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ABSTRACT

The effacts of wave interference between the hulls of
double hulled ships was investijated with the use of a
nodel towing tank Eitted with a gravity dynamometer
type of model towing system. The towing tank and
measurement equipment were designed and built as park
of the project, and will serve as a future testing
facility at the University of the Witwatersrand,

The project continues frem au investigation done to
compaze the drag of a Busemann Biplane Catamaran with
that of a eonvantionally shaped hull, and focuses on
wave interference effacts on tie drag of a copventional
double hull ship as a function of apeed and hell
separation.

The accuracy and characteristics of the test equipment

were determined and khe experimeakal rasulig vers

L : compared to other calgulated data, The resulrs clearly
H showed the relatisnship between wave drag, specd and

separation resulting from wave intarference effects and

the magnitude of those effects.
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NOMENCLATURE

Symbol Quantity

a acceleration

a area

cf frictional resistance
coefficient

Ct total resistance coefficient

cw wave resistance coefticient

D hull displacement

d diameter

F force

Fé.fr frictional drag

Fn Froude number

q gravitational acceletation

h height, or depth

I mass moment of inertia

K,A,B,C constants

L length of hull

ME bearing £rictional torque

m,ma,me, mass

o, mb

P pressure

Re Reynolds number

RE frictional resistance

Rt total resistance

R wave tesistance

Rwin wave resistance ab infinite
separation '

RW/Rwin resistance ratio

r radius

8 surface area

8/L separation/length ratio

T£ frictional torque

Dimensions

n/s?
n?

n/n?

z %= =




< < oo

X,¥12,8;
beiriep
a

I3

v

temperature

coefficient »£ friction
volume

selocity

distance, .t length

angular aceeleration
£luid mass density

£luid kinematic viscosity
angular velogity

angle

x4

. LN it

[l

c

m3
m/s
m

radians/s?

radians/s
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1 INTRODUCTION

This is a report of an investigation into the effects
(negative and positive) of wave interference between
tne hulls of double-hulled ships. The word, double~
hulled, or catamaran, is used here to imply two
displacement hulls running side by side. The principle
involved is that each hull generates its own set of
waves, or wave system, the shape of which is a function
of the power required to meve the hull through the
water at a given speed. If the sources of the wave
systems are sufficiently close to each other, their
wave systems will interfere and change shape, the new
shape determining a new power-speed relationship. This
implies that by adjusting the spacing between the hulls
of a double hulled ship running at a certain speed one
can obtain either an increase or a decrease in the
power required to drive the ship at that speed.

The investigation also included the designing, building
and instrumenting of an appropriate towing basin within
certain constraints of space and time in order to carry
out the investigation on a scale conducive to
obtaining a reasonable degree of accuracy.

In 1970, a project was undertaken at this University to
investigate and compare the drag of a Busemann Biplane
Catamaran with that of a hull of conventional shape
(see Bunt and wellsfl)). rthis was done on a very small
scale with limited equipment and the water depth was
restricted in order to, make use of the hydraulic
analoJgy: the analogy between the two dimensional
supersonic flow of a perfect gas and the propagation of
surface waves in shallow water, This investigation
showed that a reduction in drag occurred due to wave
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interference between the hulls and was dependent on the
shape and separation of the two hulls. Due to the very okl
small scale under which the investigation took place, “
however, nothing of any certainty could be said about
how the principles demonstrated would apply to a full-~
size hull,

The former project of setting up a working towing tank
facility at this University was initiated to further

the investigation of the effects of wave interference
between double hulls, with a view to being able to use
the resulks to predict the performance of a full-size

ship, i.e. to estimate possible power benefits from
achieving the optimum speed-separation relationship for

a particular double hull. i

N ) The practical use of catamaran ships bas mainly been

limited to vessels requiring a large deck area 3nd high
stability, such as passenger and vehicle ferries, cargo -
carriers and drilling rigs. -

There are, however, numerous disadvantages to double
hull ships., The iater hull portion is of limited
depth, and is hence relatively useless, Extra weight
and cost Que to the bridging structure as well as
H providing two additional s_ides to the vessel, are

appreciable, fTwo engine rooms are required, as well as

two screws, rudders and sets of steering gear.

i The overall accuracy or usefulness of the results

obtained here is subject to certain limitzcions which
are due mainly to the scale (physical size) of the i

equipment used, Only a limited amount of space was ; x
available for the location of the towing tank, and it i
was this which determined the width and length of run
of the tank, With these dimensions fixed, the model
dimensions could then be determined in order to give
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the largest possible model size without adverse effects
due to blockage and wave reflections from the tank
walls, A large model size reduces the possibility and
effects of laminar flow and increases the magnitude of
the variables to be measured. It also reduces the

scale factor between it and the full size ship, Model
size therefore affects the size and type of towing

apparatus, a larger model reguiring a greater :
accelerating and towing force, ,f

pue to the abovementicned tank size limitations the
w model dimensions could not be kept within the limits

\{ recommended to p..vent laminar flow, and SO a trip-wire
was fitted to both hulls in an attempt ko reduce its

3 effect, Laminar flow however, will only affect the

scaling up of the results co a full size ship, and not

" the comparison of results obtained at different

separations, {This assumes that the boundary layer
i flow conditions around each hull are not significantly
| affected by the changes in separation of the hulls and
are only a function of the speed.)

J A gravity dynamometer system, such as the one used, has
a major limitation in that it cannot determine a drag-
speed relationship where the drag is decreasing with

. increasing speed, This becomes significant at points H

- ‘/ i on the drag-speed curve where beneficial wave i !

interference causes a sharp drop in drag (with H
increase of speed}; as a result, the full extent of the
drop will not then be detected.

.

" It was not within the scope of this project to
investigate fully the theoretical basis of wave
interference. The mathematical theory of wave |
interference between double hulls is fully covered by
Eggers!2), Theoretical results obtained by i

= Bverest(3) yere used to compare against the results of
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this projec

Chapter 2 contains a discussion of the basic theory of
ship-model testing and biiefly covers wave
interference. A preliminary error analysis was done
priot to the design and setup of the testing eguipment,
This is also detailed in Chapter 2, The equipment used
for the project is described in Chapter 3, and Chapter
4 covers the setup and characteristics of the
equipment, as well as the tesling procedues which were
used, The results were all presented graphically and
are discussed in Chapter 5,
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2 THEORY
2.1 Ship-Model Theory

The resistance of a model or ship is usually measured
by the force which would be necessary to tow her
through smooth water, and the power so eXpended is
called the tow-rope or effactive poawer,

Four different components go to make up the total
resistance of a model or ship:

(i) 8kin friction resistance, due to the movement of
the hull through a viscous fluid. A layer of
water surrounding the hull is given a forward
velocity and after the ship has passed, this
remains as a frictional wake., The momentum in
this wake comes from the ship, and during the
ship's passage is a continuous drain of energy
and hence a source of resistance, It amounts to
as much as B0 per cent in total in slow cargo
ships and still some 50 per cent in the case of
high-speed warships.

(ii) Wave making resistance. A body moving in a
£luld creates a psressure field around it, which
in the presence of a free suvrface results in the
formation of a wave system, “he constant
formation of the wave system results in further
enerygy drain.

{iii) Eddy resistance, due to the energy carried away
by eddies formed around stern fittings, plate
overlaps, or local regions where the hull
curvature is so sharp that the water breaks
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away. This last kind of eddy r istance is
sometimes referred to as separation resistance,
since it is accompanied by a separation of the
boundary layer from the hull surface.

{iv) Alr resistance is caused by the movement of the
above~water part of the hull through the air.

N In average c¢ases this amounts to only some 2 per

: cent of the total. This is not significant in

model tests and must be allowed for separately.

e The above division of the total resistance is

since the first three types all react with one another. °
For example, the skin drag gives rise to a boundary
layer which effectively alters the shape of the hull
o E and hence the pressure distribution and the resulting 5
~f\ * wave-making resistance, while the wave system in turn

X alters the wetted surface area and so the skin friction
resistance, Wevertheless it is convenient to make such =0

‘ convenient but not strictly scientifically correct,
|
1

i a division for practical purposes.

! assuming that Lhe resistance of a model moving on the
; surfuce of a real fluid depends upen certain properties o
. w of the £luld, the size of the model, and the speed at
y »i which the model is moving, dimensional analysis may be

| used to find the form of the parameters which must be
held constant in any change of scale in order that the
flow patterns may be geometrically similar.

Let:

Rt = total resistance of the hull

p = mags density of the fluid

v = veloclty of the hull




e e i e

L = length of the hull
v = kinematic viscosity of the f£luid
g = gravitational acceleration !
P = piessure per unit area at any point i{n the o
£luid P
b § = wetted surface area
f e .
’ If Rt is assumed to be a function of these quantities
3‘" and the theory of dimensions is applied, we £ind that, L
Lot .
Rt/pv2L2 = £{VL/v,v2/gl,B/pv2] (2.1)
. ;
N o 8ince the wetted surface § of similar forns is
o proportional to L2, we can write the left-hand side of .
. : the equation in the more usual form of a specific total eow |
i resistance coefficient Ct;
| Ct = 2RE/pSV2
3 l 3
S = £1vL/v,v2/gL,R/ov2]} ! (2.2)
' |
. < Dimensional analysis does not give any further

i assistance in determining the form of the function £.

. The equation states in effect that if all the

i parameters on the right-hand side have the same values
for two geometrically similar but differently sized
bodies, then the flow patterns will be similar and Ct
will be the same for each,

Considering firstly the case of a non-viscous fluid, so
that there is no skin drag, and neglecting the last
term P/pv2, we have left the wave making or residuary

i
\
1
}
b
|
|
1
|

7
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resistance, which for similar forms is a function of
the hull size L, the velocity v and the gravitational
acceleration g, Hence we can write the wave-making
resistance coefficient as

cw = 2Rw/pSv?2

=£; [v3/g1) (2.3)
3 This means that geometrically similar bodies of ;
. different size will hava the same wave~-making ‘
P

resistance coefficient Cw if they are run at the same "
‘% value of the parameter v2/gL.

T William Proude early recognized the necessity of
dividing the resistance up into separate components,
Based on the general law of mechanical similarity and
\ ’ £rom experiments on models of the same shape but = |
~ | different dimensions, and on observation of their wave .
| patterns, Froude stated in his Law ol Comgsrison that:

| “"?he resistance of geometrically similar ships is in .
the ratio of the cube of their linear dimensions if o
their speeds are in the rativ of the square roots of
their linear dimensions,® -

L bDefining the Froude number as

\j i
4 Fn = v//(gL) |
|
; the above implies thut for the same value ¢f Fn for o
model and ship,
s o RWg/Dg = Rwy/Dp |
. where we define:
J " .‘
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Rw = wave resistance
D = hull displacemer-

s,m = subseripts representing ship and model
respectively

At the game Cw, the corresponding apeed for the model
is always far less than that of the full-size ship,
thus allowing models to be run at easily obtainable
speeds in a’towing tank.

Returning to equation (2.2) and the term p/pv3,
neglecting atmospheric pressure, and referring P only
to the water head, thep for corresponding points in the
model and ship P will vary with the linear scale ratio,
At corresponding speeds v? also varies in the same way,
$0 that P/pv? will be the same for model and ship
provided that they are run in the game fluid., 1In
practice, atmospheric pressure remains the same for
model and ship, making the value of P/gv2 at
corresponding points much lacger for the model than

for the ship. The hydrodynamic forces which we are
concerned with in meodel tests arise from pressure
differences, 5o that thes parameter 2/pv2 will be taken
care of at corresponding speeds as long as the fluid
remaing in contact with the model and ship surfaces.
When flow separation occurs, the similariey
requirements will no longer be fulfilled.

The firsk term of equatlon (2.2) involves the f£fluid
viscosity and we can write the frictional resistance
coefficlent as

CE = 2RE/pSV2

= Eqlvn/v]

v v




The value of Cf will be the same for model and ship
providing that the parameter VL/v is the same. If both
ship and model are run in water at about the same
temperature, so that v has the same value, this
becomes:

Vshg = Vnbp

This condition is very different from that of the wave-
making resistance, in that as the model size decreases,
the speed of test must increase.

It is obvious that both conditions of similarity cannot
be satisfied in a single test unless the model is towed
in a fluid with a kinematic viscosity far less than
that of water. The only practical way of overcoming
this is to separate the wave-making and frictional
resistances, Hence we write:

Ct = CwiCE

The frictional resiscance is calculated by comparing
the hull suface to that of a smooth flat plank.
Numerous skin frictlon formulations have been developed
through drag tests on £lat planks which relate the
frictional resistance coefficient Cf to the parameter
vL/v, commonly known as the Reynolds number,

Re = VL/v

Figure 2,1 shows Lthe results of various independent
tests on smooth planks. The chart shows that at
Reynolds numbers below about 5x106, many of the
results fall below the general level as speed is
decreased., This is due to the fact thak at low speeds
much of the surface is in a region of laminar flow.

10
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For complete laminar flow, the values of Qf for a
smooth plank have been calculated by Blasius to lie on
the lower lipe.

As speed is increased for a plank of given Jength,
turbulent flow gradually spreads forward and as the
resistance in tubulent flow varies as a higher power of
v than laminar flow, the resistance curve rises toward
an upper limit.

By artificially stimulating turbulence by using a trip
wire or a strut ahead of the plank, even small planks
at low speed can be run in the fully turbulent
condition,

Cf values falling between the upper and lower curves
are said to be those for transitional flow. 1In
practice, unless turbulence is artificially skimulateg,
there will be some zone of laminar £low at the leading
edge of all the planks. However, as the length of
plank and speed are increased, giving higher Reynolds
numbers, the area in laminar flow grows smaller and its
proportional effect on resistance decreases.

Schoenherr made a statistical survey of most of the

available experimental data, and drew the mean line

shown on the chart. The formula for this line is:
0,242//(CE) = log{ReCf}

The friction line used for this poject was the Prandtl-

Schlichting line for all turbulent flow, as Cf is then

more easy to compute,

c

Y

= 0,455/ (logre) 258

12
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2.2 Wave Interference

It is an experimentally established fact that the wave
resistance of a ship increases rapidly with speed, but
the increase does not follow a simple power law, i.e,
one such that the resistance is proportional to a
positive power of the speed. The resistance~-speed
cucve in fact exhibits considerable "waviness" which is
L due to interference between some of the waves in the L

overall wave system poduced by the hull,

This can be explained in a general way .f it is assumed
% H that the resultant wave system of the ship is mainly
: due to two sources of disturbance, one sitnated near
the bow and the other near the stern, these being the

regions where the cross~sectional area of the hull
R changes rapidly; the approximately parallel middle part e
- of the ship is relatively ineffective in generating

waves, If the speed of the ship i~ such that the wave
trains generated at the bow and stern reinforce each -
other, a large amount of energy will be expended in the
'\ waves and the resistance will be high., However, if the .
i two wave systems largely annul each other by

K interference, the resistance will be low. This .
. explains the waviness in thé curve of resistance on a °
base of speed,

The overall wave system surrounding a moving hull

i consists basically of two components: a diverging wave
system and a transverse wave system. The two systems
jg | move roughly at right angles to each other, with the

: transverse wave crests at right angles to the direction
of motion of the hull. A diagrammatic representation
of the wave crests of the diverging and transverse

13




systems is shown in Figure 2,2,

It can be seen that the wave system is confined to a
fixed area which is defined by straight lines at an
angle of arcsin(l/3) (about 20 degrees) to the ship's
course, This angle remains constant irrespective of
thz speed of the hull as long as the latter is
constant. The magnitude of the waves outside the
defined area is not zero, but is of & much smaller

order than the waves inside.

In a dQouble hull arrangement, the inside diverging wave

systems of each hull ‘may meet each other pn the
centre plane between Lhe two hulls, and are then i
reflected, Thus, instead of Lthese waves travelling I3

across toward the stern of the opposite hull, they are '
reflected on the centre plane and travel back toward o

the stern of the same hull whose bow generated them
{see Figure 2.3).

Theoretically, then, the separation within which
interference will take place should be the waterline
length multiplied by the tangent of 20 degrees., As the
separation increases from this value, “he reflected bow
waves will begin to pass behind the stern and so have
less and less effect on the overall wave system of the
hull,

The resulting wave interactions are far more complex
than those described above. Eggers(2) gives equations

for the calculation of the wave resistance for a double
hulled ship, based on the work done by Mizhell(6),

Havelock!7) also developed & method for calculating
the mutual interactions between two bodies moving in a

|

‘ fluid, The method applies for bodies lying in any ‘f

position telative to one another. for the cvase where I
b
i
|
i
i

14




Figure 2.2

constant speed

15

«ive crests of diverging and transverse
wave systems for a straight course at
(Stokert5))
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the two bodies are moving parallel to one another,
Havelock tabulates the results for two spheres in terms
of the dimensionless resistance of one sphere and a
dimensionless speed, Each curve in Figure 2.4
represents a different separation between the two
spheres.

Here,

=
n

the wave raesistance of a sphere
in the direction of motion :

¢ = the velocity of the sgphere

. . b = the radius of a sphere .

2k = the distance between the centres of the
P
- 7\___717‘ spheres bs

£ = the depth of a sphere from the free surface

" These results can be interpreted as being for a single
sphere moving parallel to a solid interface. The
results show that wave resistance increases with
increasing nearness to the interface.

i
i
¢
H
i
1
i
i.
i

\_J Havelock(7) also shows that with the spheres in any
n relative position, effects of wave interfecence occur
when the following sphere lies within the wave pattern
o produced by the leading sphere, and arise from both the
{ transverse waves and the diverging waves.

Everest(3) expanded on the theoretical work done by

Bggers and used measured wave making properties of the
individual hulls to predict the performance of the i,
double hull configuration, thus eliminating the
‘mathematical difficulties and approximations of




A

RE3/1pD6

Figure 2.4

a/v{gf)

Resistance of a sphere moving paralell
to a solid interface versus speed
{#avelock (7))
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accurately representing a practical hull shape.

2.3 Preliminary Error Analysis

A preliminary error analysis was done in order to
determine the effect which the different variables have
on the overall results. "This was essential for the
proper design and choice of the measuring system and
instrumentation as well as the design of the model

{see Appendix A).

The analysis indicated the importance of designing a
hull which would have a large wave-making or residuary
resistance as compared to the frictional resistance,

For the determination of the effects of wave
interference between the hulls, the quantities which
most be examined are the total drag of the model as a
function of speed and separation and more importantly
the wave drag coefficient or the wave drag as a
function of speed and separation.

Total drag of the model is measured directly by the
gravity dynamometer (less friction), and so is not
influenced by any other measured or calculated
variables. The wave drag and wave drag coeficient are
however arrived at through the measurement of the
following variables;

. model velocity \

« total model drag

+ total wetted surface area of the moving model

+ temperature of the tank water

i3
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The results of different tests were used in the
calculations, These were found in the literature (see
Appendix A).
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3 EQUIPMENT AND APPARATUS

3.2 The Towing Tank

An a'ea of 16 m by 3 m was allocated for the siting of
the towing basin, giving a maximum possible length of
run of 15 m,

The tank was constructed from Braithwaite plates and so

had to be supported above the ground in order to bolt

g,‘r the bottom plates together. Por this, U~shaped frames
were constructed from 127 wmm by 76 mm steel I-beam.

The vertical sides of the frames provided support for

the tank walls (normally intexnally supported by

\ L cross-beams}, The frames were attached to the wall

{\ ’ plates by means of two slotted brackets so as to allow )
T easy alignment of the wall plates, The exact tank P
dimensions wera, 15,9 m long by 2,44 m wide by 1,22 m
deep (see Figures 3.1 and 3.2),

An outlet pipe was placed at a heilght of L m from the 4
tank bottom and this set the water-level. When not in
use, the water was circulated through the underground H

. o . sump of the Mechanical Engineeting Laboratory, a Loe
procedure which kept the water surface free from i
S deposits, )

' A 1l m wide walkway was constructed alonyg one side of
N the tank to facilitate easy access to the water surface
and the towing trolley system. .
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Figure 3.1 The towing tank
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FPigure 3.2 Schematic view of the towing tank
{end view)




3.2 The Towing Carriage

A commercial ship-model towing trolley syshem was
obtained for installation on one side of the tank.
{Although designed for the demonstration of basic
principlies in Naval Architecture, it was later found
that the apparatus needed to be cconsiderably upgradsd
to produce sufficiently accurate results.)

The towing trolley ran on two cgylindrical stainless
steel rails, one mounted on the top of the tank wall
and one against the inner surface of .the wall, Two
pairs of wheels arranged with their axes located at
right angles bore on the top rail and a further wheel
bore against the lower rail, The wheel rims were
coated with hard rubber and one wheel was driven by a
variable speed low voltage direct current motor through
a reduction gearbox.

The trolley was controlled through a control

panel carrying isclating and reversing switches, a
speed regulator and an electrically controlled stop
clock for measuring trolley speed. cCurrent was fed to
the trolley by mesns of a trailing cable,

Contacts at each end of the track brought the trolley
automatically to rest at the end of its run, and two
contacts located a measured distance apart actuated the
stop clock for speed measurement.

& tubular béam, attached to the trolley and projecting
into the tank, carrzied the model support and force
dynamometer, This compri~ 7 a pivoeted lever carrying
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at its lower end a transverse rod, the end of which
engaged the model, A second lever was attached by way
of a €lexible cable to & spring balance Fitted with a
dashpot. A pointer moving over a curved scale
indicated the traction force. This reading was taken
visually while the trolley was in motion.

Preliminary tests using a 1,2 m R.I.N.A. standard
tanker model which was supplied with the trolley
apparatus indicated that the force dynamemeter would be
inadequate for the accuracy which was required and so
an electro-mechanical force transducer was designed ang
installed,

The force transducer consisted of a cantilevered beam
fitted with strain gauges. This was attached to the
tubular beam projecting from the trolley. The free end
of the cantilever was attached to the model, the Qrag
force then being picked up by the strain gauges as a
bending moment in the beam. A configuration of four
active strain gauges was used to compensate for torsion
and temperature effects. The length of the cantilever
was adjustible so as to provide the largest possible
output signal. for the range of drag being measured.

Output and input signals from the force trdnsducer were

carried along with the trailing cable, the output being
fed into a chart recorder,

A basic operating error proved %o be the fact

that electrical interference from the trolley motor
produced an offset error proportional to, the speed
setting of‘the trolley as well as a sgine wave in kthe
actual ountput. The installation of shielded cabling on
all wiring annulled the offset error and a filter was
designed to average out the sine signal, This produced
a clean signal when the krolley was run without load.
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When the trolley was loaded, an unstable output signal
was produced and a quantitative value for drag could
not be determined with any reasonable accuracy. The
instability was put down to the following effects:

« lack of stiffness in the tank walls, rail
supports, rails and transducer support beam;

out of roundness of trolley wheels; and —

pitehing of the model due to sudden acceleration

whenever the trolley mokor was activated,

3.3 The Gravity Dynamometer

‘. 1n order to be able to obtain an acceptable drag
. v‘ reading, a major re-design of the trolley system would )
ao have had to be undertaken. Due to the time factor
involved, the trolley system was therefore scrapped and s
N - a special gravity dynamometer designed, built and
installed,

The advantages of a gravity dynamometer over a krollay
aystem are:

. a much smaller amount of hardware and

|
. instrumentation is reguired for the same l‘
accuracy; \\

] .

there are no stiffness problems to be
overcome; and

{
t
i
|
I
!
ease of setup and alignment; ] t
-
i
¢
|
i
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. nardware and iastrumentation are relatively
simple and quick to construct.

Its disadvantages are:

model shapes which develop a side force,

e.g, single asymmetrical models, cannot
be tested;

speeds at which the resistance is decreasing o
with increasing speed cannot be used;

friction in the system must be determined and i
allowed for; and

. WOre runs are reguired per test point, .,

A A gravity dynamometer type of towing system implies

“ that the model towing force is applied by a falling

o1 mass, giving a steady, constant and accurately
determinable drag force. This is normally done using a
system of pulleys. Depending on the iength of run
available and the size of the model, an additional
accelerating mass ls sometimes required in order to
bring the model up to the correct speed in as short a
distance as possible, The accelerating mass is then v
removed from the system, the model then being towed by
the drag mass only. With the towing force fixed, the
model speed is then determined.

i

| A mathematical analysis was performed on a basic

j gravity dynamometer system, For kthis, it was assumed

i that the drag force would be proportional to the square
] of the model speed, and that an accelerating mass would
{ be required in order to bring the model up to the

J correct speed within a certain distance {see Appendix

|
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Analysis of the characteristics of the system showed
the following:

without an accelerating mass the model speed

will only asymptote to the correct drag~speed
relationship;

as the applied drag mass increases, the error in
speed decreases;

. an accelerating mass will bring the model speed
closar to the correct speed in a shorter
distance and hence reduce the speed error; and

an over-acceleration will cause an instability
in the system since the speed will only
satisfactorily asymptote as the drag is
increasing.

Formulae were derived to calculate the required
accelerating mass necessary to bring the model up to
the correct gpeed within a glven accelerating distance,
as well as the percentage error in speed due to not
using an accelerating mass (see Appendix B).

In the derivation of the formulae it was assumed that
the model drag was proportional to the sguare »f the
model speed, whereas in practice the drag-speed
relationship for a particular hull exhibits "humps and
hollows" due to the shape of lts wave system, and hence
does not continuously £ollow this relationship. The
formulae were however useful for design purposes and as
a £irst approximation in calculating the required
avcelerating mass for a particular test polnt.

o . PADEEEE TR 1. WA LY




From the analysis it was clear that it would be
necessary ko monitor the model speed continuously from
rest in order to determine whether the model had
reached its asymptotic value of speed and that it was
travelling under steady flow conditions for the correct
distance before its speed was measured, i.e. that the
accelerating mass was cotrect (establishment of the
flow requires congtant speed for a distance of
approximately eight model lengths, ShiellsiShy,

The accelerating mass acts in conjunction with the
driving mass from the start of the run and after a
fixed distance it is lifted from the system., (It was
found that the accelerating mass must be removed slowly
since sudden removal of the mass from the system causes
the model to undergo pitching oscillations for the rest

" of its run.)
n
‘! A method was devised te calculate the amount of
& friction present in the unloaded gravity system using
i the priciple of conservation of energy (see Appendix
D).

3.3.1 rulleys

‘;\i The bagic gravity dynamometer which was built and
i installed in the tank consisted of a continuous towing i
i line running between pulleys at either end of the tank, :
\ and two separate driving lines whiech ran from one of ;‘”
: the towing line pulleys over & sepafate set of pulleys
! mounted on the celling above the tank. (The towline “
pulley onto which the driving lines were attached will :
be referyed to as the driving pulley, the pulley at the
opposite side of the tank being the return pulley.)
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Figure 3.3 shows the overall layout of the gravity
dynamometer system, while Figures 3,4 and 3.5 detail
the large driving pulley. Figures 3,6 and 3.7 are
photographs of the return and driving pulleys
respectively.

The return pulley was mounted on a piveting pole so as
to allow free movement in a vertical plane along the
direction of travel of the model, the pulley heing held
in this plane by a tenzioning mass which kept the
towline under a fixed tension and compensated for any
stretch in the towline. The return pulley is detailed
in rigure 3.8.

An adijusting screvw on the pivot pole Facilitated
levelling of the towing line with the water surface.
The pulley was held@ in a slotted bracket, which in turn
was bolted onto the pivot pole by a single bolt,
allowing easy pulley aligament in all directiens. fThe
pulley wheel was machined from aluminium with a V-slot
to take the tow line. A mmall self-aligning ball
bearing was press fitted into either side of the pulley
and a mild steel shaft passed through the bearings and
located in the slotted bracket,
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reof pull;;;\\\

return pulley

/driving pulley

s

Figure 3.3 Layout of the gravity dynamometer system
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Figure 3,4 Side view of khe large driving pulley
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driving mass roller

\ ==

\accele:ating mass roller

‘

rigure 3.5 Front view of the large driving pulley
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riguce 3.6

mne return pulley

o B,

o

Figure 3.7 The driving pulley
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towline tensioning line
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return pulley
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Figure 3.8 Side view of the return pulley
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The driving pulley was made up of one large 253 om
diameter aluminium pulley attached to two smaller, 51
mm diameter hollow steel rollers which lay on either
side of it: one side for the driving line and the other
for the accelerating line, The driving and
accelerating lines were wound up onto the rollers. The
driving pulley ran on bearings in the same way as the
return pulley and was fastened to the tank wall by a
slotted bracket, so allowing for alignment and height
adjustment,

From the driving pulley rollers, the accelerating and
driving lines passed over small pulleys mounted on the
ceiling, This gave a 3,2 m drop £rom ceiling to £loor.
With a 5:1 diameter ratio between the large pulley and
the rollers, a length of run of 15 m was obtained,

3.3.2 Accelerrating Mass Retardation System

The accelerafing line passed through a retarding spring
which caught onto the line after it had moved a fixed
distance. The spring gently reduced the effect of the
mass on the system until the moment when it supported
the mass completely. A separate mass was hung from the
spring to pre~stretch it and so help reduce the
suddenness of application of the retardation force,

The accelerating line was attached to the roller by
means of a small hook which then detatched once the
accelerating mass was fully supported by the retarding
spring (see Figure 3.9).
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stopper on the accelerating
line which catches onto the
retarding spring \\
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accelerating mass operates
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Figure 3.9 Accelerating mass ratardation systenm N
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3.3.3 The Towline and Model Attachment

A towline is required to be strong, light, of low
stretch and have a small diameter to keep the friction
in the system down to a minimum. A 1,0 mm diameter
woven nylon thread was used for this purpose,

The forece in the towline was transferred to the model
by way of a vertical aluminium pin against which the

model bore, allowing the model free up and down

movement due to sinkage and changes in trim, as well as
i facilitating easy attachment of the model to the P
towline. fThe pin was held rigidly to the towline by

means of a light piano wire brace. Hules were drilled
through the pin to reduce its weight (see Figure 3.10).




towline

vertical aluminium pin

Figure 3,10 View of the towline to model attachment
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3.3.4 Model Speed Monitor

since the model speed is directly proportional to the
speed of the driving wheel, the model speed could be
monitored by using electrical pulses which were
generated by the rotation of the driving wheel, the
£reguency of the pulses being direectly proportional to
the model spead,

The pulses wnre generated by a photo-transistor and
l.e.d, combination, with the driving pulley in between
the two devices. Bqually spaced holes drilled through
the driving pulley on the largest possible diameter
produced the pulses, The pulses from the photo-
transistor were fed into a standard fregquency to
voltage converter mivro-chip, then to a zero setting
device and then into a chart recorder.

The spacing, diameter and number of holes reguired were
determined by the range of speed which the device was
required to measure, as the photo-transistor has a set
turn-on/eff time and the frequency to voltage convertar
a set freguency operatiug range, The device was
designed to monitor or measure model speeds from 0,0 to
2,0 mn/s, which for a model length of 1,2 m {4 ft),

gave a maximum Froude number of 0,58,

The signal in the chart recorda¢ could be amplified to
indicate a change in speed of 0,004 2 m/s per chart
aivision, which for » model speed of 1,0 m/s
indicates a change in model speed of 0,4 per cent per
chart division (see Appendix E).
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3.3.5 Model Speed Timer

Actual model speed at the end of the run was determined L.
by timing the model over a known distance using a
itandard timer-counter instrument. The on and off

pulses which activated the timer were transmitted when
the aluminiom pin on the towline pasged hetween two
sets of photo~transistor and l.e.d. switches spaced 1,0
m apart, the pulse being transmitted when the light
beam was broken,

ok

.
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3.3.6 Camera Activator

=

_1‘\ i For the purposes of rscording the wave profile aleng

- I3 the hull and for caleulating the wetted surface area a
photograph was taken of the moving model as it passed
through the first speed timer switch, The pulse from
the switch astivated a reley which in turn released a

‘ spring loaded golenoid. The solenoid was mounted above
the shutter release button of a standard 5.L.R. camera,
and when the current in the solenoid was turned off,
the spring in the solenoid pushed the central rod onto
the shutter release button.

N

I
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i J 3.4 The Model

o It was first intended to test diamcud-shaped as well R

; as parabolic-shaped hulls as done by Bunt and /\\

- wells(d) ., mowever it was obvious that a hull shape &
with a large discontinuity on the waterlines, such as a i

diamond shape, would not offer any hydrodynamic
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advantages over a practical hull shape.

Because wave interference will cecur between any two
bulls running next to each other, irre--ective of the
shape of the hulls, the choice of shape is not
influenced by whether interference will take place or
not, but rather by the extent of the interference., The
amount of interference is determined by the size of
each hull's diverging wave system. For experimental
purposes the eXxtent of interference will determine what
accuracy and resclution the readings must show in order
to obtain meaningful results.

3.4.1 Model pesign Considerations

The preliminary error analysis indicated the importance
of having a bull shape which has a large residuary
resistance as compared with frictional resistance. For
this purpose the literature was consulted to determine
what hull shape characteristics influenced the
residuary resistance, It was found that in general,
tor most shapes at high Froude numbers, residuary
resistance 1s mainly dependent on the displacement
ratio, This is the ratio of the hull displacement to
the hull leagth, Barmaby{?), Thus for any hull of
£ixed length-running at high Froude numbers, increasing
the hull displacement will cause an increase in
residuary resistance.

This implies that the model should be designed in such
a way as to facllitate large adjustments in
displacement, i.e. high freeboard, so as ko ensure high
residuary resistance without having to re-design and
build another model to change the displacement ratio,
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Changing the displacement of the hull by changing
ballast means that the draft will change, but
beam/draft ratios play a relatively minor part when
eompared with the displacement ratio at high Froude
numbers {see Barnaby(9)).

Factors which have to be considered in the choice of a
suitable hull shape for wave interference tests are;

. the shape wast bz easy and guick to gomskhruct in
duplicate;

the shape must produce a largs enough diverging
wave gystem;

the shape must be close to that of a normal
ship, i.e. hydrodynamically efficient; and

the shape should be easily representable
mathematically for possible wave interference
calculations as well as for displacement

214 wetted surface area calculations.

The major factor which determines the model dimensions
is the size of the tank in which the model is to be
tested.

The cross~sectional areas of the model and of the tank
are related in that due ko the speed of the model a
back £low is produced which increases the virtual spesd
of advance of the model: this is known as blockage,
Bire{10) considers that the model cross-sectlonal area
should nolk exceed L per cent of that of the tank.

Wall effect due ko the model being in olose proximity
to the sides and bottom of the tank causes an increase
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in the measured resistance of the model. comstock(tl)
gives tables for determining the maximum length of of a
medel f£or no measurable wall effect based on model
speed and displacement, as well as the expected
increase in resistance due to an oversized model.

Also, the expected increase in resistance due to
shallow water effects is tabulated.

Wave reflections from the tank wall which do not pass
c¢lear astern of the podel will a2ffect the wave system
around the hull and hence produce an error (see
Barnaby(9)). The wave system for a hull moving at any
speed through the water is confined to a fixed area
around the hull and so for any model length, the hull
to wall distance for no interference can be calculated,

Because the full size ship will always operate under
turbulent flow conditions, it is important to ensure
that the model does the same. Laminar flow will
produce a large error if the model results are scaled
up to full size, while transitional flow wil. affect
the repeatability of the results, Birt{l0) ang
7odd{4) give a minimum Reynolds number of 10106 to
2nsure turbulent flow without artificial stimulation.
The disadvantage of using a small téwing basin and’
hence small models is that the Reynoclds number seldom
exceeds the above value and so artificial stimulation
is normally necessary. A trip wire is normally used
for this purpose and is placed at 5 per cent of the
waterline length from the bow (see Toda!4) and
allan{l2)y,

From the above it is clear that in order to reduce any
effects of laminar or transitional flow, the model
should operate at as high a Reynolds number as
possible, and hence should be as large as possible.

P




The above points were all taken into account to fix the
overall model dimensions, as well as the gravity
dynamometer speed range and the proposed Froude pumber
range over which the model was to be tested.

In order *o ensure that the model would perform within
the bounds of normal ship types, i.e. perform as a
typical ship, beam, draft and displacement-length
tatios of various ships were determined and the model
ratios chosen accordingly.

The model waterlines were designed as arcs of circles;
any point on on its surface could thus be
mathematically defined in terms of x, y avd 2
components (see Appendix H).

Bach hull was asymmetrical with one flat side and one
curved side. This made manufacture easy as there were
only two surfaces instead of four which had to be
shaped (the hulls were hand shaped)., There was also an
advantage in that the flat sides generated a much
smaller wave system than the curved sides, sc allowing
for a longer model without adverse effects due to wave
reflections from the sides of the tank. To simulate a
situation of infinite hull separation, t3~ hulls were
aligned with the flat sides facing inwards, which
resulted in a negligible wave interference pattern
between the hulls, while for all other tests the hulls
were aligned with the curved sides facin; inwards. The
hulls were 800 mm long, with a beam of £’ mu.

3.4.2 Model Construction

The model was constructed from wooden sections, each
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section being a "waterline” of 8,4 mm thickness., All
waterline sections were glued togekher to make up the
basic hull shape. Body filler was used to f£fill in the
overlaps between the sections so as to give a smooth
and falr shape, The flest side of the hull provided a
reference for alignment of the sections and for final
shaping. Templates of each cection were used to easute
that both bulls were as identical as possible. The
hulls were coated with c¢lear polyurethane paint applied
with & spray gun to give a smooth, uniform and

watertight finish.

A 1,5 mm diameter lead wire was attached around the

T hull to act as a turbulence stimulator.
a v v
} The hulls were held together by an alumirnium frame, g .
Steel brackets attached to each hull, and bolted onto :
_)'\ + the frame, allowed ecasy adjustmwent of the spacing
N between the hulls as well as correct alignment, Two iy

pairs of vertical aluminium struts along the centreline
cf the frame, one pair at the bow and the other at the
v stern, were located on either side of the towing line

in order to keep the model in a straight line, since
the towing force was applied at the longitudinal centre %
of gravity of the model (see Figure 3,10).




4 TESTS
4.1 System Setup and Characteristics

Initial tests were run in order to determine the
optimum towline tension for the system. Systenm
friction increases with increasing towline tension,
while too low a tension allows intermittent slippage
between the towline and the driving wheel, giving an
oscillating speed trace and hence an incorrect speed
reading,

Slippage was checked by aligning a mark on the towline
with a mark on the driving pulley. The model was

driven at the maximum test speed after which the

alignment of the marks was re-checked, Slight creep of
the towline along the @riving pulley due to stretch in
the towline occurred at all towline tensions, but this
onlyAamounted to around 5 mm over a length of run of 12

m,

It was found that the direction of towing of the model
had a large effect on the amount of towline tension
reguired to prevent slipping, The tension required
when the model was towed directiy by the dAriving pulley
was far less than tha" required if towed via the return
pulley,

Once the towline tension was set the system friction
was determined and recorded. ' Subseguent checks
indicated that the system friction remained constant
throughout the duration of the project,

An energy method was used to determine the system
friction, a known amount of energy being put inte the
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unloaded system is then dissipated by friction as the
system is brought to rest (the method assumes that the
frictional torque remains constant with changing
speed) .,

The energy input to the system was provided by a known
mass falling through a measured height. This was done
using the driving line. Once the energy had been put
into the system, the driving line was disconnected and
the system allowed to come to rest. The final velocity
of the falling mass as well as the angular rotation of
the driving and return pulleys are proportional to the
highest speed value reached on the speed monitor, The
amount of work done against friction was measured by
the distanve which the towline travelled in coming to
rest from the point at which the driving line
disconnected, This was accurately done by inputting
the pulses from the driving wheel to a pulse counter,
the number of pulses then being proportional to the
distance travelled (see Appendix D).

The model was checked for water absorption by weighing
the hulls, submerging them for 24 hours and then re-
weighing them, No absorption took place.

The speed monitor was checked and calibrated by
connecting a frequency pulse yenerator to the input of
the freguency to voltage converter, A linear
calibration curve was obtained for the designed speed
range of the device (see Appendix E),

Extra ballast was added to sach hull so Lhat both hulls
floated exactly on a grid line. The total weight of
the hulls, ballast and supporting structure was then
determined and recorded. This was taken as the model
displacement and was kept constant throughout the
duration of the project.




An alignment Jig was constructed to ensure correct and
repeatable alignment of the hulls. The initial tests
showed, however, that although the hulls were aligned,
the model was pulling slightly to one side or the
other, depending on the speed of the model, and.that
the amount of pull increased with increasing separation
of the hulls., The setup of the speed timer photo
switches was such that the space between the transistor

&
and l.,e.d. wau only 20 mm, 2o the model could not
deviate more than 10 nm either side of the centre line .
between the driving and return pulleys. &
The pull was due to the huils not being exactly similar M
o

in shape and it was found that by shifting ballast from
one hull to the other (which had the effect of slightly
increasing or decreasing the displacement and hence
drag of the hulls}), the model cculd be made to move in
a straignt line. The amount of ballast which was moved
between the hulls was never more than 30 g, and so did T4
not affect the trim of the hulls nor the overall
displacement,

Ideally, the basic aim of the accelerating mass was to N
bring the model up as close to the required speed in as
short a distance as possible, to allow more distance
for the speed to asymptote to its exact value before
the end of the run, and =0 result in a more accurate
drag result, Tha initial tests, however, indicated
that if the model was atcelerated too guickly the model
would start to pitch. This could easily be seen on the
speed monitor trage. An optimum acecelerating distance
of 1,5 m was sekt, leaving a further 9 m of run before
the model speed was measured.

The mathematical analysis of the system showed that
above a certain value of driving mass an accelerating
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mass was no longer necessary since For increasing
driving mass the asymptotic value is reached over a
smaller distance, This could clearly be seen from the
tests where the final speed of the model was the same
when run with and without an accelerating mass.

For the purpose of recording the wave pfofile alongside
the hull and calculating the wetted surface area a grid
network was drawn on the hull surface. as the model
attained its final speed a photograph was taken of the
wave profile against the grid, The grid was printed on
an A3 sheet of paper on a scale of 2:1. The wave
profile from the photograph wa  then copied onto the a3
paper using the intersections of the wave surface and
the grid lines on the photograpn., The wetted surface
area was then determined using a planimeter, Figure
4.1 shows a half size reduction of the grig network
used to calculate the wetted surface area of the hull,
Pigure 4.2 is a close-up view of the grid network on
one of the hulls, while Figure 4.3 is a typical
photograph of the wave profiles along the flat and
curved sides of the hulls from which the wetted surface
area was calculated.

At the end of the run the model was decelerated by the
driving mass, The driving line re-wound itself onto
the driving pulley, thereby applying a decelerating
force,

e




e e A MO oA

R % 39« 2enle « Doty ¥, 7 P curved hull surface
8 b/} 18 4.,
16 16 18 /A jl
2 /A I3 s

Z 7 . 7

10, 12 10
] 5T 5 7 ,
v zn:« = s o ! v
& I, e T )
7 7 i3 7 W
M 2 14 14.] i
1, 12 12
10 10 ig — /7] ’
¥l 8. g ]

s i3

5, - ol /),, P

flat hull surface

] 8 18 18
3 4 3 i3 :
7 A A 77
7z Z 172 ;
7 ] i
FJ ;] ;) )
£ P !76 o7 4 a7 £ P £ .
i [N L W g Y G RTy |
3 3 i3 18 1
7 7 A 7%
7 7 Z 73 i
i 1 70 I !
F] 8 Il { 8] “
3 £ | 7 |
i
Figure 4.1 A half size reduction of th ork i

used to calculate wetted sur.



A Y
i B
o T 1l
i g - “
- ig
toa
(290 0 e
o) =
9 -
”} Figure 4.2 Close~up view of a hull
. '
| A

i Figure 4.3 wave profiles on the hulls

52




S

-

[

4.2 Testing Method
In order to ensure repeakability and accuracy of
nmeasuyrements a set testing method was adopted and used

throughout all the tests.

The following were checked on & daily basis before
testing commenced;

» tank water circulating pump’ {switched off)

correct water level, i.e. distance bhekween
towing line and water surface

settings on all electronic instrumentation

The system friction was also determined and recorded on
a4 daily basis. A change in friction force of more than
0,0) N indicated pulley misalignment or dry pulley
bearings., Before the friction was measured the driving
pulley was rotated by hand a set number of times to run
in the hearings (see . gendix D).

Total model displacement was checked and recorded each
time the hull separation was changed. The hulls were
wiped clean with a wet sponge to remove aay :lgae or
other deposits which might have altered the {cictional
drag of the model,

The drag value for each test polnt was set o =ra
driving mass. The initilal value for the asce: eisking
mass was then caloulated and a run was mads «.ny the
calculated value (the accelerating distance helng fiXed
at 1,5 m). trhe resulting speed trace on the whart
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recorder was examined to determine whether the model
had been under~ or over-accelerated and to what extent.
The accelerating mass was then readjusted accordingly
and a second run was made. This procedure was
continued until the gorrect accelerating mass was
determined.

For every run the time interval between the timing
switches was recorded on the spred trace as well as the
time at which the run took place, and the water
temperatute at that time, the hnll separation and the
magnitude of the accelerating snd driving masses used
were also noted,

The speed trace as well as the measured time interval
was used to compare each consecutive run for the
determination of the correct accelerating mass and
hence the correct time interval for the test point.

The correct accelerating mass was taken as the one
which produced the flattest but still increasing spaed
trace as well as the shortest time interval reading (or
highest speed)., A very slight over acceleration would
result in a lower speed reading than the correct speed
due to the model speed having to drop below the correct
speed and then asymptote back up to the correct speed,
An example of a typical speed trace iz given in FPigure
4.4, The lighter krace plots the model speed from

the beginning of the run, while the darker trace is an
amplification of the lighter trace over the constant
speed range of the model, and shows a velocity change
of 0,005 m/s per chart division.

Once the correct accelerating mass had been determlned
a £inal run was made &nd a photograph of the wave
profile taken. Included in the photograph was a
photograph number, the hull geparation and the Froude
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Figure 4,4 A typical speed trace
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number.

Once a full set of tests had been completed for a fixed
hull separation, their accelerating mass values were
used as the initial values for the next set, since for
the same value of driving mass there was only a small
change in speed for a small change in separation. This
considerably reduced the number of runs required to £ix
a test point. A minimum of two runs was required to

fix a test point,

Tests were run at a minimum of half hourly intervals to
allow the tank to ecettle.
4.3 Preliminary Tests
Once the system had been set up and checked, a full
range of preliminary tests were run. The tests were
used to determine the following:

+ repeatability of the measurements

. the Froude number range for the final tests

the ability of the system to detect a change in
wave drag due to a change in hull separation

the magnitude of the above change

Tests at infinite separation were run ff}st as these
were to provide the comparative basis for the other
separations, After fixing each test peint, it was
pletted on a graph of drag versus Froude number, the
approximate position of the next point being chosen to




pick up any sharp changes in the resulting curve,

Tests were run through a Proude number range of 0,15 to
6,5 which covers the operating range of most ship
types. (High speed destroyers operate at between 0,4
and 0,7 (see Barnabyi?’}.)

Two other sets of tests were run at different hull
separations. This was done to detect any effects due L
to wave interference and the magnitude of the effects.
These covered the same Froude number range of 0,15 to
0,5. &

The results of all thres gsparations woere plotted o

the same graph as total drag versus Froude number and B
wave drag coefficient versus Froude number, These are
. given in Pigures 4.5 and 4.6. A dimensionless guantity
2 called the separation/length ratio was used to
represent the hull separation. This is defined as:

S/L = the perpendicular distance between the hulls
< divided by the hull length

The drag versus Froude number plot has a low resolution
but it shows the effects of wave interference Where the
curves representing the separations diverge.

The plot of wave drag coefficient versus Froude number v
shows clear wave interference effects; in general,
adverse effects below Fn = 3 and beneficial effects

above Fa = 3,
\

The actual hull separation at infinity and at S/L =

0,81 was the same except that at infinity the curved
sides of the hulls faced ocutwards while at §/L = 0,81
they faced inwards. At low speeds the curves for §/L = B
infinity and §/L = 0,81 are similar due to the large

57 B




n
)
"
5
2
€
5
=
o
5
¥ 3
o =
o
i i
> < g 4
> £ i ;
T o a
- s 1
€ » s
- 0 [ b= L,
[ | m )
J4 J
NN |
¢ o o
-
. . . . . o 4 i
™~ [ R - (2] o ) B.. 3
® o [ o © ® ) ® &
&1y 3y
SN SR kg S R T
/
e
-




0,928
]
S/ = infintty '——p |
I
2,018l S/ = 2,34 — — | Ill "
S/ = 8,81 ~emeee | ] i
: 9,818
1 4 b
E s
- 2 e,614] =
; ;
[s
. ! "
.; 3 a,mz[_ [
{ é !
" i |
k] @
N = 8,210 I
|
. 9,008] !
o v
o @, e8] I
i e |
s ] ; |
S~ ! I
;4 2, 904 . .
t e,z 2,3 8,9 8,5 1
| ' |
< Fn : !

. I
!
f v
: Figure 4.6 Wave drag coefficient versus Froude number i
- R
59 !



separation ang low wave making, while at higher speedé
where wave making becomes dominant, the two curves are
distinctly separate., This indicates the effectiveness
of the flat sides of the hull in producing a small wave
system a&s compared to the curved sides and justifies

the nomenclature "infinite” even though the actual hull

separation was finite.

|
i
The large difference in the curves at 8/L = 0,34 and
. $/L = infinity indicates wave interference effects, ;;

even at low speeds, and the ability of the gravity
dynamemeter and measuring system to detect these
effects.

. The curves also indicate that major beneficial wave

interference effects take place in a Froude number
range .oetween 0,29 and 0,37. The results do indicate

. Wl possible beneficiil effects oceourring at around ¥n =

n 0,25 which could show up at other 5/L .ratios. However,
it was decided that only the higher speed range would
be investigated for the following reasons: .

. accuracy and repeatability are reduced at lower

speeds due to possible laminar or transitional

i £low effects and the reduced magnitude of the
variables being measured J

the overall effects of interference will be
larger at higher speeds, due to the Lincrease in
wave making with speed -

4.4 Repeatability Tests

Repeatability tests were run at three drag valuyes,
covering the proposed speed range i.e. at the
beginning, middle and end of the cange., At each dzag
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value seven runs were recorded all asing the same
driving and the same correct accelerating mass. The
tests were all run at infinite separation with the
hulls being loosened and then re-aligned after every
run. The repeatability tests are detailed in Appendix
G.

A statistical analysis was carried ocut on the results
to determine the repeatability of the tests and to
determine the expected errors in speed reading and
wetted surface area as the errors in these quantities
are more of a random nature and are difficult te

assess.

A 95 per cent confidence limit was used to fix the
error limits, i.e., 1 chance in 20 that the error will
lie outside of the limits. The worst error in speed
out of the three sets of tests was found to be 0,4 per
cent and also 0,4 per cent for the wetted surface area.

This error in speed does not include the possibility
that the model could have been slightly over or under
accelerated, However, using the formula for the
cslculation of Lthe percentage error in speed due to not
ugsing an accelerating mass the error in speed at the
beginning of the test speed range was found to be 1,3
per cent, decreasing to 1,2 per cent in the middle of
the range and to 0,5 per cent at the end of the range.

Although approximate, these results do indicate that
even without an accelerating mass the model speed will
be extremely close to its correct asymptote value by
the end of the run and so it can be assumed that with
the techniques used to determine the correct
accelerating mass there would be negligible speed artor
due to under- or over-acceleration,
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For the three sets of tests the maximum possible error
and the most probable srror in wave drag coeficient
were calculated, The maximum possible error rangegd
from 1,3 to 2,8 per cent, while the most probable error
ranged from 0,8 to 1,6 per cent (see Appendix G)

Examination of the plot of wave drag coefficient versus ;
Froude sumber at a Froude number of 0,32 shows a change

in wave drag coefficient between 8/L = infinity and S/L

= 0,34 of about 10 per cent, as compared ko an error of

1,6 per cent in wave drag coefficient. This clearly
indicates the abllity of the system to detect a change
in wave drag.

4.5 Final Tests

final tests were carried out over a §/L range from 0,81
to 0,18, Fox each set of tests, the same driving mass
values and spacing of driving mass were used, allowing
for eagy compsrison between two separations, i.e. for
the same value of drag different speed readings were
obtained at different separations.

Ideally, for the same speed value different drags :
should be obtained for different separations, but this b
is not directly measurable with a gravity system,
However, once the results are plotted, eguations can he
dertived to £it the points and @iEferent drags can then
pe compared for the same speed,

The results of the preliminary tests were used as a
starting point to Fully investigate the effecks of
interference from an infinite separation (at which no
interference occurs) to an almost zero separation.

y
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4.6 Results Processing

In order Lo be able
the effects of wave
able to compare two
model is runoing at
resulting change in
wave drag.

Lo effectively analyse and observe

interference, it is important o be
different separations where the

the same speed and then examine the
the wave drag coefficient or the

Due to the nature of a gravity dynamometer, the only
quantity which can be set is the total drag of the
model, all other quantities being dependent on this,
This makes comparisons diffioult, since all other

variables will have

to be compared to the total drag,

whereas the quantities of interest are the comparisons
between the wave drag an} wave drag coefficient with
speed and separation.

Reasonable comparisons can be made by plotting Cw or Rw

agalnst Pn for the various separations on the same
axes, but a far more satisfactory result is obtained by
deriving an eguation for the relationship between Cw,
{or Rw) and Fn for each separation. Then, for a given
Fn, a quantitative difference in Cw, {(or Rw) can be
obtained for any two separations., 1In particular, the

aifference in Rw between a given separation and an
infinite separaktion can be obtained for any Fn.

Conversely, the difference in Rw between two Fn values
can be obtained for any separation,

All results calculations, interpolations and graph
plots were done on the Hewlett Packard 2000 Computer,

For each set of tests, Cw and RW were calculated and a
spline curve fitted to the relationship between Cw angd

N e o
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¥n as well as Rw and Fn. The equations which were
used for the caler” :tions are given in Appendix C.

BExamination of the 4! .cibutiou of test points on the
plot of Rw against Fn saowed that the distribution of
test pointa was sufficiently close and continuous so as
to justify the fittinhg of a curve as well as the
accuracy in the use of intermediate points on the
cucve.

A Fn range between 0,3C and 0,37 was set for the
following calculations. For each separation, at a
given Fn, Rw was divided by Rw at infinite separation
at the same Fn. The notation Rwin is used to define
the RW at infinite separation., The same was done for
Cw.

The interference ratio, Rw/Rwin {or Cw/Cwin}, was
plotted against Fn, each curve representing a
separation. BAlso, the interference ratio was plotted
against &/L, each curve representing a particular
value of Fn.
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5 DISCUSSION AND CONCLUSIONS
5.1 Accuracy of 'Pests and Calculations

The method used for the determination of the overall
system friction of the gravity dynamometer did not take
into aceount the increase in frictional torque due ko
the loading on the bearings while the model was being
towed, nor the increase Ln friction due to the increase
in towline tension as the towline moved over the
driving pulley, The frictional torgue in the bearinus
was calculated at maximum and minimum test loads and
was found to be negligible, The change in system
friction due to the movement of the lcaded towline ovex
the driving pulley was neglected, it being difficult to
determine. It does not affect the results however, due
to their comparative nature.

Unloaded system frictilon tests (see Appendix D), gave
not anly a guanktitative value of drag, but served also
as a check on any deviations in the system dray due to
misalignment, dirty or dry bearings. Error
calculations using the above method indicate an
accuracy of 1 per cent in system drayg measurement,
which is more than adeguate, since the accuracy limit
of the dynamometer measuring system was set at 0,0l N.
For the duration of the testing period, the system drag
settled at an average value of 0,07 N, and did not vary
more than 0,01 N elther side. This was checked at the
heginning and at the end of each testing day. This
value of system drag was found to be proportional to
the towline tension, the tension being that required to
prevent slippage of the towline aver the large driving
pulley.
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The repeatabillty tests as covered in Appendix G shovw a
maximum error in speed teading of 0,4 per cent
(maximum, implying the largest error in speed of the
three sets of repeatability tests)., This was
caleulated by taking thr rtistical error in speed
reading as a percentage o: <he mean value of speed for
the seven runs. The erro. ! actual time-interval
reading, as measured by the counter-timer, can be
congidered to be negligible; the timer measuring to
0,01 ms. The distance between the timing switches was
1,0 m, avcurate to 1,0 mm, giving an ertor in actual
speed of 0,1 per cent. This error however remained
constant for all tests.

Speed traces for each run were used to determine the
correct accelerating mass for the tegt point and to
evaluate which terminal model speed should be used for
the test point. Two channels were used on the chart
tecorder for this purpose: one to provide a complete
trace of the model speed from zero velocity to terminal
velocity and the other to amplify the trace as the
model approached its terminal speed. The amplified
trace showed a change of 0,5 per cent in moedel speed
per chart division. It was found that the terminal
model speed was extremely sensitive to a slight over-
acceleration, This produced a terminal speed which is
far lower than that due to a slight under-acceleration.
This effect is characteristie of a gravity system and
can be deduced through further analysils of the
equations derived in Appendix B. The technigue used to
determine the terminal velocity of the model for a
given drag mass -was to examine the amplified speed
trace as well as the recorded terminal velocity and to
choose the highest terminal velocity which still had an
acceleraking speed trace, The mads of the model must
be considered when using the above method, sirce a
large model mass might still produce an accelerating

-




speed trace over the length of run even though it had
been over acgaelerated.

The large wave system generated in the ares between the
hills produced a significant change in the wetted
surface area of the hulls as compared to thelr statie
wetted area. This can be seen in Figure 5.1. The grid
system used to determine the wetted area had a 20

mm spacing between vertical lines and a 10 mm spacing
between horizontal lines. This was due to Lhe larger
changes in slope of the wave profile occurring in the
vertjcal direction as compared to the horizontal
direction, The error in the caleculation of wetted
surface area is listed in the results of the
repeatability tests (see Appendix G). A separate
photograph was taken for each of the seven runs at
constant drag, and the resulting wetted surface
calculated. The largest arror in wetted surface as
determined from the photographs, calculated as a
percentage of kthe mean, was 0,4 per cent, This overall
statistical error includes all errors Jue to the
transferance of the wave profile from the hull to a
pbotograph and then to the two~dimensional grid, as
well as the error in using a planimeter to measure the
resulting wetted surface,

The Reynolds number range over which the tests were run
was from 0,6x108 to 0,9x106, below the limit of 10x106
given in Birti3®) and roaal4), for use without
artificial stimulation. The conventional trip wire
method of turbulence stimulation was used as given by
Todd(4) and »llanil2), ana it was assumed that this was
sufficlent to ensure turbulent conditions for all the
tests., Laminar f£low conditions are a major problem in
small model tests and it ig extremely 8ifficalt to
predict or detect, fThe results of the repeatability
tests would geum to indicate that at least steady gtate
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flow conditions were prevalent over the test speed
range. Also the resistance ratios used to compare the
drag at a specific separation with the drag at infinite
separation would effectively annul any error in
frictional drag coefficient due to laminar £low,
assuming that the flow conditions at a given speed were

the same for all separations, be they laminar or
turbulent, ‘

Figure Il in Appendix I gives the expected increase in

wave resistance due to testing in a tank of limited i
depth for a given speed-~tank depth ratio. The speed-
tank depth ratios for the range of speeds tested all ®
lie along tho X-axis, indicating no shallow water °
effects. The interference ratlos would again override
any effects due to shallow water (see Appendix I).

wall effects are not overridden by the interference
ratios, since the ratios are a comparison between gsome
separation and an infinite separation, each ]?
representing a different distance from the tank wall, . {
and hence indicating a different wall effect, The
worst case was at infinite separation, where the model
was running closest to the wall at the highest test
speed, The wall effect at this separation was

calculated using Figures I2 and 13, and it was found
that the influence of the wall would produce an
increase in measured resistance of just under 2 per
cent. This must be compared to the wother extreme,
where the model was running furthest from the wall,
i,e. at the smallest meparation. The same test speed
was used since the interference ratios are based on
equal speeds, For this case the influence of the wall
was negligible, giving an error in interference ratio
of just under 2 per cent. 1In general, beneficial wave ie
interference effects occurred in the middle of the
speed range and in the middle of the separation range.
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It is thus more sensible to compare wall effects at
infinite separation with separations in the middle of
the separation range, both at a speed in the middle of
the speed range. At infinite separation, the error due
to the wall is 0,5 per cent, and at a §/L ratio of 0,34
the erroxr is also 0,5 per cent, giving a nett error in

interference ratio of zero per cent. Thesa
calculations are based on the results of a series of

tests to determine the influence of the tank wall on
the resistance of a wide variety model shapes, taken
from Comstock and Hancock(ll), and are considered to be
applicable to any tank with a similar cross~section
i.e. a breadth to depth ratio close to two.

- The results of these calculations are shown in Figure
5.2, Although approximate, they show that the effect
N on total resistance was relatively small due to the
model being in close proximity to the wall, even at

small separations and high speeds,

AS mentioned earlier, the original drag measurement
system which was installed on the tank was a production

model towing carriage {see Chapter 3.2) designed for |
very basic demonstrations of ship model principles., It !
was felt however that the system could be modified - ;
somewhat in order to abtain mors accurate and reliable

results. Once the system had been installed, it became
clear that stiffness problems would not be solved
without major re~design of the whole system.

The advantages and disadvantages of a gravity system
over a carriage are discussed in Chapter 3.3, the major i

disadvantage being that the system cannot measure
speeds at which the resistance is decreasing with
increasing speed. This means that any portion of the
drag versus speed curve for & particular hull which
should have a negative slope for increasing speed,
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would instead exhibit zero slopé over that speed range.
Whether or not this effect occurs depends entirely upon
the characteristics of the particular hull being
tested, and may prove to be problematic, This again
would depend on the magnitude of the negative slope and
the magnitude of the speed range over which it occurs.
A sufficient amount of test points are required so as
to be able to detect the occurrence of any such areas
on the total dray versus speed curve., The test rasults
which were obtained for the particmlar hull used in
this poject showed that the curves of total drag versus
speed all exhibited increasing total drag with
increasing speed for the range of separations tested.

5.2 Effects of Wave Interference

The effects of wave interference are clearly seen in
the graphical interpretation of the results, each
sucsessive separation producing a different
relationship between wave drag angd speed.

Pigure 5.3 shows the large variation in Cw at different
separations as a function of speed. An indication of
the region of beneficial interference is seen where the
curve of 5/L = 0,38 Arops below the curve of 8/L =
infinity. The curves all have the same general shape,
i,e. a wave drag which increases eXponentially with
speed but with a localised maximum and minimum along
the curve. The minimum point at infinite separation
occurs at Fn = 0,35, while for the other two
separations it occurs at Fn = 0,325 and 0,33, The
infinite separation curve is seen to be between 90 and
180 degrees out of phase with the other two curves.

Figures 5.4 to 5.7 show the resistance ratio plotted as
a function of speed for different separations. The
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Figure 5.6 Resistance ratlo versus Froude number
(8/n = 0,38, 8/L = 0,41, 8/L = 0,43)
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horizontal line at a resistance ratio of 1,0 separates
the areaz of interference; points above the line being
adverse wave interference, while those below the line
are beneficial. The aurves again are all similar.

EBach successive separation from §/L = 0,18 to S/L =
0,38 has a Jower minimum value than the preceding one.
The minimum values then increse with each successive

! separation. As the separation increases towards

B3 infinity, it can be expected that the curves will show
less waviness and will eventually become a horizontal
straight line through a resistance ratio of 1,0. This
is seeu by the difference in shape of the curves in
Figures 5.6 and 5.7, with the curve at S/ = 0,81

¥

showing the closest approximation to a straight line.

It is interesting to note that the actual hull

R separation at §/L = 0,81 and S/% = infinity was the
same, except that the hulls were reversed, i.e. the "
£lat sides of the hulls were facing each other at 8/bL L
infinity, in contrast to all the other separations, 1
Since the hulls were symmetrical fore and aft, the L

"

difference between the curves at §/L = 0,8l and the ?
H horizontal straight line shows directly the effect of a i
change in hull shape on the interference wave pattern f

|
between the hulls. i
i

S, Figures 5.8 to 5.12 ghow the re, 'ts plotted as !
q . resistance ratlo versus §/L ratiu for a particular i
speed. The resistance ratio is seen %0 drop sharply
with increasing 8/t ratio in the S/L range of 0,18 to |
0,38, For separations larger than this range, the i
resistance ratio increases but at a slower rate, !
Pigures 5.9 and 5,10 indicake that the optimum i
separation lies at a S/L ratie of 0,38 and shows that
this will hold for a Fn range of 0,315 to 0,330. At
. this separation a Fn = 0,330 gives the lowest ' 1

|
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Figure 5.8 Resistance ratio versus
aseparation/length ratio
(Fn = 0,300 to 0,310)
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{Fn = 0 to 0,325}
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separation/length ratio
(Fn = 0,330 to 0,340)
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Figure 5.12 Resistance ratio versus
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resistance ratio of all the separations and speeds
tested. At a slightly smaller hull geparation, i.e,
8/L = 0,36, a larger speed range can be used while S/L
= 0,34 gives the largest optimum operating speed range,

Figures 5.1)1 and 5.12 show that adverse interference
exists for all separations wben the hulls are run at a
Fn greatar than 0,34,

It can be deduced that at a §/L ratio smaller than
0,18, the resistance ratio for all speeds will continue
to increase, and should theoretically attain a maximun
value of two at a separation of gero. This would be
the point where a “single bull would be running at "
double its original displacement, AL small separations

; it can be expeckted that boundary layer interference

o will take place, producing a variation in skin friction
, , drag. (It was assumed throughout that all separations
were large enough to have no boundary layer
interference and hence all interference effects are due
to wave-making.) J

The resulis can be csompared with values calculated by x
Everest{3), These are shown in Figures 5,13 and 5,14. i
(In these two Figures, &L is in feet and V is in knots.)
H Everest used the method derived by Eggers{2! but used
| measured wave properties of the individual hulls for i
‘_\\\__i the caleulation of the interference data. The Eggers i
{
\

method uses a mathematically defined hull shape and
then calculates the interference data from fitst
prineiples. By using measured wave properties, Bverest
eliminated the mathematical difficulties and
; approximations required to agcurately represent the
hulls. (Note that the hull separation § was defined
. here as being the distance between the centreplanes of
the hull whereas the separations for this project were
taken as the shortest distance between the hulls.)
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Conversion of the $/L ratios from the Everest tests to
those of this work requires the subtraction of a factor
of 0,1. The Everest tests used the experimentally
determined wave properties of a standard test hull for
his caloulations and so the interference data should
Giffer gomewhat from the results of this project,
although similar trends are evident.

The Bverest §/L ratios referred to in the following
text have been modified to aceord with those of this =4
work. Comparing Figure 5,14 with Figures 5.8 to 5.12, ho
it i{s seen that the optimum separation lies at a S/L
N ratioc of about U,%, which is far smaller than than the
optimum obtained here. Also the magnitude of the
resistance ratio at the optimum separation differs from
0,52 to 0,87, weaning a saving in wave drag over
infinite separation of 48 per cent for the Everest

. : results compared to 13 per cent. fThis large difference
‘”\ is possibly due to the difference in hull shapes .
tested. The Everest hulls.had waterlines which were

Ea

parabolic in shape, thus having a more parallel middle
body and a sharper change in curvature towards the bow
than the model used for this work, 7This would produce
2 more geparated and stronger bow and stern wave
system, The occurrence of the optimum separation point
at a small hull separation would mean that the

interference wave system is large (wave magnitude
decreases with distance from the hull), and so the
magaitude of the interference sffect would also be
large, be it adverse or beneficial,

5.3 General

Chapter 5.1 dicusses the overall tank setup and
measurement system with a view to determining its
acouracy, limitations and characteristics as well as

Yy
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its applicability to the specific wave interference
tests for which it was used, The use of a gravity
system requires an understanding of its characteristics
and limitations and this will determine the type of
project Eor which it c¢an be used. Appendix B contains
an analysis of a general gravity system,

In general, a gravity dynamometer system, in spite of
its simplicity and high accuracy, is not particularly
suited to tesks where wave drag ie being examined due
to the inability of the system to measure speeds where
the total drag is decreasing with increasing speed, In
the case of this projeckt, this effect may have ocaurred
and will have reduced the magnitude of beneficial
interference i.e. poasibly a greater saving in wave
drag than was measured. This would be another possible
explanation for the large difference in the measured
interference ratio for these tests as compared to those
of Everest(3),

The overall results which were obtained using the
system show that accurate measurements are attainable
with a small towing tank and small models,

5,4 Recommendations for further work

Key questions arising out of this work are as follows:

. To what extent are double hulls used in South
Africa ?

Is there a way of determining which hull shapes
would be more cenducive for use in a double hull
configuration in terms of the basic hull shape
fackors ?
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How would actual diffaring sea conditions affect
the extent of interferen... and uence
performance ?

. Is there scope for double hulls in the field
where wind power would be used as a means of
energy saving (in view of their high
stability) ?

Many techhigues have been developed which have made the
mathematical prediction of hull performance easier and
more accurate., The development of computer software
for these applications would make this task far easier
and would open up many more avenues for furkther
reseatrch.

A suggestion for a fourth year design project would be
to develop a mechanised trolley system which would be
as accurate ag, or more accurate than, the present
gravity dynamemeter and have the capability of
achieving planing speads with lavge models.

Another suggestion for a project would be to calculate

the interference data for the particular hull used here
and to compare the calculated and experimental results,
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APPENDIX A
Preliminary Error Analysis

The required variables which have to be calculated are
the wave drag coefficient {w and the wave resistance
Rw. PFor the error analysis, Cw was set up as a
function of all the variables which were required to be

measured:

Cw = Ct-CEf

= (2gRt/5v2)~(0, 455/ (logRe) 2/ 58)

The Reynolds number Re is affected by two variables
other than v, namely water temperature t, and kinematic
viscos. y v, which itself is a function of temperature,
in order to reduce the complexity of the analysis, the
error in Re was determined separately and then
incorporated into the error of Cw.
The following différential method was used: a
dependent variable y is related to several independent
variables x; by a known function F:

Y = FlXpr Xy cevevenes Xp)
The error in y, namely dy, is then:

dy = (DE/Dx3)dry+(DF/Dxy)dxgtssvues. o+ (DF/Dxy) dxy

In the extreme case whers the gigns of the terms are
taken in the worst possible combination, dy represents

the maximum possible error, A more realistic error is
obtained by 2 root mean sguare process:
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ay = JULUIDE/Dxy)daxg) B 4o
+{{(DF/Dry)dx,) 2))
)

Applying the above to Re we get:
dRe = v ((Ldv/v}2+(vLdv/v2)2) (al)
And to Cw:

acw = ¢({2gart/psv?)?

T

+(2gRtas/ps2v2)2

+{4gRtav/psv3)2

' +(0,5099dRe (Logre) "3+ 58/Re) 2) (a2)
2 l;) To Rw:
- N . i
;o amw = /({aRe)2)
] . !
- :‘\ i
] +(0,455pv2a5/2g(kogRe) 2/ 382 ;
‘ , i
. | |
c +(0,455p8vdv /gl Logre) 215382 ]
L !
: :
4 +(0,5099p8v2dRe (1ogRe} =3 58 /2gRe) 2 (a3}
. ) |
S~ !

Brror Calculations

error in water temperature is 0,5 °c. p changes only
slightly with temperature and so is taken as remaining

I
)
i
!
| |
v is a function of temperature. The maximum possible
|
consgtant., I

at 21,4 ‘c, v = 73431077 m2/s.
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at 21,9 ¢, v = 9,621x107 n2/s,
therefore dv = 1,13x10™8 m2/s.

Assume an error of 0,5 per cent in v at an average
value of 1,0 m/s. 'This gives:

dv = 0,005 m/s.
Therefore at a model length of G,8 m:
dRe = 10614

The variable which affects the error in Re the most is

v,
The variables used in the following analysis were test
results from & 4 £t model, running at a Fn of 0,6 taken
from Barnaby(?),

L = §,04m

s = 3,77 n?

v = 4,58 m/s

Rt = 202,1 N

Errors of 0,5 per cent f£or Rt and v were taken, and 1
per cent for S, This gave:

acw = 0,0000717

The calculated Cw was 0,00255, giving an error in Cw of
2,8 per cent.
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dre had virtually no effect on ;E;, while dRt and dv
had the largest effezt. Although the actual model ta
be used for testing is smaller than the one used in
this analysis, requiring the measurement of snaller
quantities, a gravity dynamometer system has the
advantage of high accuracy in drag and speed
measurement and so the error in Cw can be taken as
being somewhat conservative.
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APPENDIX B
Anal&sis of the Gravity Dynamometer System

The following analysis is based on the fact that a body
moving in a viscous fluld experiences a resisting force
which is proportional to its velocity raised tu some
power. As a first approximation it can be assumed that
o = a model or ship moving in water will have a drag force
‘ which is proportional to v2. Thus we can write:

Fr = Kv? (81)

where:

¥r = the force resisting motion or the drag force

=
L~

N . -
F I K = a constant :
.
- i A pulley system is schematically represented in Figure i
! Bl. ‘
|l
1
% Defining the following:
3 ﬁ ma - accelerating mass f
. i i
i I
'\\‘ﬁ mr = driving mass N
T
. j" mb = mass of model '
{ ;
1 mw = mass of driving and return pulleys i
| i
C a = acceleration of the system I
8 ' 2
¢ @ = an .- acceleration of pulleys I,
o {
| H
| :
£ 96 i b
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% = @istance from the start of the run
Applying Newton's Second Law to the accelerating system:
av/dt{-nw-2mb-2na~2mr) = 2Kgv2-2gma-2gmr (B2)
Lets
A = ~2mw=-2mb-2mr~2ma
B = ~2Kg
C = =2gmr-2gma
mt = matmr+mb+mw
Solving the differential equaticn gives:
v2 = ¢/B(1me (~23%/A)) (83)

The limiting veloeity which the model attains after an
acceleraking distance s is:

viin? = {matmr) /K {B4)
Substituting {B4) into (B3) gives:

{mr+ma) /me = 1/ {1~e{=28gs/mt)) (85}

D = 2Kgs/mt

and substitute the Maclaurin's Expansion for eP in
{B5), Neglecting fourth order terms and higher we get:

ma = vZnb/(2gs(1+(Kgs/mt)+2/3 (Rgs/mt) 2)) (B8)
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X = distance from the start of the run
Applying Mewton's Second Law to the acceleratiny system:

dv/at (~mw~2mb~2ma=2me} w 2Kgy2-2gmu~2gmy (B2)

A = ~2myW~-2mb=2mr-2ma
B = =2Rg
C = -2gmr-2gma
mt = matmr+mbimw
Solving the differeutial equakion gives:
v? = c/B{1-e!"2BX/A)) (83)

The limiting velocity which the model attains after an
accelerating distance s is:

vlinZ = (masmr) /K (Ba)
Substituting {(B4) into (B3) gives:

(mrma) /fme = 1/ (Lwel~2Rgs/nt)y (85)
Let:

D = 2Kgs/mt

and substituke the Maclaurin's Bxpansiod for eP in
{B5), Neglecting fourth order terms and higher we get:

ma = ¢2mt/ (298 (1+(Kgs/mt)+2/3 (Kgs/mt)2)) (B6)
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Hence for a given accelerating distance s, the
upproximate accelerating mass, ma can be calculated
from equation (B6).

Examination of equation (B3) shows that without an
accelerating mass the model speed will asymptote
towards the rrquired velocity vlim and that the
difference between the actual veloeity v and the

o y required velocity vlim after a certain distance x is
dependen: on K and mt. Since X, mb and mw are fixed
for a particular model and towing system setup, the
error in velocity after a length of run x is only a ?
function of mr, i,e. ag mr increascs, 50 bthe sirrov

T
o

decreases.

With ma = 0, (B3) becomes:
v2 = mr{l-el-2Kgx/mt)y /g (87)

! Substituting (B4) into (B7) we get:

v2/v1in? = (1~e (2Kgs/mb)) (B8)

Let:

n s v/vlim {89}

The percentage errer in velocity due to not using an
accelerating mass is then:

100(n~1}
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APPENDIX C
Sample Calculations
The following are the calculations required to

determine the wave drag and wave drag coefficient far a
test point. The weasured guantities were:

Rt = 0,623 N

v = 0,5888 m/s

B

t = 253 ‘c

s = 0,3585 m?

Rinematic viscosity

An eguation relating the kinematic viscosity of water
to its temperature was derived from values given in
Reid(13);

v o= ageiragtdtayeiaztrag

where:
ag = ~2,2x16"7 i
ag = 9,931(10"6 ' ) ;S
a; = 4,5x1074 ‘
|
ay = ~4,72x2072 !

a . & B o S % woe g G o



ag = 1,7253

t is the water tewperature in degrees centigrade and v
is in centistokes, At 25,3 c:

v = 0,8909x1076 u2/s

Reynolds number
Re = YL/v

For a length of model of 0,8 m: =

Re = 5,269x105

Skin friction coefficient

- The Prandtl-schlichting skin Eriction formulation used
to determine CE was taken from Barnaby(9):

Gf = 0,455/{og(Ri:})2/58 3
i = 5,054x10"3 i
|

Total resistance coefficient

Gt = 2RL/pSVR
p was taken as being constant over the test temperatute
range as it varies by only 0,1 per cent, and so an

average value of 997,8 kg/m3 was used. This gives;

Ct = 1,012x1072

2 - » EN Ao



Wave resistance coefficient

The wave resistance coefficient Cw, is the difference
between Ct and Cf:

Cw = Ct~Cf

= 5,067x10™3

Wave Jrag

Rw = Cwpsvl/2

= 0,3119 N

T e




APPENDIX D
petermining System Friction

The principle of conservation of energy was used to
determi.e the overall system friction of the gravity
dynamometer. The method, however, only gives the
friction of the unloaded dynamometer and does not
account for the fncreased frictional torque in the
bearings due to load, nor the frictien due ko the
increase in towline tension as the towiine moves over
the driving pulley. .

The friction in the bearings due to load can be
caleulated separately using a formula given in the
bearings specifications manual, but this is negligible
‘relative to the system friction.

Friction due to the increase in towline tension under
load is difficult to determine and was not considered.

Unloaded System Friction

Consider the system represented in Figure D1: a pulley
driven by a falling mass, which falls through a given
height h. ’ '

Assuming that the frictional torque act- ' on the
system remains constant with speed, then wy the
principle of conservation of energy:




g

N\

Figure DL Falling mass driviny pulley
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{initial energy)

+{energy added) = (final energy)

+(anergy removed)

or:
ngh. = To2/24mv2/2475 06 (o1) ;
% - wheres . 4
d =
i .
% H I = the mass moment of inertia of the pulley :
3 A ,
b m = a known mass
.* u = angular velocity of the pulley after falling i
-
- through the height h
;\ T
- V = velocity of the mass after falling through the "
height h ;
¢
" T£ = the frictional torgue :
i B e; = the total angle through which the pulley
i rotates while the mass is £alling through
| the height b
L "

{ 8¢ = the total angle through which the pulley
. rotates from the instant at which the
£alling mass disconnects f\rum the system
to where the system comes o rest |

If the mass is disconnected after falling through the

given height and the system is allowed to come to rest
| under the influence of the frictional torgue, then

again by the principle of conservation of energy:
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102/2 = TEeg (2)
Substituting (D2) into (D1):
TE = {mgn~mv2/2) /{0 +0;) (03

Bence the frictional torgue in the unloaded system can
be caleulated using (P3)., A known mass ig used to
accelerate the system by falling through a measured
neight, after which the mass is then disconnected and
the system is allowed to come to rest.

The driving pulley and mass are used for this purpose
and are stopped instantaneously after a fixed distance.
The driving line then disconnects and the total number
of revolutions of the driving pulley is measured, i.e.
‘proportional to (®;+ez)., This was accurately done by
connecting the output of the photo-transistor on the
driving pulley to a pulse counker, the total number of
pulses then being proportional ta (8;+8¢).

The final velocity of the falling mass is proportional
to the maximum velocity reading on the speed monitor.

The resulting frictional drag in the towing line Fd is
then:

pd = TE/r
where: .
r = radius of the driving pulley
An error in this method occurs due to the pulley in the

ceiling not being included in the system after the
driving line disconnects, but this will be small




compared to the friction of the towing line over the
driving and :eturn pulleys.

Bearing Load Friction

The dominating load on the driving and return pulleys
ig that due to the towline tensioning mass which was
4,5 ky. The range of driving masses which were used
was from 0,8 %o 1,7 kg.

Two 6 mm bore F.A.G. self-aligning ball bearings were
used per pulley. The manufacturers' catalogue gives a
formula for the calculaticn of the frictional torque of
a bearing in terms of the coefficient of friction.

u = 2M£/Fd

where:

ME = the friction torque of the bearing

P = the bearing load

d = the bearing bore 7

'
u = the coefflclent of friction given as 0,001 6
for a self-aliygning bearing with a radial lecad

The maximum and minimum frictional moments on the
driving pulley are thus:

N
Hiax = Fpaxud/2
= 516329,0016%6/2
= 2551075 N.m -
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MEmin = Fpinud/2
= 4742x0,0016x6/2
= 23x1075 N.m
The resulting drag on the towline due to the frictional
torque is the frictional torgue divided by the radius
of the driving pulley, which is 126,% mm, This gives:
Fdpay = 0,002 N
Fdpip = 0,002 X
From this it can be seen that the change in loadisg on
the bearings has negligible effect on the bearing

frictional drag {(withir the required accuracy of the
tests),
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APPENDIX B
besign of the Speed Monitor

The speed monitor operates off the large driving
pulley., Holes are drilled through the pulley and a
photo-transistor and infrared-:mitting diode are
mounted on either side of the pulley, As each hole in
the pulley passes between the transistor and l,e.d,, a
voltage pulse is generated. The frequency of the
pulses is proportional to the angular velocity of the
pulley, which in turn is propeorticnal to the model
speed,

The voltage pulses are then passed into a Schmidt
trigger which modifies the pulses into a square wave
and then to a fregquency to voltage converter which
converts the frequency change inte a voltage change.

The size and spacing of the holes on the large driving
pulley are constrained by the switching time of the
photo~transistor. A design gpeed operating range for
the gravity dynamometer was set at 0,1 to 2,0 m/s, and
this was used to determine the hole sizes and spacing.

The number of holes determines the output freguency
range from the photo-transistor and this must comply
with the operating range of the frequency to voltage
converter. The driving pulley has 128 equally spaced
holes lying on a 243 mm diameter, giviné one pulse per
6,5 mm model travel. A chart recorder then records the
voltage change. Two channels on the chart recorder
were used, one which traced the model speed £+~ rero
velocity to maximum, while the other ampli<

speed trace over the constant speed rangu
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The amplified signal shows a velocity change of 0,005 P
m/s per chart division, which is an average change of
0,5 per cent (there are 100 divisions on the chart).

Because the viltage range of the amplified signal lay
beyond the voltage range of the chart recorder, a
circuit was bullt which changed the reference voltage
so that the constant speed signal occurs within the
chart recorder range, The voltage was adjusted using a
potentiometer,

For the purpose of determining and checking the systenm
friction, the output from the Scamidt trigger was also
fed into a pulse counter,

Calibration of the Speed Monitor

The speed monitor was calibrated in order to check its
linearity and to be able to determine the velocity of
the falling driving mass for the calculation of the
system friction.

Por the calibration, a standaxd pulse generator was
connected to the input of the frequenuy to voltage

cvonverter, The frequency of the pulser 135 accurately
measured by a standard frequency meter, fhe
calibration chart is given in Figure EL.
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Blectrical Circuitry

The following pages give the technical data used for
the speed monitor system as well as the camera
activating cirenit.
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APPENDIX P

Wetted Curface Area and Displacement Calculations

The total wetted surface area of the model was required
for the purposes of calculating the wave drag

coefficient. The wetted surface area was calculated at
the static waterline, W.5L. 11 and then from the TS
photograph ¢f the wmoving model, the change in wetted
surface with respect to W.L. 11 was calculated., Tais

was then added to the static wetted surface area.

the model displacement was also calculated at
W.L., 11 and compared with the actual model

displacement.

Wetted Surface Area Calculation

Simpson’s Rule was used for the calculation of the
wetted surface of the faired part of the hull, the hull
being divided up into segments as shown in Figure Pl
{the same size segments werg used in the construction
of the model, mee Appendix H).

117




£

~~ area: a

perimeter; s '

Figure F1 Hull segments-

118 . 15




We define the following:
SpsSy «sees By = perimeter of each hull segment
8p,A3 +uees ap = area of each hull segment
B = depth of hull from the static waterline, W.L.

13 to the point at which hull becomes faired

h = depth of each faired segment
(all at the same depth

Phe surface area of the non-falred part of the hull is:
8y = SpXB

= 1€22x45

73319 mm2
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We define the following:
S$phr8] .s.ss 8p = perimeter of each hull seg~ent

dp,8) ... ap = area of each hull segment
B = depth of hull from the static waterline, W,L.
11 to the point at which hull becomes faired

h = depth of each faired segment
tall at the same depth

The surface area of the non-~falred part of the hull is:

Sp = 8p%B
= 1622%4%

= 73319 mm?




Table F1 Simpson's Rule applied to the hull segments
for the calculation of surface area

ordinate multiplier s (mm) function (mm2)

s g 1 1600 1600

; g 4 1604 6414
5q 2 1606 3211 3

; sg 4 1610 6438 M 4

: 1 55 2 1613 3226 '

. 4 N 4 1616 6465
S ; g 2 1619 3238 .
3 A 5y 4 1620 6482 :
2\ ’j sy 1 1622 1622 :

Therefore the surface area of the faired part of the
hull is: .

8y = 8,1x38696/3

= 104480 mn?
The total static wetted surface area for both hulls is:
\
8 = 2{sp+sy)

= 2(73319+104480)

= 355598 mm?
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Table F1 Simpson's Rule applied to the hull seyments
for the calculatiun of surface area

ordinate multiplier s {mm) function (mm?

8g 1 1800 1600

L 4 1604 6414

5y 2 1606 3211 .

86 4 1610 6438 Lt
s5 2 1613 3226 ¢
54 4 1616 6465

53 2 1619 3238

£y 4 1620 6482 .
5y 1 1622 1622 B

Therefore the surface area of the falred part of the
hull is:

8y = 8,1x38696/3

= 104480 mn?
The total static wetted surface area for both hulls is:
S = 2(3,48p)

= 2(73315+104480)

= 355598 mn2




Calculation of Model Displacement

Simpson's Rule was again used as above, this time using
the area o. each segment.

The volume of the non-faired part of the hull is:

M= ag¥s

= 44646%45

= 2017994 mn3

Table P2 Simpson's Rule applied to the hull segments

for the calculation of volume

ordinate | multiplier | a (mm2) | function (mm%)

ag 1 0 a

ag 4 19930 79719
ay 2 24371 48741
ag 4 30198 120790
ag z 34837 69674
ay 4 38438 153753
az 2 41314 82627
ay 4 42896 171583
ap 1 44646 44646

The volume of the faired part of the hull is:

B b
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My = 8,1x771532/3

= 2083136 mn

The total static volume for bu & hulls is:

M= 2{Mpimp)

= 2(2017994+2083136) !

= 8202260 mm3

The calculated static displacement mass ef the model is
thus:

D = Mxp

= 0,008202x997,8

e T

= 8,184 kg

The actual static model displacement was 7,942 kg. . }
'
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APPENDIX G

Repeataktility Tests

Repeatability tests were run at three set values of
drag and the variations in speed and wetted surface
area were determined and recorded., Seven tests per

drag setting were run.

Table Gl lists the results of the repeatability tests
which were run at infinte separ:tion. .

Confidence limits of 95 per cent were chesen, Wood and
Martin(}4) gives a formula for computing the limits for
a given sample size n and a confidence P,

ks = st/n0¢3 ({38

where:

£ = a tabulated value which is a function of P
and n

s = the standard deviation of the readings
ks = the actual error

The formula thus implies that the confidence is P that
the true value is within the range m-ks and mtks, where
m is the mean value of the readings. - At a confidence
of P = 0,95 (95 per cent), and a sample size of n = 7,
Wwood and Martin{4) 1ists a value of t = 2,45,

For each test the wave drag and wave drag coefficient
were also calculated and the statistical errors for o
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Table Gl Repeatability test results at infinite

2.

separation
test no, | Rt (N) En s m) | t ("¢
1 1,538 0,2007 | o,3629 | 24,7 \
2 1,536 0,3000 90,3645 z0,8 1;
3 1,536 0,2994 0,3642 18,7 !
4 1,536 0,2994 | o0,3662 | 18,7 =
5 1,536 0,299 | o0,3672 | 18,7 i
6 1,536 0,2082 | 0,3665 | 18,5 :
7 1,536 0,2984 | 0,3651 | 18,5 g i
i
| ,
8 1,992 0,3369 0,3672 24,4 !
9 1,992 0,3330 0,3693 20,8 ’
10 1,9%2 09,3336 0,3637 18,4 ":
11 1,992 0,3333 | 0,3700 { 18,4 4
12 1,992 0,3334 0,3488 18,5 H
13 1,992 0,3326 | 0,3706 | 18,4 : .
14 1,992 $,3339 60,3702 18,5 5,
e
15 3,363 0,3905 0,3809 24,0 E
16 3,363 0,3896 90,3817 20,6 N
17 3,363 0,3%01 | 0,3823 | 18,4
18« | 3,363 0,3896 | 0,3824 [ 18,4
19 3,363 0,3893 | 0,3810 | 18,4 !
20 3,363 9,3897 0,3809 22,0
21 3,363 0,3909 0,3826 21,8
.
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these guantities also examined.

Applying equation (G1l) to the results we get the
following errors as listed in Table G2.

Table G2 Errors

ks
Rt (N) Fn s (m?) cw Rw (N)
1,536 | 8,09x1074 [ 1,40x1073 | 4,81x1075 | 5,48x2073
1,992 | 1,32x1073 ) 1,05x1073 | 4,57x10"5 | 5,9551073
3,363 [ 5,29%1074 | 7,00x10~4 | 5,17x10~5 | 8,82x1073

Error Analysis

The statistical errors fnr speed and wetted surface
area given above were used in the error formulae for Cw
and Rw {root mean square), as derived in Appendix A.
The calculated pecentage errors in Cw and Rw for the
three different drag values are given in Table G3.
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Table 63 Percentage errors

percentage error

Rt (N} cw Rw
1,536 1,86 v
1,992 1,6 ’
3,363 0,8 ’
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APPENDIX H
Derivation of the Model Shape Formula

The model hulls have waterlines which are arcs of
circles, each waterline being defined by a different
circle. The overall model length remains constant for
all waterlines. Consader Figure HIL,

Defining the following coordinate .system with the
origin at the lowest point on the hull, on the
longitudinal axis of symmetry and on the flat side of
the hull:

X = the transverse distance from the flat side
towards the curved side

Yy = the longitudinal distance from the transverse

axis of symmetry

2z = the vertical distance from the lowest part of
the hull

Also defiaing the following:

r{z the radius of each circle which defines the

zurved waterline profile

i(z) = the distance from the centre of the circle
to the x coordinate '

ji{z) = the maximum hull thickness at each
waterline

b = the model half length

127

- YN e R e Rt

T e

¢ =




S D acewsie saswe: PR S N S

L

\

[

128

Pigure Hl Circle and coordinates defining
the model surface




For each circle we can write the following:

y2+i2 = r2 (equation of a circle) (H1) 13
2rj = 32+b2 (writing (H1) in terms (H2)

of j and b)
X = J-r+i (83)

Solving the three equations simultaneously and
eliminating r and p we get:

I
y2 = (=x2+32x-b2x+3b2) /3 (a4) I

The maximum hull thickness jJ at each waterline is a

fanction of » and can be defined by a polynomial or L
i

exponential relationship. Figure B2 gives the

coordinates, in millimetres, of the model midzhip I

section. 4
!
]
i
i

Thus any point on the hull surface can be defined
mathematically in terms of x, y and 2z coordinates.

Formula for the Caleulation of the Perimeter
of a Waterline

For the purpose of calculating the model wetted surface 1
area (see Appendix F), the perimeter of any given H
waterline {s reguired, 'The perimeter, s is thus:

\
g = {arc length of the defining circle)+2b
Q
= 2r{arcsin(b/r)}+2b {H6)
i
b
i
.o
i
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Formula for the Calculation of the Area
of a Waterline

This is required to calculate the model displacement
{see Appendix F), By integrating (HEl) between the
limits (r-3) and r, the area, a of a waterline is:

a = 204x?8/4)={ (x=3) v (2r3~32)/2) : .

-(r2(aresin({r=4)/r)1/2}) (87)
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APPENDIX I
Effect of Size of Towing Tank on Model Resistance

The data which was used to calculate the expected
increase in resistance due to the close proximity of
the tank wall was taken from a publication by Comstock
and Hancock(ll),‘the curves in Figures Il, I2 and I3
being obtained through tests on a wide range of hull
shapes.

A value for the "Displacement~Length Ratio® {as
defined at the top of Figute I2) was calculated using
the displacement of a single hull., A value of 217 was
obtaine@ for the model used in this project. The
lowest curve in Figure I2 was used, this having the
closest value of "Displacement-Length Ratio", i.e. 200.

Sample Calculations
The following is a sample calculation for the
percentage error in resistance ratio due to ko the
model being in the proximity of the tank wall at a
given speed and separation,
Model speed:

Pn = 0,33 *
This gives a value of 1,L when converted to the scaling
of v/vL as defined in Pigure I2, The intercept of this

line with the Displacement-Length Ratio line gives a ¥y~
intercept of 0,35, ‘Phus:
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max. length of model/breadth of tank = 0,35

Hull separation:

s/L = G,5

This puts the hull at a distance of 0,94 m from the
tank wall, and hence an effective tank breadth of 1,88
m. Therefore;

max. length of model = 0,66 m
Referring now to Figure I3, the actual length of model

was 0,8 m, and so the value for the X-~intercepi:
becomes:

0.8/0,66 = 1,22

This then gives a Y-intercept of 1,005, i.e. an
increase in resistance of 0,5 per cent due to the
proximity of the wall,

Because the resistance ratio Rw/Rwin is a comparison
between the wave resistance at a given separation and

speed with the wave resistance at infinite separation

and at the same speed, the error due to wall proximity

at infinite separation must alsc be calculated in the E
same way. At infinite separation the hull was 0,9 p
£rom the tank wall, giving an effective tank breadth of
1,8 m. This also gives an increase in resistance of
0,5 per cent, implying an error in resistance ratio of

zero per cent due to the proximity of the wall,

136




Author Dancig Anthony Aaron
Name of thesis Model Tests On Double-hull Wave Interference Effects Using A Gravity Dynamometer. 1987

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2013

LEGAL NOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise
published in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page) for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.



