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(i)

SUMMARY

Recent accidents with small vessels have focused interest on
the problems associated with extreme ship motions, with particular

emphasise on capsizing problems.

This thesis is a theoretical investigation, using a numerical
model, into ship motions in a seaway which aims at a better

understanding of ship behaviour in waves.

A time-domain numerical simulation of the.ship motions in
regular sinusoidal waves in six-degrees of freedom has been developed
to try to discover dangerous situations which may lead a ship to
capsize. An investigation into the dynamicl stability of the trawler
GAUL, which disappeared in heavy seas in 1974, is used as a

demonstration.

The basic approach of the simulation program involves the
computation of the coefficients of the equations of motions at each
step in time according to the exact wave and vessel position using

strip theory.

The thesis describes the computational technique wused for
representing the instantaneous under-water shape of the hull for a
ship advancing at a constant speed with arbitrary heading angle in
waves, taking into account the shape of the wave as well as the
resultant ship motions in the six degrees. Such a method makes it
possible to calculate the exact restoring forces and moments acting
- on the ship during the motion and, therefore, is applicablé to the

. studying of large amplitude motions.



(ii)

The effect of wave shape, fifth order gravity waves and ship
oscillatory motions on the fluctuations of the lever arm and righting
moment curves for the GAUL, is presented and compared with those

obtained in still water.

Analysis of the variation of the various hydrodynamic terms
during the ship motion has been carried out, using the Frank
close-fit technique. Some of these analyses are gigen, to provide a

clear illustration of the non-linear behaviour of such terms.

Computed results relating to the effect of heading angle,
wave characteristics, ship speed, loading condition and ‘wind moment
on the amplitudes of ship motions, are presented with a particular
emphasis on the rolling motion. The results indicate that each of
these parameters can contribute to the occurrence of excessive roll
motion in certain conditions and a combination of these effects may

cause dynamical instabilities.

The program was used also to investigate the effects of
tethering on roll behaviour of a model with a bias in roll in regular
beam seas. The results are presented and compared to those of model

experiments.
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CHAPTER 1 1.

INTRODUCTION AND OVERVIEW

1. INTRODUCTION

The dynamic stability of marine vessels has received
significant attention in recent years. This has encompassed the
gamut of vessel types and sizes. The primary motivation is that
ships, notably small vessels, are still being lost. Some ships have
capsized while fully meeting the rules of the International Maritime
Organisation (IMCO), while others are operating safely although not
fulfilling these requirements, see Reference m, Therefore, it is a
recognised fact that the stability criteria, which are in use today,
have proved to be inadequate in some circumstances. This presents
naval architects with a pressing need to understand the precise
reasons for the capsizing of an intact ship in a seaway in order to
estabiish better stability -criteria concerning the operaping

conditions of ships.

Although during the last three decades, following the initial
efforts of Grim(2) and Wendel(3), a considerable amount of effort has
been devoted to the various aspects of the problem, progress has by no
means been satisfactory and some essential aspects of the problem
seem to be insufficiently investigated, see Reference (%), However,
the problem of determining a vessel's stability characteristics under

the dynamic conditions of a seaway remains unsolved. In addition, the



2.
determination of the minimum stability required to prevent capsizing
remains unknown, as well as the best means for presenting this

information.

So far, the treatment of this problem suffers from the
difficulty of predicting ship motion at large amplitudes due to the
considerable amount of computations involved as well as the lack of

knowledge on the dynamics and hydrodynamics.

With the advent of high-speed, high-capacity digital
computing machines, it 1is no 1longer necessary to restrict the
treatment of motion problems to unrealistie, linearised cases having
a small number of degrees of freedom. Some of these machines can solve
systems of extremely complicated nonlinear, ordinary differential

equations with great rapidity.

Meanwhile, the recently developed programs for calculating
the hydrodynamic coefficients of motion equations for unsymmetrically
submerged cross-sections of a ship's hull, permits the calculation of

such coefficients in the frequency as well as the time domain.

Accordingly, better methods of investigating the dynamic
stability of ships can be carried out, without making many of the
assumptions most current researchers are compelled to make in order
to make the problem tractable. Such an investigation must apply all
the experience and judgement gathered from earlier work. Thus, it
would be useful to review, briefly, the essential aspects of the
problem which will eventually guide us to the determination of

methods of stability assessment.



2. THE PROBLEM WITH STABILITY CRITERIA

Stability standards are used today in a form which was
suggested in the 1960's by Rahola in Finland on a foundation of
classical naval architecture. All criteria, however complicated, can
always be transformed into a GM requirement, which the ship masters

can easily handle.

Present criteria are mainly of two types és illustrated in
fig. (1.1) from Reference (5), They both refer to the still water
righting lever curve of GZ values versus heel angle. The first
criterion defines initial tangent, location of peak value, single
ordinates, maximum heel angles and the 1like, while the second type
measures the vessel's capability by expressing the environmental
demand by an equivalent wind heeling lever to be applied against the
capability. All quantities are relevant to the vessel's capsize

safety and relate to physical conditions.

In spite of the basically correct qualities in these criteria
and the 1large amount of work involved in quantifying these (see
Reference (5)). accidents do still occur even for ships which comply
with the specifications. Consequently, if all relevant parameters of
the stability criteria have been included, the most remarkable
omission, which can thus be attributed to the capsizing of ships,
seems to be the wave environment and the dynamical behaviour in
waves. As a result, a modification of the criteria is needed and
rational stability criteria are understood to be those that can take
into account the physical phenomena occurring during the ship's
service and all external forces exerted on it and, so, give credit to

good sea-keeping designs.



The development of such rational criteria is a difficult task
B_ecause there are a variety of conditions which might lead to the
capsizing of a ship. Therefore, a qualitative examination of casualy
records will certainly serve towards a better understanding of the

capsize phenomenon.

. J (cr4
R SHigono
3 /My\*
AN
b e l g ”’ma: ?
/ 1 _mmaL ves
CRITERION TYPE 1 CRITERION TYPE I
Fig. (1.1) The Stability Criteria
3 CASUALTY RECORDS

A better picture of the capsizing phenomena of ships can be
recognised by carefulj analysis of casualty records and their
statistics. A glance at casualty tecofds, which have &ppeared in
recent literature(l, 6'9), :lndigates that most of the casualties
occur in Qituations -wbere several high waves occur in a group and
cause éxcess'ive motion. It is also demonstrated .that:, more th-an half
of these casualties were under the action of following or quartering

seas as shown in Fig. (1.2), Reference(10),
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Therefore, it can be concluded that such wave conditions can
influence the instability. Moreover, the presence of waveé can also
produce a resonant motion, ie the ship in a seaway may be subject to
dynamic instability. Accordingly, capsising can be considered as a
particular event of a ship motion, happening to an intact vessel due

to the action of winds, waves and ship dynamies.

The importance of this consideration lies in the attempt to
relate the stability of a ship to its motion and so the stability
requirements might be based on a certain physical ﬁicture of ship's
behaviour in a variety of situations which are dangerous from the
point of view of capsizing. As a result, the discovery of such
situations and their probability of occurrence becomes an important
stage in determining the sources which 1lead a ship into these
dangerous situations and, in turn, understanding the factors that

degrade stability.

Since ship-motion experiments are extremely expensive and
time consuming and since they require a large basin with the
capability of producing random seas from any direction, it is not
usually feasible to perform these experiments for individual ship
designs. Therefore, it was necessary to develop a theoretical and

numeriéal method for predicting the actual ship responses.

4, SHIP MOTION

The connection between the ship motions and its stability was
recognised a 1long time ago (see fig. (1.3), Reference(11)) and

through the past three decades, considerable advances have been
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achieved in the theoretical prediction of ship motions in a seaway,
see Reference (1). The two-dimensional 'strip theory' which was
initially put forward by Korvin-Kroukovsky et al(12+13) and developed
by other authors, such as Salvesen, Tuck and Faltinsen(1”), has been
proved by both model tests and full scale trials to predict some ship

motions in a seaway with acceptable accuracy.

However, the advances in ship-motion prgdiction have been
concerned with phenomena which are amenable to a linearised analysis
and where the properties of the equations of motions remain constant
during the motion. Consequently, the non-linearities as well as the
coupling in terms of the equations of motions are omitted and so only
approximate solutions are available(15) which do not cover the

extreme conditions associated with capsize.

Fortunately, most ships operate in 1less than extreme
conditions most of the time and, consequently, the results of such
analyses find direct and useful application to many of the
engineering, operational and economic problems involved in the ship

design process.

However, investigations into the causes of capsizing
accidents and ship survivability in extreme sea conditions requires
knowledge of the ship's response to waves of large amplitude where
the 1linearising assumptions are no 1longer permissable. The simple
linear relationships between important motion parameters no 1longer
exist when the non-linearitries become effective in different ways,
see Reference(15). where many of the parameters involved are highly

non-linear and interact together in a very complex manner.



By far the most common approach adopted in studying ship
capsizing seeks, at least implicitly, to formulate a mathematical
description of the process of capsize and to examine the significance

of various relevant parameters in the resulting non-linear theory.

In formulating a representative mathematical model of coupled
large amplitude rolling motions, some of the investigators employed
linear sea-keeping equations, cf Bishop et 81(17), some others
included ad hoc non-linear corrections for damping and restoring
terms, cf Blagovechinsky(18), Odabasi(1°). whereas another group

retained only restoring and excitation terms, ¢f Kuo and Welaya(19).

Although these attempts may be Jjustified on the grounds of
gradual build up of an appropriate mathematical model, the analyses
of the variation of terms of the equations of motion, such as added
mass, inertia, damping and wave excitation with the variation of ship
position as well as wave configuration(¢20-22)  provide a clear
illustration of the inappropriateness of the linearity assumptions
for any of these terms., All of these terms vary considerably with time
as the ship moves in a seaway and depend on ship geometry, speed,

heading and sea severity.

In the light of the brief review presented here, the only
viable alternative for the accurate prediction of the behaviour of a
ship in waves of large amplitude is the examination of the step by
step history of her motion resulting from numerical integration
simulation of a set of non-linear differentialiequations. where the
causal relationship between the environmental seaway and the
resulting behaviour of the ship can be established and where the
non-linearities of all the terms of the equation of motion can be

taken into account. Such time domain solutions permit the extension
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of the linear solutions into somewhat more severe motion regimes and
may reveal some of the phenomena of the dynamic motion instabilities

which are not apparent from a linear analysis.

From the practical point of view, the development of a
computational method for the accurate prediction of the vessel's
motion as well as the estimation of ship safety against capsizing in a
seaway, is complicated and rather difficult for the following

reasons.-

a. Our present knowledge of the environment in severe sea
conditions, in terms of physical description of breaking wave
conditions and the nature of the wind conditions which may be

associated with the waves is inadequate.

b. To perform a time simulation for a vessel's motion in
six degrees of freedom is, by itself, difficult and requires
a considerable amount of computations which require

high-speed and high-capacity computers.

¢. The choice of factors which may lead a ship to capsize
in a seaway is broad and to include their effects in a time
domain solution is not an easy task and will increase the

amount of computations considerably.

d. It is still difficult to obtain expressions for the
hydrodynamic coefficients such as added mass and damping and
the programs available to calculate these coefficients are

based on linear assumptions.
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For the reasons stated above, it was necessary to minimise
the amount of computations and, therefore, the influence of some
interesting points such as green water on deck, steep and breaking
waves and propeller action on the dynamic stability of the ship, were
not taken into account in performing the time simulation. Initially,
it was hoped to concentrate on the ship responses in regular
sinusoidal waves where the programs available for calculating the
hydrodynamic coefficients are expecteq to have a high 1level of
accuracy. It would be desirable to be able to do the time simulation
of the motion in an irregular seaway which is commonly thought of as a
linear combination of sinusoidal waves. To do this directly leads to
theoretical difficulties on the correct added mass and damping
matrices to be associated with the motion at any one instant of time,
although the exciting forces and moments can be obtained as the
algebraic sum of the contributions from each individual wave.
Alternatively, current non-linear spectral methods may be used to
build up the response in the irregular seaway from the responses to
individual waves but this is a complex operation open to considerable

errors.

Although it was not expected from a time simulation of the
vessel's motion with those limitations, to estimate the probability
of capsize, it was necessary to perform such a simulation to
discover, at least, the dangerous situations which may lead a ship to
capsize and to advance existing knowledge about them. Consequently,
the main objective of performing such a time simulation was the
proper selection of these situations and so, to provide a more
realistic means to understand the sources of occurrence of such
situations; This understanding may then be used as a guidance for
formulating mathematical models -of capsizing as well as carrying out

experiments on ship models.
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The work presented here is an attempt to develop equations of
ship motions that, in some respects, are more realistic and accurate
in predicting the ship responses in seaway than those which have been
formulated previously. Representative examples(23 to 33) of these
latter papers, indicate that the variation in added mass, inertia and
damping coefficients, aré not taken into account, important parts of
exciting forces and moments are omitted and, in some cases, the
coupled terms of the combined motions are neglected. These examples
generally neglect the relative motion of the ship in waves resulting
from ship motion. These aspects, which are believed to have an
important influence on the dynamic stability and ship behaviour, are
taken into account in calculating the ship motion in five-~degrees of
freedom of a ship travelling in regular sinusoidal waves of any given
length, height and direction by the computer program developed

herein.

The development of the program was made general enough to be
used for a wide variety of vessel types and sizes. Although the
program does not include the effect of some factors such as green
water on deck and rudder direction on the behaviour of the ship, it
will be comparatively easy to extend the program to take account of

these aspects.

With the aid of high speed computers, the direct computations of the
terms of the equations of motion during the step-by-step integration
were.considered. The method used for programming mainly follows the
ideas of Salveson, Tuck and Faltinsen(1%)  with slight modification

to include viscous effects for the roll damping(34),
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The outline of the theoretical computation procedure is as

follows:-

1. The ship's hull is divided into any odd number of
sections and each section is represented by a set of offset
values including the deck description.

2. The offsets representing the under-water shape of the
hull are calculated during the motion taking into account the
effect of wave configuration and the resultant ship motions

on these offsets.

3. The 1instantaneous restoring forces and moments are
calculated from the exact determination of the ship's

displacement and its centre of buoyancy at each time step.

4, Considering the flow around each strip to be
two-dimensional, the potential added-mass, inertia and
damping coefficients are computed for each section by using

the Frank close-~fit method(35).

5. Exciting forces and moments caused by incident waves and
diffraction effects are computed for the ship.

6.. A modified form of the strip theory is used to -account
in the hydrodynamic coefficlents of the equations of motion
for the frequency, heading angle and ship speed

dependencies(36),

7. The Runge-Kutta method is applied to solve the equations
of motion through available routines in the computer

library(37).
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In order to build up the development of the computer program,
it was necessary to obtain an accurate knowledge of the numerical
methods available for calculating the many hydrodynamic factors
appearing in the equations of ship motion. On the other hand, it was
necessary to discover the order of importance of these factors so
that by careful handling of the sensitive factors, while eliminating
from consideration those terms which have 1little. influence on the
ship'responses, the computing process could be spge@ed up as much as
possible. Therefore, an analysis of the various hydrodynamic terms
has been carried out and their classification according to importance
and availability is considered to be one of the most significant
aspects of the work presented herein because of its possible use as a

guide in future dynamical stability research.

In performing these analyses, the determination of the
numerical values of all the aspects presented here, was made for the
trawler GAUL, a large modern stern trawler, Fig. (1.4), which
disappeared in heavy seas off the North Cape of Norway, in February
1974. The analyses were made into this particular ship since it would
appear that she was not lost as a result of inadequate intact
stability or poor seakeeping qualities(38). and it was concluded that
the most probable cause of the loss was due to the effect of the
severe waves. It was hoped that this study might disclose some
reasons for this occurrence. Also, the many inve§tigations carried
out into her loss would provide the study with the necessary data and

information.

The various chapters describe the investigation into each
term in the equation of motion and how the complete data were built up

into a full time simulation program. In Chapter 2, a computational
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technique is presented for calculating the instantaneous hydrostatic
restoring coefficients for a ship advancing at a constant speed with
arbitrary heading angle in regular sinusoidal Qaves, taking into
account the resultant ship motion in six degrees of freedom. The
co~-ordinate systems adopted for this study are defined with the
representation of ship's hull, ship oscillatory motions and wave
surface. Some aspects of the influence of the relative motion of the

ship among waves on the stability characteristics are discussed.

The analysis of the values of the potential added-mass,
moment of inertia and damping coefficients for different ship
cross-sections is illustrated in Chapter 3. Attention was focused on
the variation of these values with the variation in draught and angle

of heel,

Based on the analysis of the two-dimensional potential roll
damping moments, it was decided to extend the work to introduce
viscous roll damping. The viscous contribution to roll damping and
the damping caused by bilge keels at differing draughts and roll
amplitudes are described in Chapter 4 with the effect of ship forward

speed and resulting damping due to 1lift.

Chapter 5 is devoted to the estimation of the amplitudes of
the wave-exciting force and moment and the phasing of these
excitations with the wave position along the hull of the ship. The
effect of heading angle, wave length and oscillatory ship motion on

these excitations are emphasised.

In Chapter 6, a computational method, developed by the

author, to simulate the motions of the ship in regular sinusoidal
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waves, is described. The method of approach and the mathematical
model are presented. The influence of the different parameters on the
motion of the ship is illustrated and computed results are presented.
Also, an investigation into the effects of tethering on the roll
behaviour of a model with a bias in roll in beam sea was carried out.
The results are presented and compared to those of the model
experiments. Finally, the conclusions achieved from this study are

given in Chapter 7.

It should be mentioned that in the following chapters the
graphs and tables appear at the end of each chapter as in some cases

they are so numerous as to make reading difficult if presented in the

text.

The computer programs developed to perform the calculations
of the data used for the analyses presented in each chapter are
described in separate reports with typical examples for running
them(22, 39 to 42)  The programs for individual variables are
designed to run on the PDP11/40 computer in the Department of Naval
Architecture and Ocean Engineering at the University of Glasgow but
the computer time simulation program can only be run on a fairly large

computer such as the ICL 2988 at the University of Glasgow.
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CHAPTER 2

RESTORING FORCES AND MOMENTS

1. INTRODUCTION

A complete analytical solution for the motion of a ship in
waves requires first that the relationship between the environmental
seaway and the resulting behaviour of the ship be established. This
causal relationship is difficult to determine because the seaway, in
the general case, defies simple description; ships do not have simple
geometry and the resultant motions of the ship which are normally

mutually coupled have complex effects.

A number of non-linear problems occur in various phenomena,
related with the changed displacement of the ship and its centre of
buoyancy during motion, in which the non-linearities of restoring
forces and moments have to be taken into consideration(#3), It has
been shown by Wendel, Paulling and others(4# to 50) that there can be
a significant variation in the roll restoring moment as a wave
progresses along the ship's length as well as the change in this
moment caused by large amplitude roll angles. On the other hand, the
shape of the ship's hull may contribute to the stability of ships in a
seaway. It is shown that there are small metacentric height changes
at the crest and trough of a wave which are in opposite directions for

Vee and Wall sided sections, see Reference(51),
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However, investigations of Ship motions have heretofore been
obtained only under the assumption of small motion amplitudes, in
which case the restoring forces and moments are computed as though
the instantaneous position of the ship differs but 1little from its
mean position. Such an assumptions cannot be used in the present case
where large deviations in position from mean are an essential feature
of the phenomenon. Therefore, it was necessary, in starting the study
of extreme ship motions, to establish a convenient procedure for

calculating the exact position of the ship and its éﬁrrounding waves.

In this chapter, a computational method is presented to
calculate, from the ship's hull offsets and the incoming wave
characteristics, the wave shape intersection with the ship's hull in
a time domain solution taking into account the oscillatory motion of
the ship in six degrees of freedom as well as the ship speed and

heading angle.

This method is used to calculate the instantaneous restoring
forces and moments acting on a ship moving among waves as described by
the author in Reference(41), The computational technique of this
method is described herein briefly with the co-ordinate systems
adopted for this study and the representation of ship's hull, ship

oscillatory motions and wave surface.

Also, some aspects of the influence of the relative motions
of the ship among waves on the stability chafacteristics are
discussed. Interesting points regarding the effect of wave shape,
oscillatory ship motion and heading angles on the  stability

variations are presented.
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Furthermore, the investigation was extended to allow for
fifth order gravity waves in order to explore the influence of wave

shape on the stability of ships in a seaway.

2. SHIP'S HULL REPRESENTATION

As with any calculation on ship geometry, the hull must first
be defined for the computer. The hull definition used in‘this study
enables all the traditional shapes to be defined easily, with a
relatively small number of points. The shape of the ship is

represented by offsets taking into consideration the following:-

a. The offsets to be stored as input data should be
independent of any ship loading condition, that is, any
change in draught and trim should not require any further

input data.

b. A system of hull definition be designed so that any kind
of vessel can be suitably described by the waterliines and

offsets.

C. The different hull features such as the rake and
flatness of the keel and the presence of the bulwark along
the sides of the ship, should be considered automatically

from the hull offsets values.
The shape of the hull is represented by a set of offset points

as follows:-

2.1 The hull is referred to a set of three orthogonal aies whose

origin may be selected at any convenient points, provided that the
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draught and centre of gravity of the ship are referred to these axes.

Fig. (2.1) shows the co-ordinate system considered in this study with

the plotting of the hull of the trawler GAUL.

2.2 The hull is divided into any odd number of sections, with
equal intervals, and each section is represented by a set of offset
values which may be taken at non-equidistant ordinates. Sections are
assumed to be continuous round the contour but secpion slopes may be
discontinuous at any interval end. Thus, all corners on the section,
eg flat-keel, deck edges, etc must lie on interval ends. Fig. (2.2)
illustrates the representation of the cross-section shape. The

maximum number of the offset points for a cross-section is 25,

2.3 When there is no bulwark present on the whole length of the
ship the last offset in each section is the deck edge offset., To allow

for the presence of a bulwark, the following procedure is adopted:-

a. For sections where the bulwark is present, the last two
offset values apply to the deck edge and the top of the

bulwark, ie the difference in the z-values

b. For sections where there is no bulwark, the uppermost
waterline which is at the deck edge height above base is
repeated in the data (both z and y values), see fig.

(2.2).

2.4 Within the framework of these rules, data can be fitted to

represent any ship hull. The offset values of the ship cross-sections
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are arranged and stored in data files with the following sequence:-

SHIP LENGTH (LBP), SHIP BREADTH
NUMBER OF SECTIONS (odd number)

Then, for each of the equally spaced sections, starting at No
1 at A.P.

NUMBER OF OFFSET POINTS OF THE SECTION (max 25)

LONGITUDINAL DISTANCE OF THE CROSS SECTION FROM THE DEFINED

c e

ORIGIN
Z~-COORDINATES
Y-COORDINATES

and so on.

A typical offset data file prepared following this sequence for the

trawler GAUL is given in Appendix (A), with the plotting of the

profile and the body plan corresponding to these offsets.

3. DEFINITION OF THE SHIP OSCILLATORY MOTIONS AND

HEADING ANGLES

The oscillatory motions of the ship are defined by the frame
G-xyz relative to the co-ordinate system considered for the ship's
hull, The translatory displacements in the x, y and z directions with
respect to the origin were considered to be ny, no and n3s
respectively, where n1 is the surge, np is the sway and n3y is the
heave displacement. Similarly, let the angular displacement of the
rotational motion about the x, y and z axes be ny, NG and ng,

respectively, where ny is the roll, ng is the pitch and ng is the yaw
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angle. The oscillatory motions relative to the co-ordinate system are
shown in fig. (2.3). The heading angle () from 0°-180° was defined

relative to the co-ordinate system and is illustrated in fig. (2.4).

y, WAVE SURFACE REPRESENTATION

The relationship between the wave surface and the ship's hull
in the seaway was established, taking into account the result of the
oscillatory motion of the ship in the six degrees of freedom as well
as the ship speed and heading angle. The influence of these
parameters on this relationship is considered by including their
variations in the equation of the wave surface altitude relative to

the body co-ordinate as follows:-

4.1 To begin with, let the ship be subjected to a regular
sinusoidal wave train with crests 1lines parallel to Y-axis, ie a
following sea, as shown in fig. (2.5). Let S and P be the intersection
points between the wave surface and any arbitrary crosS-section
contour, The altitudes of points S and P relative to the origin O can

be obtained by the following equation:-
c(x,t) = gg.cos(K.Xg - wt) + T (2.1)

where Lo ¢ 1s the wave amplitude at the water surface
K : is the wave number

Xg ¢ 1s the distance between the cross-section and CG of the

ship

w ¢ is the angular wave frequency
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ct
..

is the time

T : is the cross-section draught in still water relative to

the origin O.

4,2 Let the angle of incidence of the wave be designated by v and
let the wave progress in the positive x-direction as shown in fig.
(2.6). Then, apart from the ship oscillatory motions, the wave

profile in the body co-ordinate is,

t(x,y,t) = 5.Cos(K.x.Cosp - Ky Sinp -wt) + T (2.2)
The wave equation can be interpreted by noting that the term
Kx.Cos u determines the wave form in the two-dimensional domain and
thatlthe term Ky.Sin it represents the phase shift of the wave at x = 0

and y = y from the crest of the incident wave at the origin.

4.3 Considering the rotation of the ship about the centre of
gravity, equation (2.2) was modified to give the altitude of any
point at the wave surface, relative to the origin 0, at any instant,
taking into account the relative motion of the ship in the six degrees

of freedom as follows - see figs. (2.5), (2.6) and (2.7):-

g(x,y,t,ny) = ;O.Cos[K.KXG - nq1).Cos(u - ng) = (YO + ny)Sin(p - ng)]
- we.t] + YO.tanny - Xg.tanng - n3

+ (T - KG).(1/Cosny - n1) + T (2.3)

where, I : mode of motion from 1 to 6
we : encounter frequency = w(1 - w.V,Cosu/g)

V : ship speed

YO : Y-Coordinate of the intersected points
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KG : Vertical distance of centre of gravity of the ship above

the keel.

The basic idea of the wave altitude conversion to take into

account the angular displacements of the ship is illustrated in fig.

(2.7).

5. THE COMPUTATIONAL TECHNIQUE

Since the resultant motions of the ship are normally coupled,
the ship's hull was considered stationary in space for each time
step, and the equation to the wave surface was modified to take into
account the oscillatory and drift motions of the ship in the six
degrees of freedom at the relevant time step, including the effect of
the ship's forward speed. The computatiohal. method can be briefly

outlined as follows:-

5.1 The 1intersection points between the wave surface and
cross-sections contours alongside the ship are determined by an
iterative process between the known cross-section offsets and the
equation of wave surface elevation and assuming the segment between
the two offset points, below and above the intersection point, is a
straight 1line. In the case when the deck edge, or bulwark, is
immersed, a flat deck is assumed to find the intersection point at

this side.

5.2 Provision was made for all foreseeable intersection cases
between a normal ship's cross-section and the wave surface in a
seaway. Moreover, the complete immersion and emergence of any ship

cross-section as well as its corresponding position was taken into
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consideration. Figure (2.8) illustrates the plotting of different

intersection cases between the wave surface and different

cross-section of the trawler GAUL.

5.3 In order to determine the intersected wave shape athwart the
ship, the transverse distance between the intersection points for
each cross-section contour is divided into 10 equally-spaced
intervals, see fig. (2.9). These give the y-coordinates of the
transverse wave representation points and on subgtitution into the
equation of wave surface elevation, determine the z-coordinates of
these points. Figure (2.10) shows the plotting of the intersection
between ’the wave surface and the hull of the trawler GAUL for

different heading angles.

5.4 The wave shape intersection with each cross-section and the
immersed portion of that cross-section are defined by a set of points
as shown in fig. (2.9). Trapezoidal rule integration through these
points is used to calculate the cross-sectional area up to the wave
trace and its centroid as well as the displacement of the ship and the
centre of buoyancy. Figure (2.9) shows the plottings of the points
representing the immersed portions of the cross-sections with the
centroid marked for the cases presented in fig. (2.8). The procedure
of calculating the cross-sectional area up to the wave trace 1is

illustrated in fig. (2.11).

6. VARIATION OF RIGHTING ARMS OF STABILITY IN WAVES

The variation of the wave-induced righting arm is dependent

upon the geometry of the ship and the position and size of the wave.
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In order to emphasise the effect of this variation on the stability of

the ship, calculations were made for the trawler GAUL both in still
water and waves. A vertical shift was made to balance the ship in
waves in order to give the corresponding displacement in still water
in the upright condition. The results obtained from this

investigation are illustrated below.

6.1 In examining the stability of the trawler GAUL in still
water, the calculations were made for the stability- condition at the
time of her 1loss, similar to that given in Reference(38) for
adisplacement of 1547 tonnes, a KG of 5.45m and for draughts of 4.523m
aft and 3.913m forward. Figure (2.12) shows the plotting of the
calculated GZ-curve for this condition with the effect of considering

the bulwark and part of the forecastle deck on this curve.

6.2 Considering following seas, the wave length and wave height
were taken equal to the ship's length and 1/20 of the wave length
respectively and the positions of the wave along the ship were
considered for the crest and trough at amidships as shown in fig.
(2.13.a). The GZ-curves obtained for each wave position with the

curve for the still water condition are given in fig. (2.13.b).

6.3 Further calculations of the GZ-curves were carried out for
the ship in beam seas for wave length equal to two times the beam with
a height of 1/20 of the ship's length. The positions of the wave
across the ship were considered for the crest and trough at the
centreline of the ship as shown in fig. (2.14.,a). The GZ-curves for
these conditions with the curve for the still water condition are

shown in fig. (2.14.b).



7. INFLUENCE OF OSCILLATORY MOTIONS ON RIGHTING

MOMENT

Heaving and pitching are of special interest when
investigating the influence of the oscillatory motions on stability
in a seaway. However, at this stage the ship is considered to
oscillate from its original position in still water by any arbitrary
displacement to emphasise the influence of such displacement on the

righting moment.

7.1 Heaving Motion

According to the co-ordinate system considered for the ship
oscillatory motion, it is assumed that the ship is given a heaving
moment of ¥ 0.5m along the Z-axis. The GZ-curves calculated for these
positions with the curve for the original position are shown in fig.
(2.15.a), from which it seems that the effect of heaving motion on
ship stability is negligible but the righting moment is not a
function of GZ only. Therefore, the effect of heaving motion on the

righting moment were calculated and shown in fig. (2.15.b).

7.2 Pitching Motion

Similarly, the effect of pitching motion on the righting
moment was calculated by considering an angular displacement of ¥ 10°
from the equilibrium position of the ship in still water. Figures
(2.16.a) and (2.16.b) illustrate the effect of pitching motion on GZ
and righting moment curves. It should be noted that the ship was

originally trimmed 0.61m by the stern in the equilibrium position.

28.
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8. INFLUENCE OF WAVE STEEPNESS ON THE VARIATION OF THE

RIGHTING ARM

The amount of righting arm variation of a ship moving in
waves depends mainly on the wave steepness, ie the wave height to wave
length ratio (h/ 1) and wave length. Perhaps the naval architect's
standard wave of height A1 /20 is the most popular one but regarding the
capsizing phenomena of a ship in a seaway, a iarge value of wave
steepness should be taken into account. Meanwhile,  choosing only one
wave height, even if taken at an extreme value, can only yield a rough
estimate of the expected righting arm variations but will not cover

the whole pattern, see Reference(28),

However, in fig. (2.17) a comparison is made between the

following proposed values:-

A

& h=ggro.osa ™

This formula is commonly used in Germany(28) and it yields
larger wave steepness for shorter wave lengths. This shifts

the maximum reduction in GZ towards smaller A/L values.
b. h = 0.607 VX (m)-

This value was used by Miller et a1(52) ang by the US Navy for
their vessels. They believe that it is a realistic assumption
for small vessels that will normally operate in short and

steep waves.

e. h=A/T (m)
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This was recommended by Fraser et al(53), They also
recommended that this should be used with a wave length equal

to 0.75 times the waterline length of the ship.

It is obvious from fig. (2.17), in which a wave length
to ship length ratio, (A/L), equal to 1.0 is used, that the
variation between different formulae is more pronounced when

the crest is amidships.

Also, the effect of wave 1length on the GZ-curve
variation was investigated for waves of steepness of A/7. The
calculations were carried out for (A/L) ratios of 0.75, 1.0,
1.25. Figure (2.18) illustrates the effect of these ratios on
GZ-curve. It can be seen that the variation of the wave

length has a slight effect on GZ-curve.

9. INFLUENCE OF WAVE SHAPE ON SHIP RIGHTING ARM

The effect of wave shape on the stability of the ship was
explored by considering the shape of the fifth order gravity
waves(5%), A computer program has been developed to calculate the
coefficients of the equation of the wave profile, see Reference(42),
Figure (2.19) shows a comparison of wave forms between the sinusoidal
and fifth order gravity waves for different water depth/wave length,

(D/)), ratios.

The computer program, developed to perform the calculations
of restoring coefficients in sinusoidal waves, was modified to

perform these calculations for fifth order waves(41) | The
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calculations were carried out for following seas, for wave positions
along the ship similar to those considered for sinusoidal waves, with
water depth of 10m._The influence of wave position on the righting arm
curves is shown in fig. (2.20) with the GZ-curves for sinusoidal

waves and still water conditions.

Figure (2.20) indicates that the differences in righting arm
between the use of linear wave theory and fifth order theory, for the
following sea case, are greatest for the trough amidships when the
righting arm becomes less than the still water value for a range of

heel angles between 30° and 60°,

10. CONCLUDING REMARKS

10.1 Wave shape and dimensions and ship oscillatory motions
produce a considerable variation of righting moment and the checking
of stability in a seaway is essential especially for small ships in

all loading conditions.

10.2 The influence of the wave on the restoring forces stems from
its effect on the righting arm, while the influence of the ship
oscillatory motions stems from the altered righting arm and the

immersed volume of ship's hull,

10.3 Considering the bulwark shape in the stability calculations
produces a slight increase in the righting moment before its

immersion.
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10.4 In the case of the GAUL, the GZ-curve in a following sea with
a wave height equal to A/20 and a wave length L, is reduced by the
order of 30%. In a beam sea a similar order of reduction can occur for

a crest at the centreline and a wave length of twice the beam.

10.5 The wave length and steepness have a considerable influence
on the variation of GZ values. For a wave length equal to the length
of the ship and the wave crest amidships a great reduction in GZ value

can occur.

10.6 The difference in righting arm between the use of linear wave
theory and fifth order wave theory; for the following sea case, are
greatest for the trough amidships case when the righting arm becomes

less than the still water value for a range of heel angles between 30°

and 60°,
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Fig. (2.1) Co-ordinate system of ship's hull
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Fig. (2.2) Co-ordinates of the ship cross-section
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Fig. (2.3) Definition of oscillatory motions

FOLLOWING, u = 0° % = 180°, HEAD

Fig. (2.4) Definition of the heading angle, p




35.

Fig. (2,6) Space and body'coordinate system
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Fig. (2.8) Some intersection cases between wave surface and
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a - area under the
wave trace

b - area under cross-
sectional contour

c - Cross—-sectional
area up to the
wave trace, (a-b)

Fig. 12.11) The procedure of calculating the cross-sectional
area up to the wave-surface
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CHAPTER 3

THE HYDRODYNAMIC COEFFICIENTS

1. INTRODUCTION

Whenever a ship's responses to wave excitation are estimated
the hydrodynamic actions of the sea have to be specified. A knowledge
of the many hydrodynamic derivatives in the equations of motion, such
as added-mass and damping coefficients, is a primary requirement for

a study of the motions of the ship.

On the other hand, in order to perform a time simulation of
the vessel's motion, it is necessary to have a complete record of the
variation of the hydrodynamic coefficients with variation in draught,
angle of heel and trim. Also, when considering the stability of the
ship under the effect of a strong wind, the estimation of these
coefficients in the heeled condition become

essential, see

Reference(55),

Meanwhile, there has been a suggestion (Bishop and Price)(16)
that linear theory is adequate to predict possible instabilities and
it is, therefore, of interest to see how far the linear assumptions

hold true so far as added-mass and damping are concerned.

Accordingly, it was important to ecarry out a. complete

analysis of the various hydrodynamic terms and to classify them
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according to importance and characteristics. This chapter gives some
of these analyses regarding the effect of the variation in draught
and angle of heel of the trawler GAUL on the values of the

hydrodynamic coefficients for heave, sway and rolling motions.

Since ship motions were to be predicted by applying the strip
method, which uses the two-dimensional characteristics of each
cross-section of the ship, it was necessary to use one or other of the
hydrodynamic theories to calculate the two-dimensional hydrodynamic
coefficients. These coefficients depend on the ship's shape, the
frequency of oscillation of the ship and the time history of the
motion(56) . As the cross-sections of the ship are asymmetrical in
some cases, it was also necessary to use a hydrodynamic method

employing some suitable representation of the hull shape in heeled

conditions.

However, the most common procedures, for calculating the
frequency dependent 2D hydrodynamic coefficients, are the Lewis form
technique and the Frank close-fit method, see Reference(57), In the
Lewis form technique the submerged cross-sectional curve is described
by three parameters, ie the sectional beam, draught and area, see

Reference(58) | The method is applicable for normal ship sections but

has 1limitations, see Reference(59) and does not deal with

asymmetrical cross-sections, Therefore, the Frank close-fit method
was used to perform the analysis presented in this chapter since it
can be applied to any cross-sectional shape. This method only

provides the potential hydrodynamic coefficients.
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2. THE FRANK CLOSE-FIT METHOD

W Frank (1967) introduced a method in which the required
velocity potential is represented by a distribution of sources over
the submerged cross-section{35). The unknown function of the density
of the sources along the cylinder contour is determined from the

integral equations obtained by satisfying the kinematic boundary

condition over the submerged cross-section. The hydrodynamic
pressures are obtained from the velocity potential by using the
linearised Bernoulli equation. Integration of these pressures over

the immersed portion of the cylinder yields the hydrodynamic forces

and moments.

The hydrodynamic force F(m) induced by the motions of the
ship has two components which are 1linearly proportional to
acceleration and velocity of motion n(m). respectively, the added

mass a{Mm) and the damping b{M) coefficient as given by the following

form:-

gm) = _ a(m) #(m) _ p(m), h(m) (3.1

The majority of the methods for calculating these coefficients use
the strip theory which has been recognised as the most practical tool

in terms of the application of the method to ship forms which can be

assumed to be slender.

Salveson et al{1%) employed the Frank close-fit method in
calculating the two-dimensional hydrodynamic forces on a ship having
a large bulbous bow and it was found that the amplitude and the phase
of pitch and heave motions in head waves calculated by the strip

theory agreed quite well with the experimental values.
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3. CALCULATIONS OF THE HYDRODYNAMIC COEFFICIENTS

A computer program, utilising the Frank close-fit technique,
developed by M Atlar(GO), was used to calculate the hydrodynamic
coefficients. The program calculates the non-dimensional pressures,
added mass, inertia and damping coefficients of a horizontal cylinder
oscillating in heave, sway or roll while located in the free surface

for a range of encounter frequencies designed to cover all

conditions.

The analytical technique used in this program to calculate
these coefficients involves distributing two-dimensional pulsating

sources on the boundary of the ship section wusing Green's

theorem(61). This is applicable to any shape of cross-section. The
method was used to obtain the motion-induced hydrodynamic forces and
moments on the strip section in three modes of oscillation in calm

water.

The three modes are, translational heave and

sway and
rotational roll and can be expressed by the following
equation:-
n{m) = no (M _sin(at) (3.2)

where no(m> : is the maximum of the motion displacement nf{m)

m ¢ is mode of oscillation and takes 2, 3 and 4 for sway,

heave and roll.

In order to use this program it was necessary to calculate
the input data giving the shape of each ship cross-section relative

to an axis parallel to and normal to the waterplane. Therefore, a
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computer program has been developed to perform this operation at any
draught and angle of heel, see Reference(“O). to give the analysis

presented herein.

. THE ANALYSIS OF THE HYDRODYNAMIC COEFFICIENTS IN THE

UPRIGHT CONDITION

In order to emphasise the effect of the draught variation on
the hydrodynamic coefficients the computations were carried out for
the different cross-sections of the trawler GAUL with different
draughts starting from the 1m draught up to the maximum height of each
cross-section. The maximum heights for the different ship

cross-sections, including the bulwark, are shown in fig. (3.1).

4.1 The values of added mass, inertia and damping coefficients
for the midship section (cross-section No 5) are shown graphically in
figs. (3.2), (3.3) and (3.4) for heaving, swaying and rolling motions
for a range of encounter frequencies of 0.1 to 1.0 rad/sec. It can be
seen that for rolling motion, fig. (3.4.a), the added mass moment of
inertia becomes a very small value at the 5 metre draught.

Furthermore, fig. (3.4.b) indicates that the damping moment
coefficients reach zero at the same draught for all the encounter

frequencies.

4,2 The values of the hydrodynamic coefficients for heaving and
swaying motions are presented graphically along the length of the
ship in figs. (3.5.a) and (3.5.b) for a draught of 5 metres. For
rolling motion, it was noticed that there was a dramatic variation in

the distribution of the hydrodynamic coefficients along the ship
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length when changing the draught by + 1 metre as shown in fig. (3.6).
Again, it can be seen that for some cross-sections at each draught
there are small values of added mass moment of inertia and zero

damping and such cross-sections shift as the draught is changed.

4.3 Based on the above analysis, the variation of the
hydrodynamic coefficients for rolling motion had a special interest.
Therefore, the added inertia and damping moment coefficients for
rolling motion were analysed for nine different cross-sections along
the ship length for different draughts and the results are shown in
fig. (3.7.a) and (3.7.b). From this data figs (3.8.a) and (3.8.b)
have been produced. These show all the points of minimum added moment
of inertia and zero damping moment coefficients. It can be seen that
these points represent a shape which looks like a wave profile which
the ship may be subjected to during its motion. It is to be remembered
that this is only the potential damping and viscous effects will also
be important but the fact that the damping can be zero for certain

wave profiles may have a significant effect on its roll motion

behaviour.

5. THE ANALYSIS OF THE HYDRODYNAMIC COEFFICIENTS IN THE

HEELED CONDITION

The variation in the potential added mass, inertia and
damping coefficients with the variation in angle of heel was
calculated for each ship cross-section at a number of draughts for
heaving, swaying and rolling motions. This section gives some of

these items for the midship-section (cross-section No 5) and for more

data see Reference(21),
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5.1 The computations were carried out for each cross-section with
different angles of heel for different draughts. The variation of
angle of heel was taken starting from # 10° to % 40° with interval
10°. The plottings of the under-water shapes of cross-sections No 2,
5 and 9 at different draughts and angles of heel are shown in fig.

(3.9).

5.2 The values of the hydrodynamic coefficients for the
midship-section for different heeling angles are shown graphically in
figs. (3.10), (3.11) and (3.12) for heaving, swaying and rolling

motions for a range of encounter frequencies of 0.1 to 1.0 rad/sec.

5.3 Figures (3.10.a) and (3.10.b) indicate that for heaving
motion, the values of added mass and damping coefficients increase as
the angle of heel increases, while figs. (3.11.a) and (3.11.b)
indicate that for swaying motion the values of added mass increase
and the values of damping decrease with the increase of heeling
angle. For rolling motions, figs. (3.12.a) and (3.12.b) indicate a
considerable increase in the added inertia and damping coefficients
when the heeling angle exceeds 10°. Also, it can be seen that large

angles of heel produce very large values of these quantities.

5.4 The broad conclusions from these analyses for the other
cross-sections are the same as those for cross-section No 5 with some

differences in the variation of added mass, inertia and damping

coefficients due to the effect of the cross-section shape, see

Reference(21).
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6. EFFECTS OF DECK IMMERSION

The hydrodynamic coefficients values of the under-water
shapes when the deck is immersed during the rolling motion also have
been taken into account. Figure (3.13.a) shows the under-water shape
of cross-section No 1 at 40° angle of heel considering the bulwark
shape. In this case, the damping of the bulwark is similar to the

effect of bilge keels, ie it is due primarily to viscosity and vortex

shedding(62) which are not considered 1in the calculation of the
potential hydrodynamic coefficients. Therefore, if the bulwark shape
is included in the relevant ship's hull for some reason, the deck
immersion of any cross-section will be considered without

representing the bulwark shape as shown in fig. (3.13.b).

6.1 However, figs (3.14), (3.15) and (3.16) demonstrate the

effect of deck immersion on the values of the hydrodynamic

coefficients for heave, sway and rolling motions. It can be seen that
the deck immersion causes a drop in these values for heaving and

rolling motions, while in swaying motion the damping coefficients

increase with the immersion of the deck.

7. INFLUENCE OF OSCILLATORY MOTIONS ON THE

HYDRODYNAMIC COEFFICIENTS

The influence of heaving, rolling and pitching motions on the

values of the added mass, inertia and damping coefficients was

investigated for the trawler GAUL. The ship was considered to

oscillate from its original position in still water by a considerable

displacement and the new offsets representing the immersed hull of
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the ship at the relevant displacement were calculated to emphasise

the influence of such displacements on the hydrodynamic coefficients.

T.1 Heaving Motion

According to the co-ordinate system considered for the ship
oscillatory motion , it is assumed that the ship is given a heaving
movement up to ¥ 1.2m with % 0.3m intervals along the Z-axis. The
effect of these displacements on the hydrodynamic coefficients is
shown in fig. (3.17). It can be seen that the values of the
hydrodynamic coefficients for heaving and sway motions decrease as

the heaving displacement increases, while for rolling motion these

values increase.

7.2 Rolling Motion

The effect of rolling on the hydrodynamic coefficients was
calculated by considering an angular displacement up to ¥ 40° with
10° intervals from the equilibrium position of the ship in still
water. Figure (3.18) illustrates the effect of heeling angle on the
values of these coefficients. In this case, the rolling displacement
has a slight influence on the coefficients values for heaving and
swaying motions. For rolling motions these values rapidly decrease

once the ship is heeled from the upright position.

7.3 Pitching Motion

Similarly, the ship was given an angular displacement about

the y-axis up to ¥ 10° with ¥ 2.5° intervals and the effect of such

displacements on the hydrodynamic coefficients is shown in fig.
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(3.19). It can be seen that the values of these coefficients decrease

with the pitching displacement of the ship to any direction.

8. CONCLUDING REMARKS

8.1 The variation in draught and angle of heel produce large
changes in the added mass, inertia and damping coefficients and any
theory of motion behaviour must take account of these variations.

8.2 For certain wave configurations the potential roll damping
moment will be zero and the added moment of inertia becomes very
small. This makes it necessary to calculate the instantaneous

hydrodynamic coefficients for rolling motion in performing a time

simulation of the ship's motion.

8.3 The immersion of the deck during ship motion has a

considerable influence on the values of the hydrodynamic coefficients

and must be taken into account.

8.4 Although the hydrodynamic coefficient for an individual
section does not vary greatly with heave and sway but is very
non-linear with roll, when integrated for the whole hull the reverse
is true, ie there is a considerable variation in the hydrodynamic

coefficients with heave and sway and a much smaller variation with

roll.
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CHAPTER 4

THE ROLL DAMPING MOMENT

1. INTRODUCTION

Since rolling motion is one of the most important responses
of a ship in waves and, if it becomes of large amplitude, may have
serious consequences, some examination of the terms of the rolling
equation is necessary. The degree to which current ship motion
programs can be used to predict roll motions has been the subject of

much debate in the past and, was recently discussed at the 14th ITTC.

The roll motion of a ship can be determined by analysing the

various kinds of moments acting on the ship, inertia moment, roll

damping moment, restoring moment, wave excitation and other moments
caused by other modes of ship motion. Among these, the roll damping
moment has been considered to be the most important term that should
be correctly predicted. The designer must ensure through bilge keels
or other means an adequate level of damping to secure the safety of a

ship. There is a need to obtain a better understanding of the damping

of ship motions in waves.

The recent development of the 'strip method' has made it
possible to calculate almost all the terms in the equations of ship

motions in waves with practical accuracy, except for the roll

qamping(63). Difficulties in predicting the roll damping of ships

80.
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arise from its non-linear characteristics, due to the effect of fluid
viscosity, as well as from its strong dependence on the forward speed
of the ship. Moreover, the presence of bilge-keels makes the problem
even more complicated. Therefore, theories and experimental results

are often combined to deal with roll damping.

Data on radiation forces acting on the ship hull, including
roll damping, have been accumulated through forced oscillation tests
carried out by Vugts, Fujii and others(63). These experiments have
demonstrated that there are still considerable differences between

measured” values of roll damping and those predicted by existing

methods.

In this period, much effort has been expended to obtain
improved data on ship roll damping. For example, works by Bolton,
Lofft and Lugovski et al(63), concerning the effect of bilge keels,
Gersten's(63) studies on the viscous effects and free roll

experiments by Takaishi et al(63) and Tanaka et a1(63).

Extensive and systematic work in Japan has been carried out
recently for the prediction of roll damping. Through experimental

investigations a method for predicting the roll damping of an

ordinary ship hull form has been proposed by a number of Japanese
authors(64 to 67)  In this method damping 1is divided into several
components. Then the total damping is obtained by summing up these
damping components predicted separately. This attempt appears to have
had a certain success for ordinary ship hull forms and the values

predicted by this method were found in fairly good agreement with the

experimental ones for ship models(67) Empirical formulae are

presented for each of the damping components except wavemaking. The
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method also presents an empirical formula for correcting the roll

damping components for a given forward speed.

It is important to mention that this method describes the
expressions and formulae so that their values canv be calculated
promptly once the particulars of a ship are given. This makes the use
of this method convenient for this study since many of the data
required to obtain the roll damping components has already been
calculated for the simulation program developed herein. Therefore, it
was decided to use this method to estimate the roll damping terms in

predicting the behaviour of a ship among waves.

In order to use a computer program (presented in
Reference(063)) utilising this method and to check its performance
before including it in the simulation program, it is necessary to

calculate the form coefficients and particulars of the ship.

Therefore, a computer program was developed to calculate this data

from the hull offsets at any loading condition, see Reference(40),

However, in this chapter, the analysis of viscous

contribution to roll damping as well as the damping moment caused by
the bilge-keels for the trawler GAUL are presented. The calculations
were carried out for different draughts, roll amplitudes and

encounter frequencies, see Reference(68), Also, the effect of ship

forward speed on the roll damping components is emphasised for a wide

range of Froude Number (FN).
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2. THE COMPONENTS OF THE ROLL DAMPING COEFFICIENTS

The damping term in the rolling equation comprises linear and
non-linear terms which are expressed as bqly + bghulﬁul,
Reference(59). It is assumed that the non-linear roll damping can be
represented by an equivalent linear term Byyhy and that the linear
roll damping coefficient Byy is made up of five components: a) due to
waves By, b) due to the friction Bp, c¢) due to eddies Bg, d) due to
bilge-keels Bpg. The effect of forward speed may be taken into
account by adding different correction factors to each component. The
interaction among these components 1is ignored. So, we have the

following expression for the total roll damping coefficients(65)

Byy = Bw";BF"'BE*’BL"’BBK (4.1

The components Bp, Bg, B[, and Bpg are non-linear and are all

caused by viscosity except for Bj. The viscous roll damping

components Bp, Bg and Bpg are evaluated by a linear approximation
obtained by equating the energy dissipated by the non-linear viscous
effect during one roll cycle to that dissipated by a linear damping

term. If E is the energy dissipated because of the viscous effect then

By is given by:-

-2 (4.2)

The evaluation of Bp, Bg and Bgg is done in this way.

Ikeda(67), 1inearised the non-linear components by the

expressioni-

boiy iyl = by 2= Fy.w.hy
3w
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where T is the average roll amplitude. He has non-dimensionalised

each of the linear or linearised damping terms by dividing by,

pos(a—%g)i, which has units of tonnes @ 5 .

3. ANALYSIS OF ROLL DAMPING COMPONENTS

The computations of the roll damping components were carried
out for a range of Froude number of 0.0 to 0.4, encounter frequencies
of 0.1 to 1.0 rad/sec and roll amplitudes of 10° to 40°. The input
data required for the computations was calculated from the ship's
hull offsets and bilge-keel information for draughts of 4.0 and 5.0m,
see Reference(840), The analyses were performed for each component of

roll damping with the parameters upon which it may depend.

3.1 The Wave Making Component B W

The wave roll damping at zero speed can be obtained
accurately as stated in the previous chapter but it is quite
difficult at the present time to establish a theoretical treatment

for this component for an ordinary ship hull form at forward speed.

The effect of the advance speed on this component has been
studied by assuming the simple mathematical flow model in which the
ship roll motion is represented by two doublets located at the bow and

stern of the ship(67),

However, the 2-D values of the component B, at zero speed,

‘calculated previously by the Frank close-fit method, can be



integrated to give the value for the whole ship and by using the
program provided in Reference(63). its value obtained for different
Froude numbers (FN). The variation in B, with FN is shown in figs.
(4.1.a) and (4.1.b) for ship draughts of 4.0 and 5.0m. It can be seen
that By, increases with the increase of FN up to a ceftain limit and

decreases again depending upon the frequency of encounter.

3.2 The Frictional Component B F

Analysing the results of experiments on the oscillation of
suspended cylinders wholly immersed in water, a formula (4.2) for

estimating the energy dissipated by frictional damping during one

roll period was obtained by Kato(70),

Using the mean radius rg of the wetted surface of the ship
instead of the cylinder, the formula can be extended to suit ship
forms:-

2 3

8Ef = 3 .S.Cr.w2 rg3 ny (4.4)

where 8Ef is the energy dissipated, S is the wetted surface of the

ship, and C¢ the frictional coefficient.

By means of (4.2), the frictional component at zero forward

speed, Bpp, may be obtained as:-

- 2 3
Bro = 3r PS Cetryy (4.5)

If the forward speed effect is taken into account, an empirical
correction factor may be added to (4.5)<71). then we have:-

= v
Bp = By [1 + 4.1 (1] (4.6)
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where V is the forward speed (m/sec) and L is the length of waterline
(m).
The variation in this component with the variation in FN is

shown in figs. (4.2.a) and (4.2.b). The graph shows that Bp increases

as FN increases.

3.3 The Eddy-making Component BE

When a ship is rolling the pressure distribution on the hull
varies due to the separation of flow and eddy-making from the hull
surface, which 1leads to the eddy-making component of roll
damping(66).

Based on forced roll experiments with two dimensional
cylinders having various cross sections and the strip assumption, an
empirical formula for the eddy-making component of the roll damping

of the hull at zero forward speed is deduced.
y 4
Bpo = 37 PUMy g'd . CyedL (4.7)

where d is the sectional draught and CR is the eddy-making force

coefficient.

It is found that the eddy-making component of the hull
decreases rapidly with forward speed. This effect may be taken into

account by the following formula, which is deduced from some

theoretical consideration and experimental results(67).

(0.04K. )2
By = ———3—— .B ()
E (o.ouxﬁ) +1 O )

where K is the reduced frequency = L.w/V
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Since the component Bg is affected by Froude number as well
as roll amplitude, the values of Bp were calculated for a wide range
of FN from 0.0 to 0.4 and are shown in fig. (4.3.a) for a roll
amplitude of 20°, The effect of roll amplitude on Bg is also
emphasised in fig. (4.3.b) for a frequency of 0.5 rad/sec. It can be

seen that Bp decreases rapidly with a slight increase of FN and will

vanish with large values of FN.

3.4 The Lift Damping Component BL

The hull may be considered as a vertical wing with low aspect

ratio oscillating around the rolling axis and moving in the water.

Ikeda et a1(65) deduced a prediction formula for the lift

component as follows:-

2
BL=3.0. S.V.Kl o1, (1 - 1.0 X, o7 08, (4.9)

R o R

where, Sp : represents the lateral area (L.T)

Ky ¢ the slope constant of the 1lift coefficient

1, ¢ the vertical distance between the roll axis and the
point at which the representative attack angle is
assumed to act.

1g ¢ the distance between the roll axis and the centre of
action of the lift force on a rolling ship hull,

oG

the vertical distance between the centre of gravity and

the still water surface.
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From the experimental results, 1l,, 1lgp and Ky respectively, are

expressed as follows:-

1o = 0.3T
1g = 0.5T
anT
KN = —Z_ + Kn(4.1 B/L -~ 0.0U45)

0 Cy S 0.92
n 0.3 0.97 < Cy s 0.99

where, Cy is the midship section coefficient.

However, the effect of Froude Number on By, was calculated for
the trawler GAUL and is shown in fig. (4.4) which indicates that the

component Bj, becomes significant at large values of FN,

3.5 The Bilge-keel Damping Component BBK

The bilge-keel component Bpy is divided into two components;
the component By due to the normal force of the bilge-keels and the

component Bg due to the pressure on the hull surface created by the

bilge-keels.

Ikeda et al(67) deduced from experimental results with
oscillating flat plates, the component By as follows:-

=8 . n
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where bpg and lgg are the breadth and length of bilge-keel, f is a
correction factor for the flow speed increase at the bilge, Cp is the

drag coefficient and rgg is the distance between the roll axis and the

bilge-keel.

The prediction formula for the coefficient Cp of the normal

force of a pair of the bilge keels can be expressed as follows:-

bBK

Cpn = 22,5 ———m——_ + 2.4 y,
D n.rBK.nu.f (.11

From experimental results the component Bg also can be

expressed as follows:-

y 2 2 _
Bg = 37 Tyl 0.7y chp.l.dc (4.12)

where G is the length along the girth and 1 the lever of the moment.

The coefficient C, has been found to be about 1.2 empirically.

The roll damping component Bpg for a pair of the bilge-keels

can be obtained by summing up By and Bg.

The evaluation of this component was carried out for the
trawler GAUL. The location and dimensions of the bilge-keel are
illustrated in fig. (4.5). Figure (4.6) shows the values of the this
component for the differing frequencies, roll amplitudes and ship

draughts. It can be seen that the increase of these variables

increases the component Bpk,
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3.6. The Total Roll Damping Coefficient Buu

The damping components that were introduced in this section

can be summed up to give the total damping of ship rolling.

In the absence of ship speed, since only the 1lift term B
becomes iero. the other terms are predicted by integrating sectional
values along the 1length of the ship, as in the strip method.

. Therefore, the longitudinal distribution of the roll damping can also

be obtained.

At forward speed, however, the modification to the individual

components is made for the whole ship form, notA for each ship

section(67),

The values of the Bp, Bg, B, and Bpg components for different
roll amplitudes and FN of 0.3 are shown in Table (4.1) for a ship

draught of 4.0m and in Table (4.2) for 5.0m draught.

Also, comparisons of these components are shown schematically
in fig. (4.7) with the abscissa FN and in fig (4.8) with frequency.
Figure (4.7) indicates that. at large Qalues of FN, By and Bp
represent the major part of the total roll damping moment, while Bp
and Bp become, relatively, very small values and can be neglected. It
can also be seen that at zero ship speed Bpy becomes significant,
while fig. (4.8) indicates that By becomes a very considerable value

at certain frequencies depending upon the value of FN.

Finally, the variation of the total roll damping moment is

shown with the variation in FN and w in fig. (4.9.a). Figure (4.9.b)
shows this variation in a different way. It is obvious that the

variation of encounter frequency and Froude number has a considerable

effect on the values of the total roll dampihg moment ,
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4, TREATMENT OF ROLL DAMPING IN PREDICTION OF ROLL MOTION

In the light of the analyses of roll damping components, a
computational technique is adopted to estimate the total roll damping
during the rolling motion. Since each of these components is affected
by certain parameters, the value of these components during ship

motion may be calculated according to the variation of these

parameters.

However, it was decided to neglect the component due to eddy
formation for the ship at forward speed since it is a very small

amount relative to the other components and its evaluation required a

considerable computation.

The components By, Br and By are ship speed dependent and may
be evaluated once only in performing a time simulation of ship's

motion since a constant ship speed is assumed in this study.

Since the roll damping component due to bilge-keels and
eddy-making are dependant upon the roll amplitude value, which varies
during the motion, it is necessary to recalculate the value of this

component for each rolling cycle. Therefore, procedures are

incorporated in the simulation program to estimate the average roll

amplitude, ny, for each roll cycle and to use this value to compute

the new bilge-keel damping. Figure (4.10) shows the variations of N,

during the rolling motion.
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5. CONCLUDING REMARKS

5.1 The roll damping moment due to bilge-keels and lift represent
a considerable amount of the total roll damping and must be taken into

account in considering the roll motion.

5.2 The variation in Froude number, roll amplitude, encounter
frequency, and ship draught produces a large variation in the total
roll damping moment and must be considered in predicting the roll

motion.

5.3 The components of damping due to friction and eddy decrease

rapidly with forward speed and become very small amounts relative to

the other components and so can be neglected.

5.4 The wave-making damping component, which varies considerably
with the motion of the ship as shown in the previous chapter,
represents a considerable percentage of the total roll damping and

should be handled with care in rolling motion prediction.

5.5 The components of damping due to bilge-keels and eddy-making

are roll amplitude dependent and their evaluation should be

considered whenever the roll amplitude of the ship changed during its

motion.

5.6 Much of the data used in the formulation of the damping terms
is empirical and based on a limited number of experiments. It would be
highly desirable to conduct these experiments on a wider range of

forms and to attempt to assess any possible scale effects.
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LIFT DAMPING CTON.M2/SECO

LIFT DAMPING

G B e SR P Sn S G G Gmp GRS

3890 [————————DRAUGHT = 5.

oBe 0.885 @18 .18  2.20 o.25 o9 '

8.38 2.4
FROUDE NUMBER <FN)

FIG.C4.4) EFFECT OF SHIP SPEED ON LIFT DAMPING.
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BILGE-KEELS DAMPING
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Fig. (4.6) DAMPING MOMENT COEFFICIENTS OF BILGE KEELS




FROUDE NO. (FN) = 0.3

ROLL DAMPING COMPONENTS OF
THE TRAWLER GAUL

ROLL AMPLITUDE = 10

FREQ. FRICTION EDDY LIFT BILGE-KEELS  TOTAL
R/S
0.1 18.6 0.0 876.0 89.7 984.4
o2 1s.3 0.2 876.0 179.5 1071.1
0.3 14.3 T To.e 876.0 269.2 1160.4
0.4 13.9 1.9 . 876.0 359.0 1250.8
0.5 13.8 3.7 876.0 448.7 1342.3
0.6 13.8 6.4 876.0 538.5 1434.7
0.7 14.0 10.0 876.0 628.2 1528.2
0.8 14.1 14.7 876.0 717.9 ' 1622.8
0.9 14.3 20.5 876.0 807.7 ' 1718.6
1.5 14.6 27.7 876.0 857.4 1515.7

" PROUDE NO. (FN) = 0.3

ROLL AMPLITUDE = 20

F:j:. FRICTION EDDY LIFT BILGE-KEELS TOTAL
0.1 18.6 0.1 876.0 165.7 1060.4
0.2 "15.3 “o.s 876.0 B4 1229.2

0.3 14.3 1.6 876.0 497.1 1389.0
TTo.a 13.9 3.8 " 876.0 662.8 1556.6
"o.s 13.8 7.4 876.0 828.5 TT1725.7
.6 13.8 T12.7 876.0 - 994.2 1896.8
0.7 14.0 “19.9 876.0 1159.9 2069.8
0.8 14.1 29.3  876.0 1325.6 2245.1
0.9 14.3 41.1 876.0 1491.3  2a22.7
1.0 14.6 55.3 876.0 1657.0 T 26029

FROUDE NO. (FN) = 0.3

ROLL AMPLITUDE = 30
FREQ.

o FRICTION EDDY LIFT BILGE-KEELS TOTAL
0.1 iglf 0.1 876.0 .264.8 1159.5

0.2 15.3 0.7 876.0 529.5  1421.6
_9,3 14.3 2.4 876.0 794.3 1687.1
__(_)_',f 13.9 f_g ------ ;76.0 1059.;- I;;;.B
0.5 13.8 11.2 876.0 1323.9 2224.9
0.6 13.8 19.1 876.0 © 1588.6 2497.6

0.7 14.0 29.9 876.0 1853.4 27173.3
0.8 14.1 44.0 876.0 2118.2 3052.3
0.9 14.3 61.6 876.0 2383.0 3334.9
1.0 14.6 83.0 876.0 2647.7 3621.3

TABLE(4,]) DAMPING MOMENT COEFFICIENTS AT 4.0 M DRAUGHT (TON.M/SEC)

99.



THE TRAWLER GAUL

ROLL DAMPING COMPONENTS OF

100.

FROUDE NO. (FN) = 0.3 ROLL AMPLITUDE = 10
FREQ.
FRICTION EDDY LIFT BILGE-KEELS TOTAL

R/S '

0.1 31.8 0.1 2138.8 97.1 2267.17
oz 2.2 0.6 2138.8 194.2 2359.6
o3 24,4 1.9 2138.8 291.2 2456.3
0.4 23.7 4.5 2138.8 388.3 2555.2

0.5 23.5 8.6 2138.8 485.4 2656.3

0.6 23.6 14.8 2138.8 582.5 2;;9,6

0.7 23.8 23.1 2138.8 679.5 2865.3

o.; '2;.1 4.0 5155:5 776.6 2973.5

0.9 T24.5 47.17 2138.8 873.7 3084.6

1.0 24.9 64.2 2138.8 970.8 3198.6
FROUDE NO. (FN) = 0.3 ROLL AMPLITUDE = 20
FREQ.

FRICTION EDDY LIFT BILGE-KEELS TOTAL

R/S

0.1 31.8 0.1 2138.8 177.2 2347.9
oz 2.2 1.1 2138.8 T354.3  2520.4
"0.3 24.4 3.8 2138.8 531.5 2698.4
0.4 23.7 8.9 2138.8 Tq08.6  2880.0
o5 23.5 17.3. 2138.8 " gss.e 3065.3

0.6 23.6 29.5 2138.8 1062.9 3254.8
“0.7 23.8 46.3 2138.8 1240.1 3448.9
" 0.8 24.1 68.1 2138.8 1417.2 1648.2
0.9 T 248 95.4 2138.8 1594.4 3853.0
1.0 24.9 128.5 2138.8 1771.5 4063.6
FROUDE NO. (FN) = 0.3 ROLL AMPLITUDE = 30
FREQ.

o/s FRICTION EDDY LIFT BILGE-KEELS TOTAL
0.1 3.8 0.2 2138.8 282.3 2453.1
o s T e T e T
0.3 24.4 5.7 2138.8 846.9 3015.7
0.4 23.7 13.4 2138.8 1129.1 3305.0
e s P PETP Seere

-70.6 23.6 44.3 ;ISETE-- 1693.7 1900.4

--6:7 23.8 69:4' 2155?8 1976.0 4208.0

" 0.8 24.1 102.1 2138.8 2258.3 2523.3
0.9 24.5 143.0 2138.8 2540.6 4846.9
1.0 24.9 192.7 213;:;- 2822.9 .5179.2

TABLE(4.2) DAMPING MOMENT COEFFICIENTS AT 5.0 M DRAUGHT (TON.M/SEC)
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7002

DAMPING MOMENT COEFFICINTS CTON.M2/SEC)

Sy om Gt pous Gam

FROUDE NO.CFNd=0.2 | ROLL AMPLITUDE= 10

Q A L] 1 9 | { )
‘o' : °02 ots a-‘ ncs ‘oa ‘.7

4
.6 o3 1.0
ENCOUNTER FREQUENCY CRAD/SEC)

FIG.C4.7 ) COMPONENTS OF DAMPING MOMENT COEFFICIENTS
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DAMPING MOMENT COEFFICIENTS CTON.M2/SEC)

ROLL DAMPING COMPONENTS

7000
ENCOUNTER FREQ. = 0.7 rad/sec

FIG.C4.8> COMPONENTS OF DAMPING MOMENT COEFFICIENTS
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CHAPTER 5

WAVE-EXCITING FORCES AND MOMENTS

1. INTRODUCTION

The accurate prediction of the behaviour of a ship in a
seaway requires first the determination of the exciting forces and
moments acting on the ship taking into account the effect of wave

shape, encounter frequency, heading angle and the oscillatory ship

motion.

The wave-exciting forces can be calculated in three different
ways. Two methods use formulae derived from a relative motion concept
and the Haskind-Newman(72) relationship, respectively, and the third
method calculates directly the diffraction force satisfying the

diffraction boundary condition on a hull surface(73),

The first and second approaches are quite similar in that the

wave-exciting force is evaluated by using motion-induced added mass

and damping coefficients in combination with incident wave

characteristics such as wave number and wave heading, see

Reference(73), The third approach was first used by Grim(7%) and was

later adopted by Kim and Chou(75),

Grim's method is based on the assumption that the disturbance

of an incident wave caused by the ship's body is represented by the
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potential used in deseribing the water flow around the body when the
body is oscillating harmonically in the calm water surface. This
potential, together with the incident wave potential, constitutes the

potential that describes the flow around the body when it is

restrained in waves.

Based on Grim's method, Kiﬁ and Chou(75) computed the
two-dimensional radiation forces by the Frank close-~fit method and
extended this to evaluate the two-dimensional wave-exciting forces
and moments acting on a ship in oblique waves. The three-~dimensional
radiation forces and the wave exciting forces and moments acting on

the ship hull are calculated by conventional strip theory.

The degree of the reliability of this method was determined
by comparing the theoretical predictions with Lalangas'(75) latest
experimental results for a Series 60 model and with additional
experimentai results for a rectangular barge, see Reference(75).
Theory and experiment were found in generally good agreement in both

cases, as shown in fig. (5.1) from Reference(75),

The method enables us to compute the exciting forces and

moments for widely varying configurations of ship cross-sections.

Therefore, this method was used for the determination of the

wave-exciting forces and moments in this study.

A computer program utilising this technique, Ref.(61). was
used to calculate the wave-exciting forces and moments acting on the
restrained trawler form in regular sinusoidal waves. The amplitude of
these forces and their phase shifts were calculated for the trawler

GAUL for different modes of motions, see Reference(23), Modifications
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were made to the program to give, from the original ship's hull
offsets, the instantaneous exciting forces and moments acting on the
ship according to the incoming wave characteristics, heading angle

and the resultant ship oscillatory motions.

In this chapter, interesting points regarding the effect of

heading angle, wave shape and ship oscillatory motion on the exciting

forces are analysed and presented.

2. THE ANALYTICAL TECHNIQUE FOR ESTIMATING THE WAVE

EXCITING FORCES AND MOMENTS

2.1 The three-dimensional forces on the restrained ship, induced
by the oblique waves, are determined approximately by summation over
the ship's length of the two-dimensional elementary forces induced by
the waves on an elemental transverse (cross-section) of the ship. The
ship is split into an odd number of equally spaced strips along its
length and any hydrodynamic interaction between

ad jacent

cross—-sections, in the longitudinal direction, is ignored. This

implies a 2-dimensional hydrodynamically fixed body problem at each

section.

2.2 As explained in References(61) and (75). when small amplitude
incident waves are encountered by the ship, they will be diffracted
from it assuming that the ship is rigidly held. Therefore, the fluid
potential will be the sum of the potentials due to the incident wave
and the diffracted wave. Since the diffraction is a disturbance, by

using Green's theorem and the Frank close-fit technique, the

diffracted wave potential is represented by the source potentials
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distributed along the wetted strip contour with unknown source
densities which can be found from the kinematic boundary conditions.
By applying the kinematic boundary condition on the fixed strip
contour, the unknown source densities are evaluated in terms of the
known incident wave characteristics at each section for the required

mode of motion (ie heave, sway or roll).

2.3 Since the source densities are complex the application of the
kinematic boundary conditions yields two sets of linear equations for
the real and imaginary parts. This implies that the required
potential and the pressures which are found by Bernoulli's equation,

will have two components for the real and imaginary parts and the

sectional wave exciting force or moment can be evaluated by

integrating the pressure around the strip contour as follows:-

£(m) = pp(m) cos(m) (n,s) ds

(5.1)
s

where p(M) = hydrodynamic pressure in the mode of (m)

Cos(M) (n,s) = directional cosine in the mode of (m)

The hydrodynamic pressure p(m) can be defined as:-

p(m) - RE [p(m) e-iwt)

p(m) Cos wt + p(M Sin wt (5.2)

The substitution of equation (5.2) into (5.1) will yield the
sectional wave exciting force or moment in terms of Cos (or real) and

Sin (or imaginary) parts as follows:-

£(m) = £.(m) Cos wt + £5(M) sin wt (5.3)
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In order to find the total force acting on the ship, the sectional

force r(m) 4s integrated along the ship length considering its real

and imaginary components as follows:-

Fp(m) = Lf (M) dx

Fi(m) = J fi(m) dx
L

and the final expression of the total wave exciting force or moment

can be written as:-

F(m) - Fo(m) Cos (e{m) _ wt)

where Fo(m) /Fp(m2 4 Fy(m)2

F (m)
€ (m) = tan"1 i
Fr(m)
3. THE EFFECT OF WAVE LENGTH AND HEADING ANGLE ON

WAVE EXCITATION

The amplitudes of the wave-exciting forces and moments and
their phases were calculated for the trawler GAUL for five degrees of
freedom, no.6, taking account of the effects of the wave length to

ship length ratio, (A/L), and the heading angle, ,.

The calculations were carried out for a range of (A/L) ratios

between 0.25 and 2.0 (equivalent to 0,7 — 2.0 rad/sec wave
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frequency) and for values of heading angles of O, 30, 60 and 90
degrees. The wave profile along the sides of the ship hull was taken
into account for each value of (X/L) and w. The effect of (A/L) ratio
on the underwater shape of the ship's hull is shown in fig. (5.2.a)
for the trawler GAUL, while the effect of the heading angle (y) on

such a shape is shown in fig. (5.2.b).

The non-dimensional values of the wave-exciting forces and
moments and the phase angles are shown in figs. (5.3) to (5.7) for
sway, heave, roll, pitch and yaw excitation, respectively. The
figures demonstrate that the amplitude of the wave-exciting force or
moment is strongly affected by the heading angle and the (A/L) ratio.
It also can be seen that, for each mode of excitation, the phase
angles for the different heading angles become essentially the same

and vary slightly as the (X/L) ratio increases beyond the value of

about 0.75.

y, INFLUENCE OF OSCILLATORY MOTIONS ON WAVE-EXCITATIONS

The influence of heaving, rolling and pitching motions on the
wave-exciting forces and moments ‘was investigated for the trawler

GAUL in beam seas (u = 90°). The ship was considered to oscillate

from 1its original position 1in still water by a considerable

displacement and the new offsets representing the immersed hull of

the ship at the relevant displacement were calculated to emphasise

the influence of such displacements on the wave excitations.
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4.1 Heaving Motion

According to the coordinate system considered for the ship
oscillatory motion, it is assumed that the ship is given a heaving
movement up to ¥ 1.2m with ¥ 0.4m intervals along the Z-axis. The
effect of this heaving motion on the exciting forces and moments and
phase angles for the trawler GAUL in beam seas are shown in fig.

(5.8.a), (5.8.b) and (5.8.c) for the sway, heave and roll motions,

respectively.

The figures demonstrate that the sway and heave exciting
forces decrease as the ship moves upward, while the roll-exciting
moment increases, It also can be seen that heaving motion has no
effect on the phase angles of these forces and moments. It is
important to note that the variations of these forces and moments

with the heaving motion are nearly linear.

4.2 Rolling Motion

The effect of rolling motion on the wave-exciting forces and
moments was calculated by considering angular displacements up to ¥
40° at 100 intervals from the equilibrium position of the ship in
still water. Figures (5.9.a), (5.9.b) and (5.9.c) illustrate the

effect of heeling angle on the forces, moments and phase angles for

the different modes of motions. It can be seen that the effect of

rolling motion on these quantities is very small.
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4,3 Pitching Motion

The ship was given an angular displacement about the Y-axis
up to ¥ 60 at 20 intervals and the effect of such displacements on the
exciting forces and moments are shown in figs. (5.10.a), (5.10.b) and
(5.10.c). The figures show that the roll-exciting moment is most

affected by the pitching motion and it decreases considerably as the

ship pitches in any direction.

5. VARIATION OF WAVE-EXCITATION WITH VARIATION IN DRAUGHT

In order to have a complete record of the relationship
between the wave-exciting forces and moments and the relative ship
position in waves, the investigation of the variation of these
exciting forces and moments in a seaway was extended to analyse the
variation of these quantities with variation of draught for each ship
cross-section.

5.1 To begin with, the computations were carried out for the
amidships section of the trawler GAUL with different draughts
starting from the 2m draught up to 10m in the upright condition.
Figure (5.11) shows the variation of the wave-exciting forces and

moments with the variation in draught for heaving, swaying and

rolling motions for a range of encounter frequencies between 0.6 and

1.4 rad/sec for this cross-section. It can be seen that the

wave-exciting moment for rolling motion reaches zero at 5 metre

draught, as has been theoretically deduced by Ursel1(77).

5.2 The wave-exciting moment for rolling motion was analysed for

nine different cross-sections along the ship length for different
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draughts for a wave frequency of 1.0 rad/sec and the results are shown
in fig. (5.12.a). From this data, fig. (5.12.b) has been produced
which shows all the points of nearly zero exciting moments. These

points represent a shape similar to the shape of zero-damping moment

presented in Chapter 3.

6. CONCLUDING REMARKS

6.1 The amplitude of wave-exciting force or moment is strongly

affected by the heading angle and wave length to ship length ratio.

6.2 The investigation carried out regarding the effect of ship
oscillatory motions on wave-exciting forces and moments demonstrates
ﬁhat heaving and pitching motions produce a considerable variation in
these values, while the variation in heeling angle produces only a
slight variation. It has been shown also that the rate of change of
the amplitude of wave-excitation with the amplitudes of the
oscillatory ship motion, is nearly linear and this can be used in

calculating these forces and moments during ship motion.

6.3 The investigation of the variation of the wave forces and
moments with the variation in draught showed that the roll exciting

moment acting on a ship may vanish at a certain water surface shape

according to the shape of the hull. This makes it necessary to

calculate the instantaneous roll-exciting moment in order to perform

a time simulation of the ship's motion.



114.

TEST THECRY . p
os e A - o oe
° ———e 30
. et
h‘ e /
. J'A
[ ] A
4 03p
o
&
- o2
[
°_| =
Q 1 1 L] 1 1 1 1 )
L) 0.5 0 s 0
WAVE LENGTH TO SHIR LENGTH RATIO, ).II;
AMPLITUOE OF HEAVE=EXCITING FORCE FOR SERIES
COMODEL ’
TEST THEORY p
* —— 30
s O weee  €0°
¢ M3
a
ki .
iy cnccermonm
°| ":“ L) [ ~o
'° Y s -..Q/ 1 1 1 L J
) 0.3 .10 1.8 20
WAVE LENGTH TO SHIP LENGTH RATIO, A /L
ANPLITUOE OF SWAY=EXCITING FORCE FOR SEAICS
COMODEL ’
TEST THEORY u
A = 0°
.10 é e 30°
* v—— 60°* -
o8 |- T — -
o 7 RSy
< oot
S &
[-4
S 004 f
]
Q02 I
o
° / 1 1 1 { 1 | S J
) 03 10 1.5 28

WAVE LERGTR YO SHIP LENGTH RATIO, A/L

AMPLITUDE OF PITCH=EXCITING MOMENT FOR
SERIES 60 MODEL .

TEST THEORY B
* ] - 90°*
2 — 20°
. == 150° -
as v ~= g0 ——
o OAF
o
2 a3t
>
"2l
ok
1 A 1 2 1 ’
0 0.s 10 LS

! 20
WAVE LENGTH TO SHIP LENGTH RATIO, A/L

AMPLITUDE OF HEAVE-EXCITING FORCE FOR SERIES

€0 MODEL
TEST THEORY
2 —aee 90
06 O°' — q20°
8 = 30¢
0S|}
a4l
J
% al
>
L]
- o2k
(TR
, .
¢ oS 0 - s 7S
WAVE LENGTH TO SHiP LENGTH RATIO, A/L
AMPLITUDE OF SwAY~gxiiTt
AupLiu TING PORCC FOR STALCS .
TEST THEORY g
0. @ =eee  30¢
040 * = go*
‘008 |-
006 I
004 |-
o002 |
o"”
0. 1 [ 3 1 ¢ 1 | J
-] 03 10

L8 ¥
WAVE LENGTH TO SHIP LENGTH RATIO, A/L

AMPLITUDE OF YAW=EXCITING MOMENT FOR
SERIES 60 MOOEL

Fig. (5.1) The effect of y and A/L on the wave-exciting

forces and moments,

(from ref.75)




115,

HY 3 ~
[=] ]
[ " g
a2 ~
Q > 1]
= s
o
L g
HE
> h oo
: 5|3
5
§18
ole
g peiki]
o
3 ‘ gy
% \ NE
A D N S|z
Q N N wl®
N [JK
N R N o
3 Y \\ N \\\ :': %
— R R 4y
N W BE
\ N 4
- b N —
H 0
o .
- o~
3 9
3 _
o : .
2 € 2
[
oO
°o N
” [ ]
. =3
a2
A
o
=
3
]
~
[
o
518
K olv
) i1
83
o
sy
'ﬁ’ ©
\ ol
'\ \) -
\ ‘\\\-\--‘x\'.‘\ 3o
§\ "\\\'.\ sl3
N E
NN ule
WA \
N g 5
@[
wl o
.
e
E|%
Py
)
m L]
M ~
! w
A4
~<

Fig.




116.

F /p.G.B.L.A

PHASE ANGLE , DEGBREES

8.0 ——— -
| Cm—— o0 rm——— @y em— u - ea - )
U ~ 80 ,J/""-"—_- ""-~-—"\
1 '/ ~\-_
3.5 /I - \~~
/
.a“ " . /_’—v— -\-~
/ : I/ |
8.3 / ’
I’ l/
N
I/ /
8.2 / // )
/ s —
/ -
—
- ‘- //
8.1 / —
’ /
a’///
—/ .
T I T
B:8a 2,25 2.52 2.7 1.20 1.25 1.5 1.75 2.20
WAVE LENSTH TO SMIP LENGTH RATIO /L
180
o \
75 //"\
-t
58 Y
25’ \
: M
T T
a.ae 2.50 . . 1 ] i A
-25-‘ ! 78 {1.00 1.28 1.858 1.75 2.29
=52 \\_ Y
AN
-75 —"" e
o
-{20

Fig. (5.3). -amplitude of sway-exciting Force and
- phase angle for the trawler GAUL




117.

e a
PR u L]
JES———— M~ 63 on o -
| —— ‘J. - 00 -’/
8.5 |
8.4 |
<
-
‘a
© g 3
Q
LL”
2.2 |
8.1
. i i 1] 1
B:8a a.2s 2.s8 .78 1.23 1.25 1.5 1.7 2.0
© VAVE LENGTH TO SHIP LENGTH RATIO , A/L
128
76 |
X

, 8

PHASE ANGLE , DEGREES
o
B g, B

Fig, (5.4) Amplitude of Heave-exciting FORCE and ‘'phase
angle for the trawler GAUL




118.

"a u - 39
— S5 S—— S u - 90
2.8 |
/d-/‘
oa-/—_
& “'/
REX e -—
c/ '/
o /' ~
o -
S 8.4 - '/
u~ ,/ '/ qm—
pum———r
/’ / —
e -
a o / gl
8.2 / -
. s ~
// /// ///"/’
4
-/
o ——
i i
BiBa 025 esz a5 1.82 128 q.a0 1.7 . 2.00
WAVE LENGTH TO SHIP LENGTH RATIO , /L ' |
109 |

s

77\

i { ] 1 i ! 1 i
9 9,25 / 2.59 \KJs 1.80 1.28 1.58 :75‘ 23;'
\}
\J

«l ] \

N Iv/\\'
78 | o~
52 | /// 4 .\\

PHASE ANGLE , DEGREES
o

|

5 &

Fig. (5.5) Amplitude of Roll-excitin moment and phase
" angle for the trawler GAUL




119,

8.18 |

.28

B.Be

7P.G.B.L.A

Wn 8,84 |

2.22

181

N
a

D=l gl

1 T
2.78 1.23

T T
1.58 1.78

VAVE LENGTH TO SHIP LENGTH RATIO, A/L

B

2.

R

PHASE ANGLE , DEGREES
o
&

&

t
@
1 1

L
8

N,
Nt

1.58 1.78

Fig. (5.6). Amplitude of Pitch-exciting moment and phase

for the trawler GAUL




120.

8.19 f—eee 1~ SO
S— 4 SrS—— ¢y S— u -~ w
| O, U =~ 80
-
3-“ *
N‘J g.26. ‘/ \\\
3 l/ \"
o /S ~
~ ) \-.
R, 04 / \"
! \' ’
/ —— e —
V4 // \\-
R
a.02 A
/7 .
__/\"
- \q-———--—-—-“"---
[ T T 1
8,28, g.2s a.52 8.78 1.3 1.25 1.5 .78 2.00
WAVE LENGTH TO sHIP LENGTH RATIO, >\/L
123 |
75|
4]
| 7} -
5 88
a4
.5 /4\\ ;:>><L
u e \ T T
T =1
ge.ﬂg a.2s ‘_,ws% 875 1.00 \1.2s 1.9 1,75 2.e0
-25 d’
1 7]
g-SO- ‘ ‘\
75 | \— -
-188

Fig. (5.7) Amplitude of Yaw~exciting mome

nt and phase
angle for the trawler GAUL




JuaweoeTdsTad buTaeaH Jo 3I0933d SYL

SIUSWOW pue So9o10d buTiToxXd [TO¥ pue SAESH 7Xems ay3 uo

121.

.Iﬂl.||||.|m|l
(o"8'5) ‘btd (9°8°5) °b1d (e°8°S) T |

330; BuT3joxe—saven

Fuewod Buiafoxe-TIN

@ US IUIGSPICSTp DUTAUSY JO 238338 Sl

_ene
G
L S | 8- !
e —— '
rr—9 - 3 —~ )
.l.? -3
i p—
et - v e L e oy
o1 ate e e jegep R eves a0 e LIy 1 2 1 : R . P A
~L. A 1 1 1 1 - 1 5
: t = o
| 2
g [ 8 | -
o
Co ] | 3¢
ot [oei 77 :
R Low: |
” oot {
OO ‘4330 DIATM o0 *er20 BIATM
W e ere  se e B ere- K6 ®le woe e RS W Re T N m-
A N 1 . . L e "l L 3 L 4. ke A A 1 1

/ . I‘ll\\.\lT... / 10

T )U/ /-:/,:/ .
[
/l||||||}|

vreousy
l‘
-
2332




122.

SjUSWON pu® S95103 bUuT3TOXH [IOH pue 9araH ‘Aems ayj uo o7buy DBuITsaH JO 3993IFF YL

(0°6°G) °b1a (a"6°5) btd (e*6°g) °b1a

JUswoa Buj3joxa-yiod

3530; BUTITOXS-SAUGE S13 UO STDUT BUTTSY ;0 338;;0 0

Y3 Lo sbuw BUTIeey ;0 358338 eul

=t
32
g
3
0

———r e ——
. .
ﬁa? \I/l\ﬂ.l/ﬁ“ul\/ Lol
2 \/\\\ﬂ/d.ll\l/ %
rﬂnm \(‘-ﬂ}ﬁ “ o =90
- . - )I‘qll t o=
_Qn ..- - m h-_ ” (3 L!Vl s - H m
5 n .do ." .q« tid -«- * m .q. -fu P s van
- 1] o
- [« ® o = s @ heyo
L g o R
L3¢ L - &
(K] - o . e S
Lows |3
— T
€SNI TM O TTNY
(23 1] e,. o - - -
! n (] n N N
CESE2D MM 2 I DY
Rid = i i e 3 T = Frotd gl CETIRID TM O ION
» L3 = L .-.. .n.n .‘-

Yr1824s%
'h
-

v re09/y
.
-




buTtys3Td 3O 3593333 BYL

123.

S3]USWON pue S2030J HBUT3ITOXH TTOd pue 2areH ‘Aemg ayjz uo atbuy

(e*0T°S) °bTa

(°°0T°S) °“b1d (9°01°S) °b1a

#5303 BUTITOKS-SAVN 83 UO
tbuw DuTPITd JO 398338 L

usaos Du3ITOXI-TT0N SR

"l
Y-y - "ﬁl.lllllu" 9 ﬁ!-
B S TS e —— e
e et
52~ m 3= .N. '
* 3 - - v -
- 2 2 Pe_§ e Pl e 3 7 hd » £ z 7 ]
= 2 2
[ [ 8
L3¢ | %
. L oot [ o0t
CSIREDD 10434 45 3y
» » 3 0100 > - -
o N N (1} M N :
CSTRETIC) WIS 4O FTNY
A d R -0 ol e he e 90 v TN
G




124,

14 |
127
12|
o
o
e
e
P T 1 ) o i 4 i i {
1 2 s 4 5 6 7 ) ) 13

id |=womenesenessmas ) o8 0-C
“ enneancmnaeecs (W 0.8

ol ———— 14 o8 {0

12

10"‘ et o o o onee () 8 "4'
8
(-]
4

2 ———
1 } i { i ) i ) 1
9, 2 4 6 ¢ 7 s ) 10
DRAUGHT ¢Md

52’ et

; "‘ .
43
m-
oo
18 SIS

——

P T T T i T T { T
1 2 3 4 8 -] 7 8 9

Heave-exciting

Foxrce

Sway-exciting
Force

Roll-exciting
Moment

Fig. (5.11) Variation of Exciting Forces and Moments with

Draught for the amidships section of the trawler GAUL




125.

Uoa Lo

N -l

=57 :. " w = 1,0 rad/sec

o

s

o7

15

19 | ’—\\\

N L5

d N
‘\ e

0‘ 2 3‘ “ s‘ ) 7! .a

DRAUSHT . ¢

Fig. (5.12.a) Variation of Roll-exciting moment with draught for
different cross-sections of the trawler GAUL

o]

T ]
- /| \ e
1’.\ e
° . \+\<- ﬁ-——-""‘”/";/‘(
-———2-;,—
- » 2 4 [} e 19

SHIP STATION

Fig. (5.12.b) Points of minimum exciting rolling moment




CHAPTER

\—

® @

Simulation
of

Ship Motions




126.

CHAPTER SIX

SIMULATION OF SHIP MOTIONS

1. INTRODUCTION

The all round understanding of the behaviour of a ship among
waves may be attained by the theoretical treatment of ship motion
performed on a mathematical model which reflects the physical

situation and 1is computed with sufficient precision as to be
practically satisfctory. Such treatment can be developed by taking
into account the non-linearities of the various coefficients of the
equations of ship motions. A number of non-linear effects are
jnvolved in considering the motion of the ship in waves of large
amplitude such as added mass, damping and restoring terms. Moreover,
the effects of the different parameters, such as wave shape, heading
angle, ship speed and loading condition, on the behaviour of the ship
must be considered. These effects can only be taken into account by
performing the solution of the equations of motion in the time
domain. In other words, the behaviour of the ship must be studied by
examining the step by step history of the motions resulting from

numerical integration simulation.

With the aid of high speed digital computers, solving

non-linear motion equations in a time-step-integration procedure

becomes possible. However, this method requires extensive

calculations and the problem of evaluating a number of time series

arises.
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It has been shown by Stiansen et al(78) that a typical
non-linear time domain simulation, for predicting the motions of
tension-leg platforms, required 1000 times more computing time than
is required for the linear solution, but the comparison between the
two methods on the basis of computing time is not acceptable because
the results obtained by the linear and non-linear analyses are
different in their fundamental nature and usefulness. It is clear
that the prediction of ship responses in large waves, where the
non-linearities in the terms of the motion equations Dbecome
significant, has to be carried out by time domain solutions.

Consequently, it is essential to write a time simulation program in

order to investigate the behaviour of the ship among waves.

However, the use of computers in studying the seakeeping
performance of ships has been appreciated for some years. For
instance, Swann and Vossers(79) pointed out the use of computer

programs in investigating the influence of different parameters on

the motion of ships among waves.

At the present time there already exists some programs based

on the simulation approach. 1In 1969(80) the simulation and

statistical evaluation of a non-linear system of one degree of
freedom with a random parametric excitation was introduced. A

Runge-Kutta-Merson integration procedure(en was used. Paulling and
Wood(26) in 1974 set up a six-degree-of-freedom motion simulation
program. They used the Frank close-fit method in order to incorporate
the 1linear hydrodynamic parameters correctly. For large motion

amplitudes, they rely on the assumption that at the time of a capsize,
the roll motion itself tends to have an extremely large period or,
conversely, a very small frequency and slow motion. From this

assumption, one may introduce the hydrostatic non-linearities solely.
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However, the application of such methods is not widespread in
ship -stability but is more common in the Ocean Engineering field
especially for offshore structures, see Ref.(30), The application of
these programs is 1limited because the time-variation of roll

restoring moment was only performed for the following seas case as

described in Refs.(23,82),

This chapter describes a computational method, developed by
the author, to simulate the motions of the ship in regular sinusoidal
waves with arbitrary heading angle. The basic approach involves the
computation of the coefficients of the equation of motions at each

step in time according to the exact wave profile and vessel position.

The present method has been aimed at the problem of capsizing
in extreme ship motion. It is difficult to detemine which parameter
contributes most to the capsizing phenomena since there is no readily
available formula regarding the influence of any of the many
parameters involved. Therefore, the time simulation program was used
as a qualitative and comparative rather than a quantitative or
predictional tool. The influence of some of the different parameters
on the motions of the ship was calculated and is presented herein, in
a sequence to explore the effect of these parameters on ship

responses with a particular emphasis on rolling motion.

The program was used also to investigate the effects of

tethering on roll behaviour of a model with a bias in roll in regular

beam seas. The results are presented and compared to those of the

model experiments,
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2. METHOD OF APPROACH

The method of approach chosen for this study consists of a
computerised time domain analysis of a ship's motions in waves of
large amplitude. This method utilises the numerical integration of
the equaions of ship motion. The main features and assumptions

inherent in this approach are summarised in the following paragraphs.

2.1 No restrictions are plaged on the amplitudes of motions, as

would be the case in a linear, frequency-based analysis. Therefore,
the accurate time-varying representation of the restoring forces and
moments becomes critical and the main effort was placed on the

accurate computation of the static forces acting at each instant of

time.

2.2 Five-degrees of freedom are included in the simulation
program (surge is omitted) as they are considered essential in the

determination of the immersed hull geometry, which is critical to the

transverse stability.

2.3 The vessel is assumed to advance at a steady speed on a

constant course with arbitrary heading in regular sinusoidal waves.

2.4 A1l viscous effects other than roll damping are neglected.

ﬁénce, the only damping considered is the damping due to the energy

loss in creating free-surface waves.

2.5 It is assumed that the ship's length is much iarger than

either its beam or draught.



2.6 The equations of motion used to represent the physical

situation are integrated time-wise by wusing the second order

‘Runge-Kutta method, see Ref.(8l), The method employs a

straightforward extrapolation of the motions based .on constant

accelerations across each time step. This is accurate so long as the

time step used is sufficiently small.

Within this framework, the mathemaical model was formulated

and a calculation procedure was developed.

3. MATHEMATICAL MODEL

The mathematical model is based on a time-step solution of a

system of five coupled differential equations of motions. The

equations consist of two sets_of coupled differential equations with
time-dependent coefficients. One set of equations is for heave-pitch

motions and the other is for the sway-roll-yaw motions.

The coupled equations of motion for heave, pitch, sway, roll

and yaw, respectively, can be written in the following form:-

(M + Ag3).fig + Byzely + Ry + Agg.fig + Bys.hg - Fy (6.1)
(I + Agg)-fig + Bggeflg + Rg + Ag3.Ny + Bgyefy - (6.2)
(M + Ryy)eiiy + Byoully + Mogefig + Bogely + Agg.efig + Byeuily = P, (6.3)

(1, + A“).n4 + By + Ry + Aaelhy + Beoolly + Ageeh

6 * Bagehg = P, (6.4)

(16 + 1\66).n6 + 866'n6 + Aga-y -t Bsz'“z + Asd'“d + 364'“4 - rs (6.5)

130.
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where M is the mass of ship, Iy the moment of inertia in 1th mode, Ay
and Byj are the added-mass and damping coefficients, Ry and Fy are the

restoring and the exciting forces and moment. Their expressions are

given as follows:-
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., SOLUTION OF THE EQUATIONS OF MOTION

The five second order differential equations of motion were
solved using a numerical technique. The NAG Library routines(37)
cover the solution of coupled single order ordinary differential

equations in some depth, utilising different methods for the various

types of problem.

The equations presented here formed an initial value problem
where the solution was obtained starting from initial values of the
dependent variables (ny,N7) and integrating with respect to time in a
step-by-step manner. Various methods for solving this type of problem
were studied(81'83v8u> but in order to classify the problem, the
initial calculations were carried out using the Runge-Kutta Merson
routine as suggested by the NAG Library manual. After many checks, it
was decided that DOBBF routine(39) be used and incorporated into the

computer program.

It was first necessary to convert the five second order
equations - equations (6.1) to (6.5) into ten coupled first order
equations(8%), Writing yq = ng3, yp = N3» ¥3 =05, ¥y = hg, and so on
to yg = Ngs» Y10 = h6 and solving the five simultaneous equations in

fiy, where I = 2 to 6, these become:-

V1 = y¥2 (= ﬁ3)

1®
<
-
o
~
"
e
(o)}
~

¥g
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The expressions for yjs, y4, --..., and yjg can be obtained
from the two sets of coupled differential equations. Using equations
(6.1) and (6.2) for the first set and equatioms (6.3), (6.4) and (6.5)
for the second, the accelergtions of heave (n3) and roll (n,) can be

obtained from the following equations:-

- (I + Agg)
n3 = (Is + Rss)-(H + 533) - A35-553

A
. 35 . . .
x [,,3 - Byyehy = Ry - e - <(Fg = Bgg.fy = Bgoohg = Rg) = Byg.ig ]
=Yy (6.6)
(Ig + Agg). (M + Ag3) = Ajgehgy o (Ig + Agg)
ﬁ‘ - {[(1‘ +* A“) (1 + Agg) - a;“.z'\“].[(x6 + A“) [T Au) = Agee 62]}
= [Mgze Tg * Agg) = Agg-Pg2]-[RyqlTg * Agg) = Azg-Pgy ]
F, - B, .0, -~ B,,.0, -B__.Nn 1
- 27 %2202 7 Paqgrq T P26
, Agpe (T + Agg) = Ageihgy ) R
4] e v Reade (Mt Raxd = Raghea | T) 26 (p _n b, - B .0, - B0
(I, +A.,) " 6" "62°"2 ~ Bgg g ~ Bee s
< 6" Nes
. . . A6 .
= Bygelly = BygeNy = By = Byglfig = Ay (PG = Bgauily = B . - Beo. i)
. o
= y6

(6.7)

gimilarly, the accelerations ﬁz, ﬁS’ and ﬁ6 (1e 98, 94' and 910) can
be derived |
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5. THE COMPUTATIONAL PROCEDURE

The calculation procedure involves the numerical integration
of the equations of motion through time. Briefly, the overall

procedure utilised to obtain the vessel motions in the time domain is

described by the following steps:i-

1. Using the exact ship and wave position, inertial,

damping, restoring and exciting forces are computed by

earlier subroutines.

2. All the forces are combined to find vessel

accelerations, see equations (6.6) to (6.7).

3. The vessel velocities and displacements are found by
integrating the previous accelerations over the time
step by applying the Runge-Kutta method through

available routines in the computer library.

b, The entire procedure is then repeated for the next time
step to find new vessel accelerations, velocities and

displacements.

The NAG routine DO2BBF was implemented from the main program
(MOTION). The subroutine (FCN) returns the values of Y1, ¥2..., and
y10 and time. Figure (6.1) shows the block diagram for program MOTION
and the different subroutine used for the solution of the non-linear

equations of motion. The details of each subroutine are described in

separate reports as mentioned previously.
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6. SPEEDING UP THE COMPUTATION

The initial version of the time simulation program has been
designed for full size vessels and assumes that all the coefficients
of the motion equations are computed at each time step. This method
requires a considerable computational time even with the use of high
speed and high capacity machines such as the 2988 computer at the
University of Glasgow. Limitations on computer times, however, do not

allow the use of such programs for the many cases required.

Therefore, simplifications were made to the program, using the

analysis presented in the previous chapters, to enables us to retreat

from the necessity of determining all of the coefficients of the

equations of motions at each time step.

It has been found that the calculations of the hydrodynamic

coefficients and wave excitations, wusing the Frank close-fit

technique, are the most computationally time consuming. Meanwhile,

the analysis of these terms illustrate that the rate of change of the

amplitudes of these terms for sway motion are nearly constant or
linear with the amplitudes of oscillatory ship motions, see figs.
(3.17), (3.18), (3.19), (5.8), (5.9) and (5.10). Therefore, the
hydrodynamic coefficients and wave-exciting force for swaying motion

is calculated once in the first time step and modified to the

following time steps using the following equations:-

Cty = Co(1 = (N3)¢/T) (6.8)

where, Cq

Initial value of any of motion equation terms

(at t = 0)

Ct The value of any of motion equation terms at any

time (t = t)
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(n3)¢ = The amplitude of heaving motion at Time (t = t)

Lar
1l

Mean draught

The advantage of this simplification is to save computational
time as well as to take into account the effect of relative ship
motion in the motion equations of sway and yaw. For heave, pitch and

roll motions, this effect already exists in the restoring terms.

It is important to mention that this simplification speeds up
the running of the program by 70 times compared to the initial version
of the program, without significant loss in accuracy. Therefore, it

was possible to carry out an investigation into the effects of the

many parameters on the behaviour of the ship among waves.

7. EFFECTS OF THE VARIABLES ON SHIP MOTIONS

The computer program was applied to study the influence of
different parameters on ship responses in regular sinusoidal waves.
Since the choice of variables is broad, a procedure was used for this
study to minimise the number of program runs as well as to explore the

effects of the various parameters on ship motions,

Briefly, the procedure is to start the investigation by
considering the effect of a certain parameter on the behaviour of the
ship, after the motion has settled down. Then, applying a second
parameter to the outcome of the motion response from the previous
parameter, and so on., This procedure may lead to a combination of

these parameters which degrades the dynamical stability of the ship.

However, the procedure considered in this study can be summarised by
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the following steps:-

a. To begin with, the effect of heading angle (u) was

considered using a wave of (A/L) ratio of 1.0.

b. Then, the influence of wave frequency was applied to
certain u values chosen from the first step. A wave
height of (A/20) was assumed for the different waves in

order to reduce the number of variables.

c. The influence of ship forward speed was taken into
consideration for some cases. This effect may be

considered, also, as the effect of encounter frequency

on ship motions.

d. Different 1loading conditions of the ship were also
included in this investigation. This parameter includes
the effect of ship displacement, trim and vertical

centre of gravity on ship response.

e. Wind moment and bias in roll were considered for beam

sea conditions.

f. Finally, cases were examined under the effects of a

combination of the above parameters, which provided the

greatest influence on rolling motion,

According to this procedure, the computer program was run
many times for each of these parameters., Selected results from this
investigation are presented and discussed in detail. Table (6.1)

summarises the parametric variations which have been carried out.
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7.1 Heading Angle (u)

The computations were carried out for different heading
angles for the ship loading conditon given in Table (6.1). To begin
with, heading angles were considered starting from 15° up to 165°
with 15° intervals. The effect of heading angles 15°, 45°, 90° and
1359 on ship responses are presented in figs. (6.2), (6.3), (6.4) and
(6.5). A wave of 1.0 rad/sec frequency and 1.54 wave amplitude (equal
to M20) is considered for all the cases, see Table (6.1). Wave and
ship loading data for each relevant case is stated at the top of the
figures. These show the wave configuration followed by the amplitude
of heave, pitch, roll, sway and yaw, respectively. Particular
emphasis has been placed on the rolling motion by visualising the
intersection between the ship's hull and the wave configuration at
the instants of maximum, zero and minimum rolling amplitudes.
Moreover, plots of different intersection cases between the wave
surface and different cross-sections, with the centroid of

sectional-area marked, are shown to 1illustrate the causes of the

variation in the restoring moments during the ship motion among

waves.

Figures (6.2), (6.3) and (6.4) indicate a bias on roll

behaviour in that the mean roll angle varies between 1° and 5°. This

phenomena could affect the dynamical stability of the ship.
Therefore, the occurrence of such bias is explained in fig. (6.6) for
the condition presented in fig. (6.3), u = U459, Figure (6.6) explains
this phenomena by plotting the values of GZ, displacement and
righting moment during the ship motion. It can be seen that both lines
1 and 2, which pass through the maximum and minimum roll amplitudes
have the same righting moment value although the values of GZ at these

positions are different. This shows the influence of the ship's
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oscillatory motion which is reflected in the variations of ship
displacement due mainly to heaving motions as shown in fig. (6.6).
Following line 3, which passes through a point of zero righting
moment, line Y4 can be obtained which gives the steady angle about
which the ship is rolling. As a result the bias on roll behaviour can
be referred to the wave configuration and ship's oscillatory motion
in the computations. For instance, fig. (6.3) shows that at certain
ship positions, in the wave, cross-section No 2 is subjected to a
righting moment opposite to that for cross-section No 17. Meanwhile,
fig. (6.4) indicates that the ship may be subjected to a righting

moment even when the ship is in the upright position (zero roll

amplitude).

The results for swaying motion, indicates that the ship
drifts with the wave direction for heading angles between 60° and
120°, see fig. (6.3), while she drifts slightly in the opposite
direction for the other heading angles as shown in figs. (6.2), (6.3)
and (6.5). The drift of the ship occurs because the relative ship
motion was taken into account in calculating the hydrodynamic
coefficients and the wave-exciting forces for the sway motion. In

this study, these quantities are referred to the heaving motion, as

mentioned in Chapter 5 and, therefore, the sway amplitude and the

direction of drift is governed by the heaving amplitude and the phase

difference between the heaving and swaying motions. However, the

heading angle has considerable influence on the amplitudes of ship
motions as illustrated in figs. (6.2), (6.3) and (6.5). The maximum
roll and heave amplitudes occur in beam seas and decrease as the
heading angle deviates from this position and vice versa for pitching

motion and the sway and yaw motions are dependent upon the heaving

amplitude.
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7.2 Wave Frequency (w)

The effect of wave frequency on ship responses were
calculated for heading angles of 15©° and 45°., The wave amplitude was
taken as (A/20) for all the cases to limit the number of variables and
wave frequencies of 0.6 and 1.4 rad/sec were considered. Their
influences on ship motions are illustrated in figs. (6.7) and (6.8)
for 15° heading angle and in figs. (6.9) and (6.10) for 45° heading
angle. It can be seen that, for the GAUL, the smaller wave frequency
produces the larger amplitudes of motions. It is important also to
note that the variation of wave frequency affects the amount and

direction of roll under tethered conditions as demonstrated in figs.

(6.9) and (6.10).

7.3 Ship Speed (V)

The effect of ship speed on ship behaviour is considered as
the effect of encounter frequency. The hydrodynamnic coefficients and
the wave-exciting forces and moments are calculated according to the

encounter frequency.

Figures (6.11) to (6.14) illustrate the ship responses for
the cases considered. In figs. (6.11) and (6.12), where a heading
angle of 15° is considered, it can be seen that the ship speed
jncreases the amplitudes of motions and causes irregularities in

rolling motion. These irregularities always arise when the encounter

frequency becomes less than 0.4 rad/sec, in which the oscillatory

~ship motion and the wave shape greatly affect the restoring term as

explained later in fig. (6.21).
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When a heading angle of 45° is considered, the effect of ship

speed on rolling amplitude becomes considerable, as shown in fig.

(6.13).

T.U Loading Condition

The effect of different loading conditions on the behaviour
of the GAUL was investigated using the conditions given by IMCO, see
Appendix B, The results are presented in figs. (6.15) to (6.18). The
figures indicate that the 1larger displacements (mean draught)

experiences a slightly larger roll amplitude.

7.5 Wind Moment

The effect of wind moment on the response of the ship in a

seaway was next considered. The following formula, recommended by

Wendel(85), is added to the wave-exciting moment for rolling motion:-

Mg(Ny) = Mu(0) [0.25 + 0.75 Cos3ny) (6.9)

where Mu(0) ¢ is the wind heeling moment in the upright position

My(ny) ¢ 1is the wind heeling moment in the heeled position.

-

The constant term in equation (6.9) shows that a percentage
of the wind moment is still acting at a heel of 90°. The calculation
of Mu(0) for the trawler GAUL in the relevant condition is given in
Appendix C. The wind is assumed to act in the beam direction and the

wind moment was applied to the ship for two cases, following and beam

seas. The following sea (M = 0°) condition is considered to emphasise

the effect of wind moment only on the rolling motion since, in this
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case, the wave-exciting roll moment is zero so long as the vessel is
upright. Under the effect of wind moment, the computations were

carried out for the following and beam seas conditions.

The responses of the ship for heaving, pitching and rolling
motions are presented in figs. (6.19) and (6.20) with the variation
in GZ and displacement during these motions. It can be seen in fig.
(6.19) that the wind moment heeled the ship to about 3.5°.
Consequently, this effect is added to the rolling motion due to

wave-excitation in the beam sea condition, as shown in fig. (6.20).

When a ship speed of 15 knots is considered in the following
sea condition, the wind moment effect becomes considerable as

illustrated in fig. (6.21). In this figure, the irregularity in
rolling behaviour is explained by examining the GZ and displacement
curves as well as the'plotting of the wave intersection with ship's
hull at positions 1 and 2. These positions represent the conditions
when the ship is at the higher and lower peaks of rolling motion.
Lines 1 and 2 demonstrate that the ship possesses, in both positions,
the same restoring moment because of the fluctuation of GZ and
displacement, caused by the heaving motion and the wave movement on
the ship. The plotting of the wave intersection with the ship
emphasises this effect. It can be seen that in position 1, the
displacement is small because the ship is in upward motion. Also, the
wave crest is amidship which produces a relatively small GZ value. In
position 2 the displacement is large and the trough is amidship. This
demonstration shows that the restoring moment is not purely heeling
angle-dependent and must be considered as

time-dependent 1in
predicting the motions of a ship moving among waves.
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8. COMPARISON WITH EXPERIMENTAL RESULTS (BIAS EFFECT)

The program was used to measure the roll response of the
model used in Ref.(86). see fig. (6.22.a). The rounded deck edge of
the model has been changed into a right angle corner, as shown in fig.

(6.22.b) because the computer program assumes that the higher offsets

will be constant or increasing.

However, the computation was carried out for the two cases
presented in Ref(86) (case 654 and 58B). Both cases were
investigated including the bilge keels and a bias in roll as given in
Ref.(86), The resulting behaviour of the model for these cases is
shown in figs. (6.23) and (6.24) representing the conditions (65A4)

and (58B) in Ref.(86). respectively. Despite the bias effect on the

roll response there is no tendency to capsize.

When these cases are repeated without including the bilge
keels, capsize occurs in both conditions in the direction of the bias
angle as occurred in the experiment tests, as shown in figs. (6.25)
and (6.26). The capsize occurs more quickly in the theoretical model
than in the physical which is probably due to some slight difference

in the damping or in the physical wave conditions.

The bias effect on the rolling motion of the trawler GAUL was
also calculated and the results are presented in fig. (6.27). In this
figure, Case B shows that bias in roll can heel the ship to a large

angle.
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9. EFFECT OF COMBINED PARAMETERS

Since the ship in a seaway may be subject to the effects of a
combination of the parameters examined earlier, an investigation was

carried out to predict the ship responses under a combination of

these conditions.

Wind moment and bias in roll were applied to the ship with
forward speed for different heading angles and wave frequencies, as

given in Table (6.1). The results of this investigation are presented

in figs. (6.28) to (6.31).

It can be seen that the ship experiences a considerable angle

of heel in all the cases. Among these cases, the condition of

quartering sea, fig. (6.31), appears as the most dangerous situation.
Such a situation occurs because in this case the wave-exciting moment
is considerable and the ship speed reduces the encounter frequency
which, in turn, affects the values of the hydrodynamic coefficients.
When this case is considered with a different wave frequency, extfeme
ship motions occur and the ship nearly reached the

capsizing
situation as shown in fig. (6.32).

These examples demonstrate that, in certain conditions, a

combination of the effect of the different parameters may cause

dynamical instabilities.
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10. THE EFFECT OF SHIP TURNING ON MOTION AMPLITUDES

The effect of a ship turning on the amplitudes of her motions
was investigated to show the possibility of modifying the computer
program to include the rudder effect and so to investigate the
maneouvring of ships.

However, a rough estimation of the rudder moment is included
in the equation of yaw motion. The resulting behaviour of the ship

under this effect is shown in fig. (6.33) which shows that the ship

made four complete turns.

It can be seen that heave, pitch and roll amplitudes vary
according to the rotation of the ship, ie with the heading angle. The
amplitudes of heave and roll become maximum where the ship becomes in

beam sea conditions, while the amplitude of pitching motion becomes

minimum.
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11. CONCLUDING REMARKS

Certain conclusions regarding the effect of the different
parameters on the motions of the GAUL can be drawn from this

investigation.

1.1 The dynamical stability of the ship in a seaway is affected
considerably by some parameters, such as heading angle and encounter

frequency in certain conditions and a combination of the effects of

these parameters may lead the ship to capsize.

11.2 The restoring term has the most influence on the behaviour of
the ship in waves. Bias and non-linearities, which may appear in roll

behaviour, occur due to the fluctuation of the lever arm and the

displacement of the ship during motion.

11.3 The investigation has illustrated that the conditions where
the ship experiences a small encounter frequency, ie the relative
speed between the ship and waves is small, cause dangerous situations

due to the effect of encounter frequency on damping coefficient

values.

1.4 Theroretical and experimental results of the model behaviour

in beam seas demonstrate that bilge keels are of great importance to

the dynamical stability.

11.5 The different loading conditions and wind moment have a
slight influence, for this particular thp, on the amplitudes of
motions and the mean roll ‘angle but their effects could be
considerable if combined and added to other effects such as the

effect of bias and small encounter frequencies.
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l INPUT DATA 41

1 - Ship's Hull oOffsets
2 -~ Ship Loading Condition

3 - Incoming Wave Characteristics
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e e e

Representiation of the instantaneous
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VAVE DATA « VAVE FREQ.= 1.00 RAD/SEC VAVE ANP, 1.54
' ENCO.FREQ.= 1.00 RAD/SEL P e 12 u
SHIP DATA « SHIP DISP.w 1529.3 .
AT-SHIP osggtmns DRAFT AFT QD = 4.52

. KNOTS DRAFT ) = 35.91
= 5.45 METR FoR

(=)

o
45

HEAVE AMP. OO

RIGHT. HOH. (TON.}

EPPRPRRPIVE [ERTE P SRLLEY SN Lo Ee R

..
SRR

XXXXX LXXT XX XXXTKX

., PR TEXXXTRY S GRS Ry
O N RO MR R WKL LY X

ROLL ANGLE OEQ
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VARV,

o = ' 20 0 ©

{Tom

DISP,

o) L]
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Fig. (6.6) Variation of GZ, displacement and righting moment during éhip motion
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Model details

Model Mass 83-2 kg

Length WL 35 metres
Beam 400 mm

Mean draught 135 mm

Trim by stern 17 mm

KG " 110mm

Radius of gyration in roll 110 mm

Block coefficient 0-45

28 -1 ~18 - 2 s 1a 6 2o

Fig. (6.22.a) Bodyplan of the model

~-20

—
~ta 9.t

\ 1L
18 20

Fig. (6.22.b) Bodyplan of the model after changes




163.

SNOILOH 3004 NO SYI8 0 103443 ML (pZ °9)9ld

SNOTLOW T300H NO SY18 20 19343 3U(E€Z°9) 91d

. | X
>P>>M>>>>>b,_ >?,°wmm
a<<<<<<<<<<<<<<<<m :
TR AR A A g
JVVVVVVVVUVUVVVVV VL. g
AR AT
t<<<<<<<<<<<<<<<<(mw
ggs  mmmm bEUmE . 5

: | P
>>>>>>>>>>>>>>>>>> I
AR AL S
T AT
JWYUVVTVVVUTVVUVTE:
T A L
AL S
75 R anman S




164.

Y69 @sed
1S9 TopPOoW

$9 NNY ONIYNAG 3ZI1SdVI

SNOTLOH T300H NO SY1g 40 133483 JMU(ST °9)"9Hd

nt“.

'\..

ewen
ddd
D FTTNY AvL

NelsIAIG lll Das K BWia
S | [IRTIE ST Y gt . ..ot Lt . 3 1 -3 [}
lmc. o m. st m of m ot | s gy . P ..m =
y [ i H : ‘ 4 . . -8
G e =) —; .m...".|+.|m| ov
PTE o : RN Pt
H :; : . ? oo
IR 1 .
# Jf - IR R IR e o
AmThY - _ SIAVM
TvIS o i+ H H 4 14 4 - = $QUYMOL
adivas —
~mv3 ] 1o
NI
. ¢ h .
- Ik N IS N o ..l!.»... [sTIsv3q
. S A H -0
KE SRR T e
Y e . .
il f et and ez

o

w2
ANDIIN

| 3avm

ﬁu><\$ ﬂﬂl‘go.r W‘.l ﬂ.b J‘-!IW

S LLETRL]
00 Y AVAS

REERERN,

[(EAREEEN
)
80 FENY Ty

e

(

33§
o0 TONY 1oL

\
/

628 ‘¥ ANVH

N

L N
N DL

000 *adY VA

S5 ian Mnn wmwmﬂmauﬁ.:aaﬁ ey
8% TR a2 B BN uwam - ™




165.

FERCIp . . -
! : i. “
b . *
. e .-
——— LS SOETI
i, L& i
H i - .

N r. . f -
<o . .ll .- -
SRR O Sy

- : ; -

' . H
.. e :

g85 osed
3sal ToPOW

NOoISIAIQ ARd DISE IWIL

' m HEPE oo e e i i.. .
. T QZPUBHABAND IZAOW . (T
| N fe jem . ced aee B P R
1 : 1 . :
—.m‘l.lﬁaﬂl.

S3IAVYM
SQ¥vaOL

Q.

i, amoNvsvia
o tdasavm-TAH

Ty 5.J<.Uo\m“..l.L

S33¥23Q

; -
L S o B oy
nl oo N oz
R N
P APNINE o I
LR R ol I I
B R Lt B -

010 amases e

e

.. BZISEYD T.
ORI B N SR . -
. S P ln PR tl......,-lu....! .-.m..l-,ml.. R
pae h#.x N EIPI C  SRTT I T 1 et (]
BB Aiuts Seiek Rttt mtllv.* . b ..ul~..ll i n T g Dt T

——mm

e ey,

mul e

1
LI = A

Do e vl ) R

H

,

ol

d

s mamibm s
1

i

i
1

% wo
‘11 anwi3H

Y
BEaRN
-t

——
)

1| oo

-.*.'r.'._
.
eletelg Fitvire

SEEHTEH PR R
R S I R Dee . T
bl e Tl ol R il e oA v

STAVM NO M AVAY Svia BS NV NS

SNOLLOH T300H NO SYI8 40 10348 MY 9T °9)'0ld

o 3
3 2 1

N\

IRRRERR]

N

o MENNENSTE AU

. v .
2 1

VRN

]
<

t

i

Z

'

7

N
N\

<

QNOQ’1

TN T

P
-
0
4

O TNV AYA

O *oiY AT €S0 FENY 1aLld £50 FENY T0Y 000 *ddt AVAS

L= AL 137 Y

06 *TENY DRIGVIHL
"8 =00 “aNY YA

BB TR wwamn -

N YN
06

B2 2g2w Ly mg w.#ww.mmm rwoas LT

m




ROLL MOLE D0 GLE (0EG)
L

L

ROLL MCLE 0RO

m\\/\/\/\/\/\/\'/V\I\'I\IV\l\/\f\f\l\l\ﬂl\/\l\?\f\fﬁ\/\/\ﬁ

:::o nmmmmmm w
W/WWW A

i nHHIHHHH!HHHlHH AL

VYUY VYTV VvvvvyvyY

vvvvvvvvvvvvvvvvvv L Bumms S anand s ooy oo

L

R

.(6.27) THE EFFECT OF BIAS ON S




167.

SNOILOH, dIHS NO SHALIHVYYd 3HOS 0 123443 BHI(6Z °9)"91d

SNOILOH dIHS NO mmm.hm:é.u 0S 40 133343 FHlI(gz *9) 91d

oK &I o0l ool 2] (-] o

0l 21 ol ool 0 o] 0L [

oct o2 ot oot o 2] [

0 o 0o

| M><D<>DD>>>>>>>>>>>>>>>5

01 &L ol ool 2]

o2 00 o o 0

2 oy Ty 00 "V AVAS €30 TNV AV

€30 FUNY KL

002 (o]} 094 [21] (4] 004 o) (24 or

a8 U

&

o oM o e oot « o or @

30 TENY AV

ann«—°1ﬁ°

60 AN ave

€2 oMY Tow

32 TENY KU1d

oL o021 o1 oot 06 2]

>Z>>>>>>>>>>>>>Z>>>mm : i
LR . AVAYAVAVAVAVAVA' &
MR LT AWAWAWAWAWAWAWAY T,

_ <<<.<<<.</m.M
e EERE e R semmn o




l168.

SNOILOH JIHS NO SY3LFWVHYd ZW0S 40 133443 3HL(TE°9)'91d

SNOILOW dIHS NO SYILIHVHYd 3WO0S H0 103443 3HL(0€ °9)'91d

o M

(o)) ol ot ®! [l o o4 oY o

.lllllll lll§

8
8
g
2
] .
8
8
s
<

o8t ol o [+4] 001 o) w0 o (24

R

<<<<<<<<<<<<<<

omonvenno—~e
Sddqddiiig
€D FTNY AVL

~on<nn-on °
60 &Y JVAC

>>>>>>>>>>>>

%?mfﬂﬂa SRRIFHRIROS e

€30 Y TIY

B0 FTNY HKLld

e KU
00Z -1} (] ol 4] ol 2] o oy o

(o] (4] (-] (4] 00t (] [ oy o 0

93 o T 00 &Y 11 o3 TON avL

30 UMY IaLld

N IR BR ,«S 2T ¢ wo

A A T ¢
<<<<<<<<<<<<<<<mw
ST A A A AT T 2
<<<<<<<<<<<<<<f;

5/SL ﬂamm@ B S e e oSV

’ WIH  SYs™ 97
18 = ooM
S Ty = 001 Soeoket TBE AR« vivo ane
A T TR N ST o 2 BT i an ©




P, 00 ROLL ANGLE OEG PITCH ANGLE DEQ) HEAVE AP, 00

YAY ANGLE OER)

U
0088883838 - Lbo”b onuaacaaa-anaua

o&&h&;‘nklnbbo— o " "8

a8y

S0 100 150 200 0 00 =0 %00 =

TIE 95D

FIG. (6.32 ) THE EFFECT OF SOME PARAMETERS ON SHIP MOTIONS




170.

VAVE DATA « VAVE FRED.w 1.
* ENO.

00 RAD/SEC

VAVE AMP.
° FRE.= 1.00 RAD/SEC HEADING ANGLES 90.0 14
SHIP DATA « SHIP DISP.= 1529.31 TONS DRAFT AFT GO = 4.52 10K
90 ' SHIp SPEEDm 10.00°  KUOTS DRAFT FOR®0 = 3.91
FETER
4
s o HIHHIHI | |
. TR LI A
& o0 ‘n';l‘p"'gi'ng'q'a'{ i i f!l ,,g )‘H!: s'u“ T wu i 1l|”'cl,sv§"m' !H
g o7z HiHHE I ! ‘
=
-1.54 ! lilt il IO TR
" 100 400 500 €00 700 800
L2 | ] 1 'I =
z 0.8 1 i 1
. 0.4 ! gl
2 ol il
g2 04 I
g g

PITCH ANGLE OEQ

ROLL ANGLE {DEQ)

-10 -
2 [ -
e ol -
g 4ot -
> 0t -
5 ot -
-0 -
Y 800
1400 1-
1200
B 10
800
gwo
2
= §°°
0 100 200 %00 200 20 &0 70 800
e &80

FIG. (6.33 ) THE EFFECT OF SOME PARAMETERS ON SHIP MOTIONS




CHAPTER

|\

AY S

® ,
s 1 o=

Conclusions




171.

CHAPTER 7

CONCLUSIONS

OVERALL CONCLUSIONS

In this thesis conclusions have been presented for each
chapter. Many of these are significant in relation to the problem
discussed in that chapter, eg in Chapter 2, the variation of GZ in
different wave profiles has a considerable importance to the

quasi-static analysis usually carried out to investigate accidents

such as the loss of the GAUL.

However, the results of the time-simulation program enables
one to assess the individual effects in perspective and this chapter

attempts to draw broad conclusions from the complete study.

Many of these depend on the validity of the numerical
modelling of the ship's behaviour and, within the time available,
every effort has been made to verify each part of the program against
either published computations or model tests. It is believed that the
agreement between the model tests reported in Ref.(86) and the

program results for the same conditions demonstrates the validity and

utility of the numerical model.

As the calculations have proceeded through the analysis of

righting moments, effects of wave shape, hydrodynamic coefficients,
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viscous roll damping and wave-exciting forces and moments, it has
been observed on many occasions that the behaviour of individual
characteristies are non-linear, particularly those associated with
rolling. However, in the time-simulation of the motion it has been
demonstsrated that by far the most important non-linearity is
associated with the restoring moment and that the variation of many
of the hydrodynamic terms with time, for the ship as a whole, can be
linearly associated with the heave. This 1is not true for the
hydrodynamic coefficients for roll which have shown a clear
non-linearity in ‘their quantities as the ship moves in waves.

Circumstances have been illustrated in which these coefficients may

vanish showing the necessity to deal with all the terms of the rolling

equation in a time-~domain manner.

It is important to wuse the above observations about the
relationship of the hydrodynamic coefficients with heave as the time
simulation can be speeded up by a factor of 100 to 200 and makes
possible the practical use of such programs. As computer facilities
improve (and at present computers are available which have computing

powers 100 times the computer available in this project) it will be

possible to do extended runs in real seaways with human interaction

in terms of control of rudder angle, etc.

To do this the program needs to be extended to include random
seas with a particular concentration on the accurate calculation of
the 'restoring term', which cannot be presented by a mathematical
form, since it is strongly dependent upon the relative motions of the

ship and waves. This term has been shown to be the biggest source of

the non-linearity of ship motions when the ship's oscillatory
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motions, which are usually neglected in the theoretical analysis are
considered. Accordingly, the examination of dynamical stability must
take the variation of both GZ and ship displacement during the motion
into account. This variation cannot be represented in either the

static or quasi-static analysis and its accurate determination has to

be one of the features of dynamical analysis.

The limited parametric studies, which have been achieved for
complete vessel motions, have indicated that the most dangerous
situation for the ship is in a quartering sea condition when the wave
speed corresponds approximately to the ship's speed. Such a situation

gives the ship a small encounter frequency leading to a small damping

coefficient and, consequently, the ship experiences large amplitude

motions which may result in a small restoring moment at large heeling
angles. However, it will be necessary to perform further
investigations into the hydrodynamic and hydrostatic effects of
following seas upon the stability of ships in order to ascertain the

causes of the dangerous situations and to specity their

circumstances.

On the other hand, with regard to the selective parameters
studied, the effect of wind moment on the dynamical stability of the

ship is not a decisive factor as suggested by the normal stability

criteria. However, the effect of bilge keels, which is not included

in any of these criteria, has the most influence on the dynamical

stability as shown by both the theoretical and experimental

investigation of a simple model. Thus the designer must ensure,

through bilge keels or similar devices, an adequate level of damping

to secure the safety of the ship.
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The investigation into the hydrodynamic features of different
ship cross-sections has indicated that different shapes produce
different hydrodynamic features in magnitude and character; eg the
hydrodynamic values for rolling motion reach zero at certain draughts
for U-type cross-sections while they increase with draught for V-type
sections. This highlights another area for future use of this program
as a means of comparing the seakeeping qualities for different hull

forms and to look at the design of hull forms from the viewpoint of

dynamical stability.

Before doing such work, the program needs to be extended to

cover the following situations:-
1. Unidirectional random seaway.
2. Multi-directional random seaway.

3. Random wind gusting.

4, Operation of helm to represent realistic full-scale

behaviour.

At one time it was thought that the extension to random seas
would present theoretical difficulties due to the difficulty of
identifying a specific frequency to associate with the determination
of the hydrodynamic coefficients but the current work suggests that.
many of these coefficients are insensitive to frequency for the ship
as a whole and that it is now possible to extend the program to the
random sea situation. It will be important to have some good model

results to compare with the computed motions but once the validity of
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such a program has been established, it will eventually be much
cheaper to carry out extended simulated motion studies rather than
run models in experiment tanks. The physical understanding of the
behaviour which can be obtained from the computation is greater than
can be achieved by observing and measuring the vessel motion in waves

since it is difficult to assess how the righting moment and other

factors are behaving.

It is thus felt that the completion of this time simulation
program represents a significant step forward towards an improved

understanding of ship dynamics in severe seas and to eventually

improve ship design.
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APPENDIX A

SHIP'S HULL OFFSETS

The ship dimensions and offset values of the hull are stored
in a data file with a sequence as described earlier. A typical
offset data file for the hull of the trawler GAUL is given as

follows under the name of 'GAUL.DAT' without considering the

bulwark height.

Checks are made, for mis~typing an offset value or incorrectly
reading a value from the drawing, by plotting the body plan of the
relevant ship. The plottings of the profile and the body plan

corresponding to the following values is shown in fig. (A.l).

GAUL.DAT:

56.85,12.19
21

9

-28.425

3.88, 4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 7.925

0.000,1.716,3.624,4.430,4.891,5.166,5.332,5.408,5.453
17

-25.582

-0.29,-0.29, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00,7.904
0.000,0.080,0.148,0.196,0. 245,0.306,0. 395,0.615,1.383

3.172,4.239,4.830,5.180,5.412,5.545,5.631,5.655
17

-22.740

-0.25,-0.25, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00,7.877
0.000,0.170,0.350,0.490,0.677,0.903,1.278,1.920,3.034

4.081,4.760,5.200,5.454,5.657,5.748,5.814,5.819'
17

-19.897

-0.22,-0.22, 0.50, 1.00, 1.50, 2,00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00,7.855
0. 000 0.250,0. 599 0.900,1. 308 1.856,2. 524 3.310,4.115

4.762,5.203,5.520,5.709,5.838,5.908,5.945,5.947
17

-17.055

-0.20,-0.20, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 7 84
0.000,0.330,0. 999 1. 557 2. 247 2.941,3. 643 4.292,4.843
5.256,5.548,5.760,5.897,5.980,6. 0205 6.03,6. 03



17
-14.20

-0.16,-0.16, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00,7.822
0.000,0.410,1.572,2.434,3.241,3.936,4.513,4.978,5.344

5.620,5.804,5.940,6.024,6.066,6.076,6.085,6.078
19

-0.13,-0.13, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.09

0.000,0.508,2.233,3.284,4.082,4.670,5.102,5.432,5.682

5.857,5.959,6.050,6.095,6.095,6.095,6.095,6.095,6.095
6.095

19
-8.527

-0.10,-0.10, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.081
0.000,0.508,2.756,3.963,4.717,5.212,5.539,5.754,5.914

6.010,6.072,6.095,6.095,6.095,6.095,6.095,6.095,6.095
6.095 '

19
-5.685

-0.07,-0.07, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4000, 4050' 5.00’ 5050' 6000' 6050' 7-00I 8‘001 9’00
10.074

0.000,0.508,3.038,4.451,5.152,5.563,5.818,5.973,6.059

6.095,6.095,6.095,6.095,6.095,6.095,6.095,6.095,6.095
6.095

19
-2.842

-0.04,-0.04, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.062

0.000,0.508,3.193,4.768,5.403,5.753,5.968,6.067,6.095

6.095,6.095,6.095,6.095,6.095,6.095,6.095,6.095,6.095
6.095

19
0.0

0.00, 0.00, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00

» 3.50
4.00, 4.50, 5.00" 5.50, 6.00’ 6.50, 7.00, 8-00, 9000
10.052

0.000,0.508,3.193,4.871,5.468,5.803,6.008,6.095,6.095

6.095,6.095,6.095,6.095,6.095,6.095,6.095,6.095,6.095
6.095

19
2.842

0.04, 0.04, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50

4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.072

0.000,0.508,2.995,4.663,5.322,5.673,5.878,6.001,6.060

g ggg +6.095,6.095,6.095,6.095,6.095,6.095,6.095,6.095

19
5.685

0.07, 0.07, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00,

3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.093

0.000,0.508,2.682,4.255,4.951,5.329,5.,589,5. 775,5.905

g 839 +6.049,6.070,6. 095 6.095,6.095,6.095,6. 095,6,095
5

183.



19
8.527

.10, 0.10, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50

4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.133
0.000,0.508,2.252,3.591,4.327,4.779,5.129,5.383,5.584

5.743,5.871,5.960,6.017,6.052,6.068,6.072,6.086,6.095
6.095

20
11.37

0.13, 0.13, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.00,10.175

0.000,0.508,1.743,2.784,3.523,4.051,4.467,4.794,5.081

5.325,5.523,5.680,5.803,5.893,5.957,6.003,6.049,6.065
6.095,6.095

20
14.2

0.16, 0.16, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 92.00
10.00,10.236
0.000,0.430,1.167,1.984,2.653,3.194,3.670,4.057,4.398

4.689,4.944,5.160,5.346,5.502,5.627,5.741,5.925,5,999
6.049,6.058

20
17.055

0.20, 0.20, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.00,10.303

0.000,0.325,0.746,1.352,1.909,2.397,2.838,3.211,3.563

3.872,4.152,4.420,4.652,4.884,5.085,5.282,5.656,5.819
5.943,5.993

20
19.897

0.22, 0.22, 0.50, 1.00, 1,50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.00,10.392

0.000,0.219,0.476,0.892,1.305,1.665,2.027,2.344,2.655

2.947,3.221,3.500,3.772,4.036,4.315,4.596,5.191,5.493
5.715,5.822

20
22.74

0.25, 0.25, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50
4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.00,10.507

0.000,0.111,0.245,0.508,0.768,1.010,1.259,1.484,1.721

1.953,2.191,2.450,2.714,3.012,3.317,3.663,4.413,4.902
5.216,5.402

20
25.582

0.29, 0.29, 0.50, 1.00, 1,50, 2.00, 2.50, 3.00, 3.50

4.00, 4.50, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00
10.00,10.645 :

0.000,0.021,0.060,0.166,0.277,0.383,0.500,0.623,0.758

0.915,1.081,1.290,1.507,1.781,2.090,2.431,3.268,3.937
4.338,4.649

10
28.425

4.88, 5.00, 5.50, 6.00, 6.50, 7.00, 8.00, 9.00,10.00
10.803

2.282,0.060,0.227,0.418,0.640,0.905,1.629,2,443,2.953
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Fig. (A.l) Profile and bodyplan of the trawler GAUL
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APPENDIX B

- DIFFERENT LOADING CONDITIONS FOR THE TRAWLER GAUL

1

L o 1) 1¢Y wm:'»--x vl

= LI S 'u.{““s“ FisH o )
] a L:;— LAY -'}'a‘CB] (14 {
r_—‘ - ) L ¥

Lt o ‘_ AET__ ru! NO‘\I‘RI‘ | mum 1o et raume 1M, | __n,gll ot PeA
ey ORI i - fort CEAK

-\_’. [ bee
..f\c 3 0., f‘l &
CONDITION imcor 1
DEAOWEIGHT (ITEMS eore | Tannies t‘b; '\::;:\';H’?\; l',ccl L\V”i!::o'”'\‘-‘o:::t\":-‘; s.?};f'.‘:‘;fﬁ
D.0.] FORWARD DEEP TANK] { 729 3.66 266-8522 A7 F 1616-2 24
D.0.| No.{ bouBLE HTM. P&S.| 2 | 553 0.78 43-11 9.49¢ 535.-9 74
D.o,| o4 PounE pTM, F.LS.| 3 22-3;: 0.55 {2-3§¢4.01a 245-5 20
| Vvt AR beer jans Fad. 4 ) 13460 4281 57641 §23.06A]  3103.9 ' 193
D.0| VAILY SERVICE P&S.| & Q.S &84 G4 T b i6-23A 1542 . 2
L.0.) Nu.d peuBLE BTM. PAS| & 9.8] 0.65 64} 7-38A 72-3 {5
olL | TANKS A5T 7 3:6| 5.08 18-2 {20.334 73-2
F.W.| pRiINHING res| 81 22.5] 4.36 98-1 1{7-08AL 384.3 ) 6
F.W.| DISTILLED PELS| 9.1 16-G) 2.39 397 [694A 281.2 {1
W..] FORE FPrAK 1C
W.0.] No.2 DouBie B1M, PAS1 ¢4 |
LIVER OIL TANKS £.L5.1 12 t .
FISH IN POWDS i
FisH N HolD N i
FISH_MEAL IN_HOLD |
CARTONS 1360 6-50 88-41 5.49F, 80.4
CREW, 5TORES, ECFECTE! 21-3i 893 {902 | (748 F 3659
FISHING GCAR 7480 907 6449)i.494 8169
ICE
DEAD WEIGHT 4531 2049.2 S134.% 25981 345
LIGHTWEIGHY 1128-7] 610| 6585.({ 3.04A] 343(.2
DISPLACEMENT, KG, 1.5 11581.8] 5-65| 8934.-2| 3774 5964.6 245
. KM 6-26 LCE|I-34A
DRAUGHTS TR IM
MEAN 4:30 M, {"soL1"GM § ©. ci 84124348 ToTAL (m L.8P)  1.99 M|
@ AP 5.38 m. ff_';‘“m 0:22|MET{cm| 21+51 aFT + 078 M|
@ B.P, 2.99 «. rLulD ‘G 0.39 LCF |3.74 Al ForwaRrRD -~ .01 M,
CONDIT!ION AMcOo 2
DEAPWEIGHT ITEMS  karc|Taumss | KG :’.‘;",ﬂ.ﬁ!‘, l-(g'g‘; ““:‘::WMLN:‘:::‘; {?3&‘;;
D.0.| FORWARD DEEP Tank| ¢
D.0.INod{ beusLe BTM, P&S | 2 | 55.3) 0.78 431 ] 9.69¢. 535-9 74
D.0| No4 DoudLE BTat, F.LS.| 3
D9 Art_uter 1ans 243 41 62.3] 3.51) 2087 § 22344 13913 193
D.olpalLy service PLS| S| 9.5 g.ey 647 |16:23A 454:2 2
L.0.{ No.3 pousts BYM. PAS| 6] 5. {| 0.27 1:2 | 738A 37-6 9
OIL | TANKS AFT 7 2.5} 5.00 (25 |20334A S50.8 )
F.W,| DRINKING res) &) (7.3 412] 703 |17o4Al  294°8 5
FW.| pisTiLLeD PRSi 91 43-21 2.23]  29.4 |ie924] 223.3 1
W.B,| Foré PeAK 10
W.B.| Ho.2 PouBLE BTM, PAS[ (¢ |
LIVER Ot TAWKS FRS|12] 24.01 4.86] ({66 | do5d4a| 733.0 46 |
FICH IN PONDS |
F(sH IN HotD 355-6' 3.54| (258.8 | 8.58F. 30510
FiSH MEAL IN HOLD 121-3| 3.27 39%.612.2(4 269.4
CARTONS
CREW, STORES, CEFECTS) 4:2] 8.¢9 123.4 115.54 F] 2207
',’"E"'NG GEAR 711} 2071 6449(1ata] 8ic9
[ 4
DEAPWEIGHT 1520 2933.9 5991. ©7. 334
LIGHT WEIGHT 1428-7] G-to | GEES.1|3.04A 3:;:2 2827,
PISPLACEMENT, KG , LCG 1€80+7| 5.2 9867.0]4.91A] 3595.4 334
KM G410 LeB [1-78A
DRAUGHTS . . TR 1M
MEAN 4-78 M. |"soLipGM | 0.85 8G |0 13A] ToTAL (m v.o.p . .
QAR 512 . | B o S (M Ten[ 25-O [ aeg s t8 ) __0:(OM.
@ F.P. 4.42 M, | “FLIID" GM 0:67 LCF {4.483A) FORWARD -0.06M.
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APPENDIX B (Cont'd)

DIFFERENT LOADING CONDITIONS FOR THE TRAWLER GAUL

i (=1
\ P
. -1 Fn A 4/
12 % lrisn .0 10
4 oy ] e * U
l"—.'.-(—"]1 i3 1 A
Lwia o l ALY H_fg’! ted v | | | o206 | ned paumie pra. | ‘_,-._Wq font Peay
PAS, yeer ks [pesy Pl [TTEESTTT P.XS, 1 Toter

Lroson.eye

CONOBITION IMCO 3
TR UDINAL ~imMY 3] HE
DEADWEIGHT {(TEMS  rore | Townes Kg, 'an"?"af‘&-s L(&?. LoNiI:T AFMW“D ’.':t‘i\t:“:{",ff
D.0.| FORWARD DEEP TANK] |
D,0.| No.{ bousLE BTM. P&sS. | 2
D.0,| No4 DouBLE BTM, KA&S.| 3 .
D AFT DEEF TANK P38 4 f 26-3| B.e2 79.-4 §2137A $62.6 31
D.0] PAILY SERVICE PALS.| 5 3-1| 649 20.4 116-234A. S$o.3 2
L.0.| No3 PouLE BTM. PAS| 6| f1.0| o-(S .2 1 7.38A 7-4 bA
oL | TANKS AFT 7 0.4|4%7 1.9 20.33A €14
F.W.| DRINKING PLS| B 2.2 2348 77 Ji6-9¢ A 37.3 5
F.W.| DISTILLED res] 9 t-c|iss 2.5 |16-614 26-6 9
W.B.| FORE PEAK 10
W.B [ No.2 Dougle BTM, P&S| 44 |
LIVER OIL TANKS PKS) 2] 24.0! 4.86] ((c-¢ | 30544 733.0 46
FisH IN PONDS i
EISH _IN HoLD 355-6' 3.54 | 1258-% | 8.58 F 3051.0
FISH_MEAL IN HOLD 121-9] 327 | 398.6 | 2.21A] 2694
CARTONS
CREW, STORES, EFFECTS (0.2 8.62 87.9 [14.09¢ 143.7
FISHING GEAR 71| 907 | G44-9 |4149A| gi6-9
1CE
DEADWEIGHT G174 2618.6 2811.0 31947 {o2
LIGHTWEIGHT 14287} G-1o| 6885-1|3.044] 3431.2 - e
DISPLACEMENT, KG,LCG |1746-(| 5-44] 9503.7 |4 57Af 27475 ioz
: KM| G-oS| LCBl1STA
DRAUGHTS - . TRIM
MEAN 4-56M. |"soLp'GM | 0.6 8G|o-.0 oTAL (i L.B.R) 0.0t M.
[N 486 M. | o 06 IMcT den| 25,7 Ip-r ¢ )+ o-o":.
@ F.P, 4-26 M. |"rup' G | .55 LCF |4.27A} ForwarD — 6.0 M.
CONDITION IMCO - 4
DEAPWEIGHT (TEMS  oore|Tumnes | KG |VERTISAL Lca. “":‘:_‘:m-"r’“'n% sidtace
D.0.| FORWARD DIEP TanK| ¢
D.0.| No.{ bougLE ¥TIM. PsS | 2 411 0.06¢ a-2 | 9.45 ¢ 38.7 31
D.o,| Nos bounie BT, P.LS.} 3 | 22-3| o.58 12.3 jti.o14 2455 20
DAL AFT_UEEr Tane 7a3, 4 T
D0 DAILY SERVICE PRS| 51 3.0 |C49| 201 |16 3n S5o0.3 Z
L.0| No.3 Poubic BTM. P&AS| ¢ {.0lo. 1% 0.2 | 7.38A 7.4 9
0IL | TANKS AFT 71 04427 1.9 (2033 A, .1
F.W,! DRINRING Fes 8] 2.21348 T-T_|1e.9¢aA. 37.3 B
FW.| PISTILLED PLSY! 91 .1-G6|{-S0 2.5 1661A 2G-6 9
W.B.| FORt PEAK 10
W.6.| Ho2 PoubLe BTM. PAS| 11| 451075 | 484 | 0iTA 23.9
LIVER OIL TAnKS PLS[12] 4.814.36 | 2 0. K
FieH 14 PONDS i I fiedia 14576 15
FISH IN HoLD 71-1 1-96 [139.4 | 8.s3F Gio.0
FISH_MEAL N HOLD 2441196 | 47.8 [72.2¢A $3.9
CARTONS 13-616°S0 | 28.4 587F So.{
CREW, STORES, EFFECTS, 10-218.62{ 7.9 “o’é rre
ISHIN EMR . . K
'ch S G 7441927 ] 6449 tt1494. 84C.9
DEADWEIGHTYT 2944 1{22-G
LIGHTWEIGWT 423.7) 615 [eras T Ters ;44;5;: 87¢2.5 91
DISPLACEMENT, KG,Lcq_ 142311563 [oor.7 | 2.794 ,9."_'_2 51
Kr4{lG-i¢ LCB|1.07A
ShmuanTs " ' TRIM
MEAN 3.99 1, oL’ .
@A.P 433 . &Z’-.%’I;?r'?z :iz = BG|UT2Al yovar (wm L) vABml
anecnory 995 IM.C.T feu| 165 | AFT +0.68 M.
@ F.P 2:89 M, |"ruip G} 0-47 LCF [2-74A] ¥
FORWARD -0.80 M.
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APPENDIX C:

CALCULATION OF WIND MOMENT

The particulars of the ship are as follows:-

L, = 56}8§Smetres
B = 12;19 metres
A = 1529 Tonnes
KG = 5.45 metres

T = 4,21 metres

Projected windage area:

A = 420m°

W

a = 2.9

Wind moment arm: (see fig. (C.1)) Fig. (C.1)

h, = T +a-KG=1.51 metres

The wind pressure is taken as:

p = 0.48 KN/m?

Then the steady wind moment can be found as

2

Mw = P.Aw.h/q, g = 9,81 m/sec

Mw = 30,9 tonne.metre




