig. C.2. All the tests were
performed at a Reynolds' Number of 13 OOO; lower air speeds
gavejlower values of 1lift and drag forcea, increasing the
error in the results. Four graphs are included for
completeness. Figure C.6 shows the variation in lift/drag
ratio for descent, and since the aétion of increasing drag
is to raise the vehicle and that of increasing 1lift is to
lower it the ratio must be large for rapid descent. Figure
C.7 estimates the dynamioc 1lift forces on the ascending body
due to its fins and hull shape. As demonatrated in Section
Je4 dynamic 1lift is essential for a vehicle to approach the
surface. If the magnitude of the force is too large the
cycle time will be short, and if too small the cycle will
never be completed as the body will stabilise during the
rising part of its path at a depth below its upper switching
depth. It is assumed that the magnitude of the forces is
unaffected'by the position of the fins along the body and
depends only on their effective size. Since the forces on
a finless vehicls are small when compared to those due to
the fins this assumption is valide The graphs show that

in descent the body is better profiled hydrodynamically due
to the cylindrical part interrupting and directing the flow
before it reaches the fins. On ascent the body appears very
like a flat plate to oncoming fluid and its lift/drag

charaoteristics suffer accordingly.
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positive dihedral angle

FIG C.1 DIHEDRAL ANGLE

fin length A
AB=BC=CD=r

i = positive angle of incidence | l‘W%‘ZF—%W—!

all angles expressed in
radians ‘ : w=fin width

FIG C.2  WIND TUNNEL TEST DEFINITIONS
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Operating Instructions.

This series of programmed instructions should be read in

conjunction with Section 5, which describes the testing and

operating procedures and the reasons for the stepé described.

2.

3.

4.

5.

Start
Fully fit out
Test in static tank

Is the vehicle laterally balanced?
If yes continue

If no balance and go to 1

Is the towing position correct?

If yos continue

If no correct and go to 2

Does the vehicle assume the appropriate positions’
at the switching levels?
If yes continue

If no balance longitudinally and go to 2

Are the nose joints watertight?
If yes continue

If no repair joints and go to 3
Weigh.
Remove from tank

Are the fins the correct shape?
If yes continue

If no reshape the fins and go to 4
Take to the ship

Are the air bottles full?
If yes continue
If no fill the bottles and go to 5

Are the switching levels correct?
If yos continue

If no adjust the levels and go to 6
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Are the batteries fully charged?
' - If yes continue

If no charge batferies and go to 7

Does'the forward valve open when the cirouit
is olosed on land?
If yss continue

If no check circuitry and go to 7
Check recorder tape, wind and start

Remove the side panel
Bolt recorder into place

Replace panel

Attach cable through swivel to towing eye

Tie warp to stern handle

Connect circuit

Launch
Stage testis

Recover
Switch off circuit

Wash down with fresh water

Remove side pansel
Remove recorder

Replace panel

. Are the tests ended?

If yes continue
If no go to 5

.Lash vehicle to deék

Remove cable, swivel and warp

Stop
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