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ABOUT THE CONFERENCE

Ship stability and avoidance of capsizing have always been of utmost
importance to seafarers and to naval architects. In simple terms,
stability determines the safety of life at sea. Impressive progress
has been made recently towards rational understanding and formulation
of the stability concept. It has become ever more necessary to study
the stability of ships and ocean vehicles in actual operational con-_
ditions on the seaways. This requires not merely a profound know-
ledge of naval architecture, operational conditions, advanced math- '
ematics, hydrodynamics and statistics, but a proper physical under-
standing of all the phenomena involved. ' "

The field of interest is so broad that research effort, and the
adaptation that follows, has been devoted only to limited aspects of
the overall problem. But each study undertaken has attempted to
produce a better understanding of specific aspects of the general
stability problem. In the-light of recent developments, it has be-
come essential to establish a means of communication between those
actively involved in research and those concerned with the applic-
ation of research findings. '

The aim of this Conference is therefore twofold: a) to provide an
opportunity for those involved in stability work, whether for design,
operation, research or regulatory purposes to discuss the available
research findings at international level; and b) to see how these
results can be applied in practice.

The Conference programme will be divided into five separate sections
to facilitate comprehensive discussion. Section l will consider
the Definitions of Stability which will strongly influence the future
direction of research. Sections 2 - 5 will cover: .Environmental
Conditions and Experiments; Theoretical Studies; Correlation of
Theory and Experiment; and Application of Research Findings. The
final programme item will be a "Quiz Session on Stability" in which
Conference participants will have an opportunity to question direct-
ly a panel of experts from shipbuilding, shipping, regulatory bodies,
research and education. ~

As the emphasis of the Conference is to encourage wide exchange of ~
ideas, it is intended that the presentations of technical papers will
be brief to allow maximum time for general discussion. It is hoped
that the direction of future research and development efforts will
emerge from the Conference. » '

TECHNICAL PANEL -

Professor C. Kuo University of Strathclyde

Mr. J.A.H. Paffett Ship Division, National Physical ,
' Laboratory

Professor S. Motora University of Tokyo ,

Professor K. Wendel Hannover University

Professor F. Ursell Manchester University

, .----_
-_ V _ V  QV _.__- I
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TIMETABLE AND PROGRAMME

MONDAY, Zhth MARCH, 122i

1900 - 2100 INFORMAL RECEPTION AND REGISTRATION at Staff Club,
Livingstone Tower, University of Strathclyde,
Richmond Street.

TUESDAY, 25th MARCH, l22§

0915 - 0930 awelcome Address by The Principal, Sir Samuel Curran,

0930 - 1300

1400 - 1730

MORNING
I

F.R.S., University of Strathclyde. ,

L SESSION 1:

Chairman: Mr.

1.1

1.2

1100 - 1130
1.3

1.:

1300 - l#OO

AFTERNOON

SESSION 2:

Chairman: Mr.

2.1

2.2

1530 - 1600

2.3

2QLl'

2.5 .

1930 RECEPTION AND

DE NI OFI TI N OF STABILITY

N. Bell, (Dept. of Trade, London)
Bird, H. and Odabasi, A.Y. (U.K.)
"State of Art: Past, Present and
Future" ‘

Krappinger, 0. (W. Germany)
"Stability of Ships and Modern
Safety Concepts"

Coffee

Cleary, W.A. (U.S.A.) A _
"Marine Stability Criteria"

Kobylinski, L. (Poland) _ '
"Rational Stability Criteria and
the Probability of Capsizing"

LUNCH 9

ENVIRONMENTAL CONDITIONS AND
EXPERIMENTAL STUDIES

J. A. Paffett (Ship Division, N.P.L
Ewing, J.A. (U.K.)
"Environmental Conditions Relevant
to the Stability of Ships in Waves

Fujii, H. and Takahashi, T. »
"Experimental Study on Lateral
Motions of Ship in Waves"

Tea

Takaishi, Y. (Japan) 1
"Experimental Technique for Study-
ing of Ships Achieved in the Ship
Research Institute"

Miller, E.R. (U.S.A.)
"A Scale Model Investigation of the
Intact Stability of Towing and
Fishing Vessels"

Dudziak, J. (Poland) I
"Safety of a Vessel in Beam Sea"

BUFFET GIVEN BY BURMAH OIL COMPANY



1- WEDNESDAY, 26th MARCH, 1315

MORNING

0900 - l3OO SESSION :3 THEORETICAL STUDI

Chairman: Professor F. Ursell (Univ. of Manchester)

1100 - 1130

1300 - l#O0

1Q0O - 1730

1530 - 1500

3.1

3.2

3.3

3.4

3-5

AFTERNOON

SESSION A.
Chairman:_Mr.

h.1

h.2

h.3

#.h

4.5

- ~ _E.§.

Wellicome, J. (U.K.) -i
"An Analytical Study of the
Mechanism of Capsizing"

Haddara, M.R. (U.A.R.) - 1_
"Application of the Fokker-Planck
Equation to the study of the

-Stability of the Mean and Variance"

Coffee

Abicht, w. (Germany)
"On Capsizing of Ships in Irregular
Seas" V

Kastner, S. (Germany)
"On the Statistical Precision of
Determining the Probability of
Capsizing in.Random Seas"

Boroday, I.K. and Nikolaev, E.P.
(U.S.S.R.)
"Methods for Estimating the Ship's
Stability in Irregular Seas"

LUNCH.

u
1

CORRELATION OF THEORY AND EXPERIMENT

J J Jensen (Danish Shipowners'Assoc.

Kure, K. and Bang, C.J. (Denmark)
"The Ultimate Half Roll"

Tamiya, S. (Japan) ‘
"Capsize Experiment of Box Shaped
Vessels"

Tea _

Paulling, J.R., Oakley, O.H. and
Wood, P.D. (U.S.A.) ‘
"Ship Capsizing in Heavy Seas"

Kobayashi, M. (Japan)
"Hydrodynamic Forces and M0ments'
Acting on Two Dimensional A
Asymmetrical Bodies"

Morrall, A. (U.K.)
"Simulation of Capsizing in Beam
Seas of a Side Trawler"

1930 CONFERENCE DINNER A
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THURSDAY,'2zth MARCH, 1225

0900_-,l255

1500 - 1700

"MORNING

u SESSION §:

Chairman: Mr.

APPLICATION OF RESEARCH FINDINGS

E. H. Middleton (U.S. Coast Guard)~

Kastner, S. (Germany) »
"Long term and Short term Stability
Criteria in a Random Seaway"

5-1

Kuo, 0. and Odabasi, A.Y. (U.K.)
"Application of Dynamic Systems
Approach to Ship and Ocean Vehicle
Stability"

5.2

Coffee - ’llOO - ll3O

Tsuchiya, T. (Japan). -
"An Approach to Treating Stability
of Fishing Vessels"

5.3

5.4 Nielsen, G. (Denmark)
"A Practical Approach to Ship
Stability" I

v Dorin, V.S., Nikolaev, E.P. and
Rakhmanin, N.N.
"On Dangerous Situations Fraught
with Capsizing" 1

5.5

1315 - 1500 LUNCHEON RECEPTION: (LORD PROVOST OF GLASGOW

- AFTERNOON

1 QUIZ SESSION on STABILITYSESSION 63

Chairman: Professor M. Meek (Ocean Fleets Limited,
and Visiting Professor)

Dr. B. Baxter (Yarrow§Shipbuilders Ltd.)
Dr. V. S. Dorin (Krylov Institute, .

' Leningrad)
Mr. S. MacDonald (Royal National Lifeboat

Institution)

Professor S. Motora (University of Tokyo)
Mr. D. Maclver-Robinson (Department of

Trade, London)

Professor K. Wendel (University of
Hannover) A

1700 ' Tea
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SESSION 1
DEFINITION OF STABILITY

\

Paper
No. Author Title -

1.1 Bird,H., Odabasi,A.Y. (U.K.) "State of Art: Past, Present and
. Future"

I 4

1.2 Krappinger,O. (Germqny) "Stability of Ships and Modern
~ . Safety Concepts"

1.3 Cleary,W.A. (U.5.A.) "Marine Stability Criteria")

1.4 . Kobylinski,L. (Poland) "Rational Stability Criteria and
Probability of Capsizing"
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STATE OF ART: PAST, PRESENT AND FUTURED

bY

H. BIRD and‘ A. YUCEL ODABASI I
Department of Trade, University of Strathclyde,

London

1. INTRODUCTION

All types of floating structues, in-
cluding ships, are designed,.produced
and operated to fulfil specific func-
tions efficiently and safely. In that
respect the stability of their motions
can be of crucial importance and it
was certainly because of this that so
much interest has been shown by naval
architects with assistance occasion-
ally from applied mathematicians.

In this paper we have made an attempt
to review the past and the present
knowledge on stability theory and
also expressed some views on possible
future developments. In the review
of past developments we have concen-
trated on concepts rather than math-
ematical details and hope that our ~
account of this evolution will be in-
formative. We have also tried to
highlight the state of the art by
distinguishing between different theor
etical and practical approaches.
Stability criteria have had a special
place in our study since they provide
us with the means for assessing ad-
equacy of stability. We have come to
the conclusion that the existing cri-
teria are not adequate both from
theoretical and from practical points
of view. We have stated our criticisms
on the existing criteria and pointed
out the necessity for basic research.
Finally, we have expressed out thoughts
on the future and suggested the need
for two different types of criteria
suitable respectively for the ship
master and for the approving authority

In preparing this study we have used
all the material available to us and
even with such incomplete information
it has not been possible in the

\
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interest of conciseness to quote
the names of all the contributors.
We could not obtain or refer to
all of the numerous contributions
from-USSR, East European countries,
and Japan, either because they were
not available, or were in a lang-
uage that the authors could note
understand. Thus, we will be de-
lighted to hear more about the con-
tributions from those parts of the
world.

In this study we have avoided the
temptation to digress into problems
relating to damage stability as this
would open up a much wider field.
In avoiding discussion of those
problems, however, we are fully
aware that the damage stability cri-
teria often dominate intact stability
criteria, especially in passenger
ships. _ ' O I

2. BRIEF REVIEW OF PAST DEVELOP-
MENTSI

The development of ship stability
theory has had a long period of
evolution which still is far from
complete. Throughout this period,
numerous studies have been devoted
to the various aspects of the pro-
blem and within the scope of this
paper we shall classify them in three
groups: -

l) Studies on conventional ship
stability that are based on
stability in still water

2) Studies on large amplitude
rolling and on the stability
of ship motions
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3) Studies on stability criteria.

This classification is perhaps arb-
itrary but nevertheless it helps us
review the past developments system-
atically.

p

4

The first group of studies assumes
that the stability of a ship can be
determined from its geometry and weight
distribution. The couple formed by
weight and buoyancy in still water,
when the ship is heeled, is a measure
of stability, and the lever of the
couple, GZ, is chosen as the repres-
entative quantity.

Certainly the understanding of this
concept of ship stability is very old.
The principal milestones in the devel-
opment of stability theory may be _
stated as follows:'

Piere Bouguer (1), in 17L+6, defined
the metacentric radius, BM, as the
ratio of waterplane moment of inertia,
I, to the imersed volume, V, BM =
I/V. Thus the metacentric height, GM,
ewhich was used as a measure of stabil-
ity, was defined by

GM = KB + BM - KG

where KB is the vertical coordinate of
the centre of the buoyancy and KG is
the vertical coordinate of the centre
of gravity. The righting lever was
approximated by GZ = GM -sin\9 or GZ =
GM$', where 3' is the angle of heel in
radians. - ~

In 1796 Atwood, (2), derived his cele-
brated formula for more accurate cal-
culations of the righting levers which
was given as

.\'\G'Z= "\‘*‘ -BG sin\9‘

where P’ is the volume of immersed or
emerged wedge, ‘Mb, is the lever of
transfer of volume, and BG is the ver-
tical distance between the centre of
buoyancy and the centre of gravity.

Canon Mosely, (3), in 1850 introduced
the idea of "dynamic stability" to
which we later refer as the quasi-
dynamic stability. He derived the ex-
pression for the work done by the ship
under the influence of some potential
external forces and expressed this ’
work as the area under the righting
moment curve.

According to this dafinition, so long
as the inequality’ I -»a.[Mr,%,_ Mewu J9 )0

o
I

.-

holds, the ship was assumed to be
stable. Here N\_.(-9) and M,(-6) are the
righting and heeling moments, res-
pectively, and '§M,is the maximum
angle of roll. The significance of
that study was its attempt to relate
the stability of ships to their roll-
ing motion. Although this formula _
has been very widely taught to naval
architects, his principle has not
been developed further till the last
decade.

In 1861, Barnes, (A), presented a
numerical method for calculating the
cross curves of stability and many
other calculating procedures follow-
ed. This development opened up the
possibility of applying the theor-
etical knowledge in practice.

Scribanti, in 1901+, (5), found the
expression for GZ values of wall-
sided ships as

GZ. = (GM +9;-tanzt ) sini)’

which highlighted the problems aris-
ing from zero or negative initial
metacentric height.

Later developments in this field
aimed either at modifying or est-
ablishing techniques or for applying .
existing knowledge. In this respect
we may mention the introduction of
the concept of residuary stability
by Prohaska in l9fi7, (6), and the
influence of the variation of right-
ing moment in a seaway by Grim,
Wendel, Kerwin, Paulling and many .
others. This latter improvement -
is quite important and we shall dis-
cuss it in the following section.

Simultaneous with these developments,
the second group of studies endeav-
oured to define rolling motion of
ships in a general sense but without
considering the stability of the
motion itself. Again we may summarize
the important developments as follows:

Neglecting the damping effect, W.
Froude (1861), (7), derived the ex-
pression for rolling motion in reg-
ular beam seas, by assuming that the
beam and the draft of the ship are
small in comparison with the wave
length, and the presence of ship does
not alter the wave form. In 187b,
he also introduced the damping effect
by using the best empirical damping
3. S 5 , ,

_.é_.S_-_-:-_iI.$' +582 O
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where n is the number of oscillations,
and a and b are constants to be deter-
mined from experiments, (8).

In 1896 and 1898 Krylov (9,10) gave
a more comprehensive representation
of the theory of ship oscillations
and the theory of rolling was further
developed on the basis of what is
known as the Froude-Krylov hypothesis.

Manning, (ll), included the influence
of ship's speed and wave direction by
introducing the period of wave encount-
er while the various other aspects of
rolling motion were extended by
Scribanti (5), Johns (12 , Lewis (13),
Havelock (lh , Serat 15 , Watanabe
(16), Ursell (17), and many others.

The relevance between ship motions and
their stability was recognised a long
time ago, and through the end of the '
19th century A.M. Lyapunov (18) der-'
ived the conditions for stability of
motion of a freely floating rigid
body. This study, however, did not
appear to have any‘inf1uence in ship
stability understanding. Though it
was quite correct what Dahlman wrote
in 1937, (19), stating that the
whole capsizing event is a dynamical
event because statical states of equil-
ibrium do not arise among waves, it
was Grim, (20), who first showed the
possible influences of nonlinear res-
onance features and the subject has
further been analysed by Vedeler (22),
Baumann (23), Grim (2%), Paulling and
Rosenberg (25), and many others. We
shall further discuss them in Chapter
3.  

In 1953 st. Denis and Pierson (26),
presented a statistical approach for ‘
analysing ship motions in confused
seas. This development opened up a
new field for further studies in ship
motions to which efforts have been '
directed by many other authors such
as Williams (27), Cartwright and Rydill
(28), Voznessensky and Firsoff (29),
made a statistical analysis of data
on the rolling motion of ships and
Grim (30) used the stochastic processes
in the study of nonlinear ship rolling.
Later statistical methods became more
popular and we shall see the recent
developments in the state of art.

The final group of studies were aim-
ed at determining a safe minimum amount
of stability for devising stability
criteria. It is known that load line
rules existed as early as 11th century,
but the real efforts for establishing
rules in ship stability came after
1870. In 1870 a British warship,
"Captain", capsized and this accident
brought forward the question of safe

3.

\

minimum stability. At the beginn-
ing of the 20th century, Germanischer
Lloyd made a study of stability
because of a large number of founder-
ed fishing boats; Thus, fatal cap-
sizing events were the reason why
so much attention was being paid to a
the question of minimum stability
at that time. Throughout the evol-
ution of ship stability criteria,
various approaches were proposed and
tried. Here we summarize them accor-
ding to type rather than in chronol-
ogical order.

One of the very first measures for
judging the stability was the initial
metacentric height. In the beginning
of the 20th century, depending on the
type and size of vessel, an initial
metacentric height between 0.2 - 0.6_
m.was considered sufficient. Foerster,
(3#), in that respect made his com-
ment by stating that as displacement
increases the minimum values for the
stability factors may be reduced as
the righting moment is a product of
the displacement and the righting
arm. Some of the proposed minimum
GM values were as follows:

GM = _9_L%4_3__ :1.‘ (n-1,)
CB A \-

. _k ‘-1
GM = BM -  '.&R"1L‘ M‘

A . am '9',“

where.A“ is the projected wind area,
ca is the block coefficient and A
is the displacement of the ship, k
is a constant whose value should be
in the range 2.5 - 3.0 for good
stability, is the angle for which
the maximum righting arm GZ occurs,
§:MEis the sum of heeling moments,
B, Rm: c+z_,, + BG sin-9;“. As will be
seen from its form, the second equa-
tion incorporates the righting arm
curve as well as various heeling
moments. '" ' " ' h

Parallel with the criterion of in-
itial metacentric height, efforts
were also made to establish prin-
ciples based on the main dimensions
of vessels for judging stability.
This approach was adopted mainly 7
for the convenience of designers,
but it proved unsuccessful in prac-
tice due to various shortcomings.

The use of the righting arm curves
for judging stability was first pro-
posed by Reed, (32). Nevertheless
the use of this curve fol1owed_Denny's
paper in 1887, (33). This type of
stability criterion was in frequent
use in the design of vessels and
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there were various standard curves sug-
gested by different authors. Some of
these standard curves are illustrated
in Figure 1. Arguments about various
standard curves, however, proved use-
ful and the following features were
considered to be significant:

a), The initial.part of the righting
arm curve up to a heel of 10
degrees depends on the initial

9 metacentric height.

b) The angle {h.ai which the
.righting arm curve_reaches ,
its maximum value is very im-
portant.

c) The vanishing angle 9, where the
righting arm becomes zero is also
important.

d) Magnitudes of the righting arms
0 1 at 20, 30 and M0 degrees have

a strong influence on the
vessel's-stability. 1

The dynamical lever curve which is the
integral of the righting arm curve was
also used as a stability criterion.
In 1913, Benjamin, (35), made his pro-
posal after comparing a large number
of vessels which operated successfully
He came to the conclusion that the
minimum dynamical levers were

1) 0a,} 0.2 m.rad for ‘§ = 60°
2) e302 0.05'm.rad for 8 = 30°

His suggestions were strongly opposed
because of the choice of the limit-
ing angles. Later Benjamin, himself,
modified his proposal and offered a
standard curve instead. Pierrottet,
(36), made a proposal of complete
draft criteria in 1935. In this study
he proposed a limit angle and required
that the dynamic lever at this.angle
must_be equivalent to or greater than,
the sum of the total amounts of work
done by wind, waves, centrifugal
force and the movement of the pass-
engers on board. He also gave a pro-
cedure for numerical computations.
The proposal was not well received
because the criterion was too severe
and the limiting angle was too large.

In 1939, Rahola, in his Ph.D. thesis,
(37), made a significant contribution
towards achieving workable stability
criteria. The study was based on
the results of offical inquireies in-
to some 30 capsizes and, by making
effective use of the state of know-
ledge at the time, he proposed the‘
following combined criteria:

GZ } 0.lh m for 20 degrees

GZ } 0.20 m for 30 degrees

ez ) 0.20 m for yo degrees
3|“) 35 degrees

and e = 0.08 m radianwfor 3; I

where the limit angle '3, was de¥ined
as the smallest of $5 , angle of
heel for imersion of non-watertight e
openings, angle of heel for shifting
of cargo, or #0 degrees. Rahola's
work has been of great value and "
formed the basis of several national
criteria, including the IMCO criteria
published in 1968. I

Skinner, (38), in his paper considered
stability of small ships under the
influence of simultaneous action of '
wind, waves, and shipping water. He
came to the conclusion that the mag-
nitude of maximum GZ value and the
corresponding angle were sufficient
to define the righting arm curve.

Operational factors which affect the
stability of ships were considered
by Steel, (39), in 1956. He analysed
several casualties of specific ship
types and stated that the minimum
standards should not be accepted
automatically but due consideration
must be given to the type of ship,
service and the nature of the cargo.

Yamagata, in 1959, (#0), presented
the stability criteria adapted in
Japan. The approach used was sim-
ilar to Pierrottetis proposal and -
a procedure for calculation was also
given.

Norrby, in his studies, (#1-M2),
offered some modification on Rahola's
dynamic stability criterion for
coastal vessels. He proposed the
dynamic lever as e = 0.08€§ m.rad.
at the limiting angle which was the
lowest of $5 , the flooding angle
or 35 degrees,‘ where Aswas the
summer load displacement and £5 was
the displacement considered. He con-
cluded that once the stability cri-
terion was decided, the minimum
required GM could be estimated by
ship masters after measuring the
rolling period and using Katois for- 9
mula for»the radius of gyration.

In 1962, IMCO (Inter-governmental
Maritime Consultative Organisation)
established the Sub-committee on "
Subdivision and Stability which was
to deal with the stability of all
types of ships, including fishing
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vessels. The progress made by INCO
was reviewed by Nadeinski and Jens,
(#3), for fishing vessels and by
Thomson and Tope, (##); more gener-
ally. The outcome of the studies were
certain recommendations for judging _
the stability of ships which had very
little difference from Rahola's res-
ults. We shall discuss them later._

3. PRESENT STATE OF ART ‘

During the last decade, research in
ship stability has taken a new dir- H
ection and Grim, (20), and Wendel,
(#5), were the pioneers of these new
developments. They both introduced
the effects of the variation with time
of ship's restoring moment in a sea-
way, but used this variation for dif-
ferent purposes. In fact, the basic
idea was not new. Pollard and Dudebout,
(#6), and kempf, (#7), had mentioned
the importance of the subject, but
the application came after 1952.

Here we shall summarize each approach
separately and for the sake of con-
venience we shall first consider
Wendel's approach.

Statistical analysis of casualty rec-
ords indicates that an important part
of capsized ships, especially between
30 and 60 metres in length, were under
the action of following or quartering '
seas with 5-7 Beaufort wind forces.
Inspired by this fact, Wendel and a
group of naval architects led by him
concluded that the most critical sta-
ility condition arises when the ship
is acted upon by a wave whose length -
and velocity are the same as those
of the ship. The amount of total loss
in restoring moment was found to be
a function of wave height, wave geo-
metry, wave steepness and the location
of the wave crest relative to the
ship's length. It was pointed out
that the worst condition arises when
the crest is at amidships. The method
of calculation was first to super-
impose a one-dimensional wave form on
the ship's profile. drawing, allowing
sinkage and trim, and to compute the
righting arms with one of the known
methods. The results of these com-
putations yielded very severe losses
in restoring moments which were gen-
erally unrealistic. In order to modify
the results, Arndt and Roden, (us),
proposed the introduction of Smith
effect, e.g. the effect of orbital
motion of water particles, into the
pressure computations. Their results
are illustrated in Figure 2. Studies
in this direction were further devel-
oped by the contributions of Paulling,
(49), Upahl, (50), and many others.

»>

5.

Later contributions were on the pro-
bability of capsizing and the results
were presented in (51).

Research on this subject still con-
tinues and a Sub-committee at IMCO
has considered some proposals based
on the stability losses in follow-
ing seas, see for example, (52),
(53).
In 1952, Grim dealt with the variation
of restoring moment in waves for a
different purpose. He considered the
equation of rolling as

1% + A(GM+ sem co:-0"t)§=-‘Q

where I is the virtual mass moment of
inertia about the rolling axis,Z3 is
the displacement, GM is the metacentric
height, S GM is _,the maximum variation
in metacentric height,<T is the wave
frequency, t is the time and 9 is the
angle of roll.‘ By making use of the
known results on the stability of
Mathieu's equation, he pointed out the
possible instability regions. In ,
l95#, (2#), he considered more general
rolling motion as

1.8 +A.G'Z.(-$)=N\ 5

where M is the excitation. "

The importance of his approach lies
in the attempt to relate the stability
of a ship to its motions and this idea
forms the basis of the majority of
today's research activities. Following
Grim's study, Vedeler (22), Bauman,
(23), and Kerwin, (5#), extended the
understanding by considering more
general equations to represent non-
linear rolling motion. Paulling and
Rosenberg, (25), indicated possible
instabilities due to nonlinear coupl-
ing effects. Haddara, (55), in his
work tried to discover some unstable
regions from the results of Hill's
equation. ' ‘ it '

While the deterministic case was be-1
ing'studied extensively. the behaviour
of a ship in random sea conditions
was also examined by many research,
workers. Following the Pierson and
St. Denis's introduction of the sub-
ject, Cartwright and Rydill,'(28),
paid more attention to rolling motion.
Kato et. al., (56), presented an ex-
perimental study for irregular wind
and wave conditions. The study car-
ried out in Japan by a group of

1
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scientists, (57), gave not only the
existing methods of assessing stab-
ility, but also a sumary of the com-
putational procedures for calculating
the important factors necessary for
the evaluation of stability. Hassel-
man, (58), and Vassilpoulos, (59),
showed how to treat the nonlinear
systems under random excitations.
Kastner, (60), extended this applica-
tion and studied the behaviour of
phase trajectories of rolling motion
(see Figure 3). De Jong, (61), in
his Ph.D..dissertation tried to solve
the problem with the aid of Fokker-
Planck-Kolgomorov equation and defined
the stability with the probability
of threshold crossing. Similar studies
have been carried out both theoretic-
ally and experimentally by many res-
earch centres (see for example, (62),
(63). (6#))- 2
One of the most important features
of all this work was the tendency to-
wards solving the single or coupled
nonlinear rolling equations and then
searching for stability with the aid
of the determined solution. When the
equations of motion are severely non-
linear, the approximation methods
which linsarise the equations, in one
way or another, may not yield reliable_
solutions. To overcome this difficulty
Odabasi, (65), introduced the Lyapunov's
Direct Method into the stability com-
putation of ships. Later the general
definition er stability, (66), and the
method of assessing the stability,
(67), have been further studied by
Kuo and Odabasi.

Here we have only summarised the con-
tributions which were available to
the authors and we sincerely hope that
the participants of this conference
will cover the grounds which were left
open by us and moreover will contribute
towards a more rational understanding
with their papers and discussions.

A. (STABILITY_CRITERIA
Stability criteria are the only guid-
ance available both to the designer
and to the ship master for judging the
stability of ships and in that respect
the necessity of having such regula-
tions or recomendations is fairly ob-
vious. Establishing the stability
criteria is however a very difficult '
task since one ought to find a comprom-
ise amongst very many diverse and con-
flicting demands and factors influenc-
ing the optimum design requirements.

A glance at casualty records indicates
that the sizes, types, loading con-
ditions, environmental conditions and

totally the causes of the incidents
are diverse. Table l which has been
prepared from a study of a recent
sample of UK casualties during the
last fifteen years illustrates this
fact very clearly. While this is -
the case one would be optimistic to
believe that a standard GZ- 19 curve
or an oversimplified graphical ap- .
roach is a satisfactory solution to
the problem. 1'

From an examination of the remarks
column in Table 1, it will be appar-
ent that difficulties are often ex-
perienced in establishing primary and
secondary causes of loss, or of dis-\
tinguishing the former, which is the '
more important, from the latter. -
Furthermore, there is invariably a
good deal of speculation about cases
where ships have disappeared without
trace as in 6 of the above sample”

In relatively few cases is the issue
a clear-cut case of inadequate stab-
ility and there are usually complic-
ating circumstances. This will be
illustrated by the summary of this
sample, which is given at the end
of the paper. (Table 2) Other samples
would no doubt reveal different dis-
tributions or additional primary and
secondary causes. .

Even in cases where stability is
deemed inadequate (e.g. by IMCO stan-.
dards), absence of*a "weather cri-
terion" makes it impossible to state
what sea conditions might have been
survived. The same applies to those
ships which had stability greater 9
than IMCO recomendation but still
capsized, and consequently little is
learned from what is often a very
protracted and expensive investiga-
tion of the case.

In practice many alternative ap-
proaches have been proposed to over-
come the difficulties. (Some of these
preferred simplicity and devised
purely empirical criteria. Some
others used idealized theoretical
computations as their basis for stab-
ility criteria. A common feature of
all the proposals was their depend-~
ence on practical experience.

Though different in numerical values,
today we may meet three main groups
of criteria in assessing the stability
of ships. (#3). (68). (69):
l) Criteria based on certain for-

mulae for GM and freeboard
values. These types of cri-
teria are mainly used for small
vessels and in some countries

"for tugs and fishing vessels.
-
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Criteria based on minimum stab-
ility requirements for, GM,
statical and dynamical righting
levers. This is the approach" 7
adopted by IMCO and the numer-
ical evaluation of minimum *
values are achieved by the'
pillar diagram analysis of cas-
ualty records. Following the
IMCO recomendations, their
results were approved and ap-
plied by many nations. 9

Criteria based on the comput- '
ationsof heeling levers for
comparison with righting levers.
This is the only approach which
explicitly uses a theoretical
approach, though some over-
simplifications are involved.
The users of this form of stab-
ility criteria are mainly USSR,
Eastern European countries and
Japan. 9 I

Because of their frequent use here we
shall summarise the last two methods
of assessing the stability.

IMCO requirements on statical and dyn-
amical stability are as follows:

GM } 0.15 metre for passenger" and
cargo ships, GM) 0.35 metre-for
fishing vessels, and GM} 0.05
metre for ships carrying a timber
cargo on deck.

' D

§,,,> 3-5°, preferably 3...) '30 , where
3m is the angle GZ attains its_

maximum value.

G-Z) 0.2 metre at 9) 30°

Dynamical lever } 0.055 metre
radians at -&=30€' _

Dynamical lever*> 0.09 metre
radians at 3 =40“ or ~9=\9,,$*¢
being the angle of flodding.

Dynamical lever difference be-
tween 9 =40° or 9:9; and
-9 = 30° must be greater than 0.03
metre radians. i

Additionally,_for passenger ships:

Angle of heel must be less than
10 due to movement of passengers.

During the turning of ship the
angle of heel must be less than»
16 under the influence of the
moment . I '

,,2_

AA‘: _\_/‘ST-.6 -_

5 (tonne metre)

7.

where M, is the heeling moment,
Va is the service speed, L is
the waterline length, T is the
draft, and KG is the vertical
coordinate of the centre of
gravity. . '

As one can easily see, the IMCO rec-
ommendations are very similar to n
those obtained by Rahola (see Figure

1). , . 4 .

To illustrate the important features
of the third group of stability cri-
teria, we shall give the sumary of
a proposal submitted to IMCO by the
USSR delegation, (70), ‘According to
this criterion a ship is assumed to
be stable if the weather criterion
K fulfils the following inequality:

K -.e._"l<.=_ Lg
M, > _,

where M, is the capsizing moment and
M,,is the "dynamical" heeling moment.
MV is calculated by the formula

M = 0.001 R'AvZ (tonne metre)

where PV_is the wind pressure, A,
is the projected lateral area above
the effective waterline, and Z is
the distance between the centre of»
the projected lateral area and the
effective waterline. The values of
Pv are given in Figure #.

Capsizing moment is determined by
(means of a graphical procedure.
Before commencing the procedure, it
is first necessary to calculate the
amplitude of rolling Qt by the for-
mula -

7. 4% =.x4 xi Y .

where x4,xz and y are.coefficients
and they are given in Figures 5, 6
and 70

’ n

' .

If we use the statical stability
diagram, the capsizing moment is

31 =lA..6_h
C

and if we use the dynamical lever
curve, capsizing moment is.

MC sz>.fii
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The determination of OM and BE can
easily be followed from Figure 8

As, for the time being, most of the)
nations are using the IMCO recommend-
ations as their stability criteria,
we concentrate our attention on the
activities of this Organisation. When
the IMCO made the recommendations on "
minimum stability in 1968, it was
generally understood that those rec- -
omendations were only a first approach.
Although some alternative proposals
have been made by certain delegations, -
notably USSR, they have been somewhat
inconclusive. IMCO has recently set
up a new Working Group to formulate 7 _
improved stability criteria. Further
details can be seen in Appendix I. I

Here we present certain character-
istics of two ships in order to show
the desirability of improved criteria.
Those ships more than fulfilled the
minimum stability requirements of
IMCO but yet capsized, (71 , (72 ).
(73). (see Tables 3 and 1+) These
examples show that IMCO recomend- '
ations, by themselves, are not suf-
ficient to provide acceptable safety
of ships, and as in both the cases
the weather conditions were not too
severe, we must look for some other A
basic reasons causing the capsize.
In the United Kingdom the Department ,
of Trade is conscious of this situa-
tion and issues additional dance
where considered necessary (:2. Appen-
dix II) and takes an active part in
supporting relevant research.

5. FCRITICAL REVIEW OF EXISTING
KNOWLEDGE ' ‘

As has been seen from the preceding
chapters, the stability of a ship is
judged by means of the righting arm
curve which is determined from the
geometry of the ship and the vertical
location of the centre of gravity,
and by hypothetical wind and wave
forces which are assumed to be pot- 2
ential. Thus, the problem is reduced
to the stability of a conservative
system. .As a natural consequence of ,
the theory or ordinary differential
equations, if there is no additional '
disturbance, the ship will settle in
her new equilibrium position. ~Thus,
this is only a quasi-dynamic approach. 2)

While appreciating the value of prac- ,
tical experience and accepting the
desirability of basing regulations on
a rational analysis of such experience,
we should like to draw attention to
the following aspect.

Considering that most of the criteria

Bird and Odabasi

J

are based on Rahola's results with
minor modifications and additions,
the following aspects appear rather
weak even in a semi-empirical ap-
proach: 5

It seems that-all the results
are concluded from so-called
histograms, in fact only pillar
diagrams of righting levers
and dynamic levers of vessels
which suffered stability cas-
ualties were used, (#3).‘ The
statistical procedures adopted
seem questionable and are not
familiar to the authors. A
closer examination of these
graphs and the real records, 0
however, shows that 0

a) The types and sizes of ‘
these vessels are very much
different and the range con-
sidered is considerable.

b) Their loading conditions ,
at the time of the incidents *
are different, the assumption
apparently made that the load-
ed arrival condition can be
taken as safe does not seem
justified.

c) The environmental con-
ditions for each casualty are
different, the significance
of this fact is ignored.

d) The ages especially of _ .
so-called "existing" ships are-
different. .

e) The fact that some of the
so-called existing ships (as-
sumed to be safe) might become
casualties in the future was
neglected.

For these reasons the authors
feel that if any similar study
is carried out in future it
"should be based on a weighted
statistical analysis; weight
coefficients being derived
from the aforementioned fac-
tors. Furthermore, it should
be recognised that the results
so obtained are not valid for
new unconventional ships.‘

A ship often capsizes while
executing certain oscillatory
motions under the influence of
varying actions of winds and
waves. The action of wind and
waves are not potential, that
is, they cannot be idealized in
order to introduce them into
ez-9 diagram. while this is
the case, a quasi-dynamic
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approach under over-simplified
assumptions cannot be expected
to be powerful enough to cover
the whole range of ships. Our
examples in Section # are not 7
thought to be exceptional casesfl

3) There is a dangerous tendency to
extending the existing criteria
to other parts of the marine
world. The current application
to floating offshore structures.
is a typical example. They, in
reality, have very little in ~
common with ships so far as the

- stability of motion is concerned.
They certainly make their maxi-
mum rotational motions about one
of the principal axes for which
the virtual mass moment of in-
ertia is minimum, and considering
the large asymetric superstruc-
tures this axis may not coincide
with one of the symmetry axes for
the underwater part. Furthermore,
the influence of wind and waves
on these structures are also 1
quite different.

#) Although many attempts have.been
made to define the ship stability
mathematically, see for example
(7#), (75), no stability criteria
have hitherto provided a rational
definition of stability. This,
in the authors‘ opinion, is the
first task to be achieved uniquely.
For various stability concepts,
see (76). =

5) The last and most important com-
ment on current criteria is on
their absolute nature. When a
ship fulfils the criteria require-
ments it is announced to be stable
without any reference to environ-
mental conditions in spite of
the knowledge that there is no
absolutely stable dynamic system.
It is, therefore, necessary to

1;~ incorporate the stability.criteria
5-with environmental conditions by

specifying, at least, some oper-
ational zones and seasons. In
practice, when analysing casualties
involving stability, the trend -A
is to state whether the ship com-
plies with the IMCO recommendations 3
and this is the final word to be
said. Thus, in that respect, no
lesson is learnt and no improve-
ment is achieved from those anal-
yses. 7

Today, efforts are increasingly being
directed towards a more explicit eval-
uation of the stability properties of
ships and floating offshore structures.
According to the general trend of these
activities, we may examine them in)

l

9.

certain groups.

The first group of studies continues
to utilise classical stability theory
by means of some manipulations or
corrections. In the majority of
these research activities, a modifed
stability criteria is the aim and
attempts are made to achieve this by
introducing some deterministic or
stochastic corrections. The authors
think that the classical theory is
insufficient to provide safety U
measures for all the diverse float-
ing structures and the studies
carried out may yield trivial res-
ults, if the motion'dynamics are not
considered. 0

The second group examines the in-
fluence of following and quartering
seas, mostly from a statical point
view. The aim of these studies is
to devise formulae for calculating
the reduction in righting arms of
a ship finder the action of assumed
deterministic or stochastic wave
conditions, and then to formulate
the stability criteria. Although a
study on this basis may yield some
useful results, it will be wrong to
interpret and to use the results as
statical quantities. The difference
between the statical and the dynam-
ical uses are best illustratedtin
Figure 9. As is seen from the time
histories in that case, even 25% loss
in restoring moment does not give
a significant increase to the ampli-
tude of rolling motion. This fact
has been observed in many experiment
especially for vessels over 100 m
in length, (77). It shculd, however,
be emphasised that the results may
be used effectively provided that
they are incorporated with the equa
tions of motion.

The last_group of studies tries to
relate the stability concept to the
equations of ship motions. The ul-
timate goal of this'approach is to
devise a procedure for assessing
the ship's stability from its motions
under deterministic or stochastic
environmental conditions. In the
authors‘ understanding this is the
best possible way of defining and _
evaluating the stability of ships.
There are nevertheless, certain
points associated with this dynamic
systems approach needing to be clar
ified, for the treatment involves a
broader spectrum of knowledge than
is to be found in classical naval
architecture, and it is therefore
important to make the following '
remarks:

1) Modelling, i.e.»mathematical
1

of
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formulation, is undoubtedly one
of the most important parts of
the problem and deserves much more
attention in future. Thus, one
should be very careful in making
assumptions and should also know
the limits of validity of his
model. Although it is generally
possible to find the solution of
a formulated problem, it may not
correspond to the real physical

A events if the formulation is not
realistic.

2) During the mathematical treatment,
efforts should be spent on relat-

~ ing the mathematical symbols to
physical quantities. This certain-
ly helps to understand and to in-
terpret the mathematical outcomes
and their relations with the other
quantities involved.

3) Final results should be put in a
form that can be easily'applicable.
to practical problems by those not
having specialised knowledge.

6. REFLECTIONS FOR FUTURE DEVELOP-
. MNTS

Today we have clearer and more ration-
al ideas on the stability of ship
motions than ever before. Even a glance
at the programme for this Conference
will show how the interpretation of
ship stability has changed in recent
years. There are, however, still some
gaps in knowledge and we need to dev-'
elop these ideas in order that they can
be applied in practice. In that respect
we would like to suggest concentration
of efforts on the following aspects:

1) 'l‘_h.22.=s2: ~
There is a very big gap between
theory and practice and although
theoretical development seems to
be going in the right direction
there appears to be some import-
ant aspects which need to be con-
sidered first;

a) There exists no precise def-
inition of stability in terms of
mathematics and the motion char-
acteristics. This should be one
of the first priorities.

b) Most of the studies so far
aim to achieve a quick result
and directly relate to specific
casualties. The results of such
a study yield only a point on a

‘ multi-dimensional surface and are
far from being conclusive. Thus
there is an urgent need to spend
more effort on basic features of
the stability analysis in order

Bird and Odabasi

to gain more insight into the
relations between the ship-wave
system parameters and the,
stability of ship motions. 0

c) Some of the recent studies
seem to be of academic interest
and the mathematics tend to '
dominate the real concepts. If
we wish to achieve progress in
the practical application of
such knowledge, we must make our
message clear and precise by
emphasising the physical mean-
ings of the formulae involved.
In the authors’ opinion, the use
of somewhat more sophisticated
formulae need not make life more
difficult provided that they-
are understood and properly in-
terpreted. Application in con-
trol engineering gives a very
good example of this kind of
philosophy.

d) Some important factors,
such as shipping water, inf1u- '
ence of cargo movement, and '
types of cargo appear to be ig-
nored in some of the theoretical
studies, although in many cas-
ualties they have been of vital
importance. Here we may quote
the Code of Safe Practice for i
Bulk Cargoes introduced by IMCO
(78), as a positive step.

e) Every effort should be
made to exploit known theory
and this may be achieved by
making some modifications and
simplifications without sacrif-
icing from safety.

Application
Experience in applying current
criteria has revealed certain
important defects which should
be recognised when establishing
any improved stability criteria.
Examples of these are: 6

\

a) . From casualty statistics
it is apparent that the majority
of lost ships are under 70 m
in length and the predominance
of fishing vessel casualties
is obvious. The reason for the
latter is no doubt the greater
exposure to risk in that type e
of vessel which has to spend
a large amount of time at sea,
in all weather conditions,
often far from a place of refuge
and obliged at times to under-
take manoeuvres, in order to
maintain station which can be
dangerous. Thus it is necess--
ary to allow for this in reg-
ulations for fishing vessels.
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b) Inquiry reports indicate
that, especially in small vessels,
ship masters are not always able
to ascertain the vessel's stab-
ility accurately, partly because
of their lack of knowledge both
on stability theory-and on the
cargo characteristics, and'partly
because of shortage of time.
Consequently, some alternative
form of stability information
should be provided which can be
easily and quickly used by ship
masters. This has already been
recommended by the UK Department
of Trade, (79)., Since it is very
difficult, if not impossible, to
establish very simple stability
regulations which will ensure
safety of ships under all con-
ditions, it is desirable to dev-
elop two different forms of
criteria - one for ship masters _
and one for designers and approv-
ing authorities, the second being
more elaborate.

c) Casualty statistics will con-
tinue to have an important role
to play. It should, however, be
kept in mind that the so-called
histograms, referred to in Part
5, should not be confused with
any meaningful statistical analy-
sis.

d) Increasing demand for marine
products and consequently sea
transportation has created some
new and unconventional types of
vessels such as offshore supply
ships and pipe laying barges.
They may also require special
treatment and this aspect has
recently been under discussion
by the UK and other delegations
at IMCO, (80).
Education
Another important practical as-
pect is the necessity for educ-
ating ship masters. This need is
urgent.especially for masters of
small ships.

Finally, we should like to emphasise
A the role of maintenance and survey in

order to keep the standard of stab-
ility and seaworthiness at its in-
tended level.
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APPENDIX I

§_TAE xvigs . ANNEX III

PROPOSED TERMS OF REFERENCE OF THE
AD HOC WORKING GROUP ON IMPROVED
INTACT STABILITY CRITERIA

Bird and Odabasi

_ i \
I

1. _ Examination of information con- - 5.~ Formulate suggested criteria taking
cerning the casualty experience gained
so far in the application of the

account of the parameters in #.
I

Recommendations on Intact Stability for A
Passenger and Car o Ships under lOO
metres.in length iResolution A.167

6. Establish a practical calculation
procedure for these criteria. I

(ES.IV)).._Such examination need not
exclude ships of greater length.

2. Review of the present state of
theoretical knowledge and experimental
research concerning capsize phenomena
and enwironmental conditions.

7. Undertake comparative calculations
for a sample of ships using both the

- newly developed criteria and existing
criteria (including Resolution A.167(
(ES.IV)) and their relevance to cas-
ualty experience.

3, On the basis of l and 2 to identify 8. Submit to the Sub-Committee the
and summarize typical dangerous sit-
uations and to establish.theoretical
models for those situations.

Ad Hoc Working_Group's recomended cri-
teria together with any explanatory
material and other basic information N
necessary for their understanding and _
application.

environmental parameters which.mutually
influence safety relevant to rolling
behaviour.
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APPENDIX II

REGULATIONS AND RECOMMENDATIONS
CONCERNING SHIPS STABILITY WHICH ARE
CURRENTLY PUBLISHED IN THE UNITED
KINGDOM ' '

l. The Merchant Shi in Load Line
Rules l§§8 (HMSO l9_8 -

Schedule he

This reproduces the standards recom-
mended by IMCO as adopted in the
Assembly Resolution A 167 (ES IV),
promulgated in 1968. I

Rule Q0 and Schedule 11

Stability information to be provided
for the guidance of the Master.

2. Survey of Load Line Ships l
Instructions for the Guidance of
Surveiors (HMSO l§i2)

Appendix § _
. ')

This provides detailed guidance to
surveyors, as well as to ship owners
and shipbuilders, regarding the
application of the 1968 stability reg-
ulations to ships of various types and
the extent to which they apply to exist-
ing ships, hopper barges and other
small ships. . D

Amplification of the damage stability
requirements relevant to non-passenger
ships under the 1966 Load Lines Conven-
tion is also included (that aspect is
not considered in this paper).

Guidance is given on the special stab-
ility problems affecting certain types
of ships, eg.container ships, dredgers, ’
Floating cranes, hydrofoils, tugs, also
bulk cargoes such as coal, grain, ore
concentrates (guidance on the IMCO _.
"Code of Safe Practice"), timber and
other deck cargoes. Additionally allow-
ances to be made for ice accretion are
given dependent on the area of operation.

Advice is also given to surveyors (but
not yet published) regarding special
stability standards for ships whose ~
mode of operation makes compli
Schedule # impracticable. These include
drilling rig supply ships which have
additional problems (now under review
by IMCO) concerning low freeboard aft
and pipe cargo on deck which tends to
trap sea water. _

I

17¢

3. Merchant Shipping Notices (HMSO)

Numerous Notices to Ship Owners, 5
Masters and Shipbuilders are issued ~
from time to time. Several of these
relevant to stability which are cur-
rently in force are Nos Mh66, 567,
590, 599, 60h, 608, 613, 618, 627, 666
670, 687 and 699.

4. Guidance on the Desigp and
Construction of Offshore
Installations (HMSO 1215)

Section §"wPrimapy_§ppgcturp

1.3.1 - Floating Ihteet Stability
Stability is to be adequate to with-
stand an overturning moment due to
wind of maximum velocity 100 knots.
Area under righting moment curve should
not be less than 40% in excess of the
area under the wind heeling moment
curve. Range of stability to be not
less than 35°.

(See also the Offshore Installations
Construction and Survey) Regulations

l97§, Part IV, paragraph 3)

Authors‘ Note

The fragmentation of rules and rec-
ommendations on such an important sub-
ject is undesirable and we would rec-
omend publication of a comprehensive
manual which could be developed from
item 2 above.
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Built O _ _ Tons ; Casualty Casualty Beau
Type Year ' Dimneions (6) ' Gross' _ Cargo _v Date of Location of Wind Sea

fort
' , ‘ N00

Wood” 1935 14.7 1 4.5 1 2.5. , Fish 13.10.63 55°29'n; 5°5l'E 9/10 Heavy
MTV ‘ , . _ 8m waves

craft lorries on Scotland
Landing 1966 24.4 r 5.8 r 1.52. 4 Trailers & 11.11.66 off Islay, 4/5 moderate -1.22

ferry deck ,

CH 'Frea- ‘Lives
(ID board Lost

(m)

Fishing 19 30 5 x 6 7 I 3 3 Fish 14 2 65 Dogger Bank Very 0.61 0.55
Trawler Rough

4 Cargo
Coaster

Cargo
Coaster

1959 30.7 x 6.8 I 3.1

1963 31.0 I 7.6 I 3.1

Fishing
Trawler

Bucket
Dredger

‘ I I

1953 35.1’! 7.8 x 3.9

‘||||||||“||ii|‘ . . . iiii||5 ‘|||||‘||||||5 . . 10

195 Coal 29. 6.73 Scottish Coast 4 moderate 0.3 0.15

J

199 3 Soya Beans 21.11.71 English Channel 10/1 . Heavy

1

1 I 3a-I 1 i

.274 13 - 13. 1.65 off Orkneys 9 Severe

'7 it __1_

1905 41.5 I 9.2 r 3.5

Sand
Suction
Dredger

1955 43.4 I 7.9 I 2.6

0.37 None

0.54 0.9 13

Remarks

Reason for loss not certain but
Court concluded probably cap-
sized.in extremely heavy weather

.

Deck cargo shifted and she cap-
sized. Court blamd master for
not securing deck cargo.

Vessel disappeared while
fishing near Western edge of
Dogger bank. Court concluded
that she was probably over-
whelmed by a wave or succession
of waves. .

The coal was trimmed and hatch
boards fitted. Tarplnlins were
not fitted because som deck
cargo was to be added. Spray
penetrated covers, causing list
to 35°. Hold filled with sea
water and she sank. Court
blamed master for not fitting
tarpaulins and criticised stab-
ility.information.

Master decided to abandon ship as
he was afraid she was going to be
overwhelmed and because of dif-
ficulties with defective steering
gear controls. Court criticised
master's lack of knowledge of
stability data and of the ship's
ability to survive. ,

Court concluded she was over-
whelmed by a sea or seas.

L __" _ u-3

336 - 26. 6.67 Sunderland ~calm calm
harbour

278 6 Gravel (from 13. 3.67 Bristol Channel 7 Heavy
sea bed) ' swell

0.6 None

1.39 0.24 .None

it 1 lgj

Bucket ladder had been raised to
move vessel, thus reducing stab-
ility. Vessel heeled slightly and
water entered open sidescuttles,
she flooded and capsized.

Operating with open hatchways.
She took 2 heavy seas on°s.beam,
let heeled her to 30 /40 , 2nd
capsized her.
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Type Year Dimensions (m) Gross Cargo_ Date of
Built ' ._ Tons Casualty

Offshore 1967 45 0 x ll 5 I 4 8 12 Drill Pipes 7 70
Supply and Stores
Vessel *

C8.rgO I 805 I 400 '

Coaster
Steal platefl 60

Steel piles V

_ ' __ ' r L__ I

Cargo 1958 48.7 x 8.7 I 3.5 498
Coaster

C08Bt&1 1940 49.7 I 3.5 I 4.3 574
tanker

Fishing
Trawler

1937 50.4 I 8.4 I 4.5 533

I 8.9 I 404 ! I 0 _

Trawler '

_; :2: a '

Lead 30.11.72
Concentrate

Location of
Casualty

North Sea

River Tees
Estuary

Wind Sea Cl-I Free- Lives
Beau - (m) board lost
fort (m) -
N0.

High Seas 1.49 0.77 V None
and swell

4/5 Slight 0.23 0.49 1o
sea,
swell .
1.e

x

off Suffolk 7/e Rough 1.2a 0.48 4
Coast, England sea and
52 23'N; l 55'E swell

10 Liquid‘ 26.12.72 Irish Sea 5/6 Moderate None
Ammonia ' ” sea and

swell ‘

19 Fish 1a.1o.61 54°l5'N: 0°10-E 7/e Rough 0.35
confused

. swell ’

ll l 68 Hot known 8

,Remarks

vessel was lying off rig waiting
for weather to improve when sea
water entered engine room and hol-
through impoperly closed openings
Vessel capsized.

The steel plates had to be dis-
charged first and were therefore
loaded on top of the~piles.
Hester had difficulties calcul-
ating stability which he over-
estimated. She capsized in beam
swell shortly after leaving port.

During voyage vessel shipped one
or two seas s which cleared. She
then took a heavyoseaos which
heeled her to s 5 ~10 . This
gradually increased to 15° and
eventually she capsized. Court
concluded that list caused by
shift of cargo which hecam fluid
due to vibration and ship motion.
Court criticised Owners for not
properly trimming cargo. Recon»
mended research into procedure fo-
testing concentrates and margin oi
safety relative to IHCO Code of
Safe Practice.

List of 30° developed during
voyage due to flooding of P side
buoyancy tank via 10 cms dia air
pipe which had broken. Almost ca-
sized, saved by_flooding opposite
side tank. *

Vessel in following sea took one
or two heavy rolls to p and rec-
overed. Later a large sea floode~
the p side of deck and she cap- -
sized. (Host of crew saved by lif=
raft.) - y

Vessel disappeared after leaving
Hull on way to Norwegian fishing
grounds. Court unable to estab-
lish cause of loss.
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No.“ Type _ Year 4 Dimensions (n0 _Gross Crew- Cargo
Built- Tons

Date of
Casualty

_ ' _; _ 1 ~ ' " ' 11__ ~ '*4n—t'* “ \ '; ___ ' _I*—1nnnfl _ "

15 Cargo 1956 53.4 x 8.4 ICoaster . RQD .h\)1I. 4:-U1

565 9 Fish meal 14.11.67
in bags -

1 min _ " 1 1-1 _

16 Fishing 1949 54.4 I 9.2 x 4.6 659 19 Fish
_ Trawler

4. 2.68

_ ._ __ 2: ———._.._.__.._. _.......__‘ l... .2 0 _ _

Location of Wind ' GM :Free—- Lives Remarks
Casualty Beau ($0 * boardl Lost

V fort (m)
NO» ;

Antwerp Harbour calm calm 0.09 None

ii _*4U— 1

Isafjord, 12 very 0.31 0.70 18
Iceland rough

I " ' ‘ii 41 '
1

Fishing 1948 55.4 Z 9.4 I 4.6 658 20 Fish '
Trawler

7?: 1_

26. 1.68

' l L 1 L

' Stern 1972
Trawler 56’8 x 12’2

Cargo 1957
Coaster ‘ 63'O x 10

H
-~10‘!.I q)Ul

51>gm §"f“ \n\»

.

1106 36 Fish5 e. 2.14

19 Cargo 1971 58.0 x 9.9 I 4.4 7 Packaged 4. 7.71
2 Coaster ' timber inholds and

on Deck ' '

1074 12 C081 29.12.52
‘ (anthracite)

gait A-— I 7 *

North of ll/14 Very 0.74 20
Iceland Rough

% '§u__'"_1'1 Ill" run-Q-L_;*

/

Vessel was being loaded and holds
were filled. Remainder of cargo
was being added on deck to a
height of 1.5 m. Master had in-
correctly estimated GM at 0.50m.
List developed and she capsized
at berth before any deck cargo
could be taken off.

Capsized in hurricane when master
was turning to s to head into wind.
Vessel was heavily iced. Large
quantity of water came on board_p
‘side and she lay over to P. Sta-
ility reduced by ice, consumption
of fuel and little fish cargo.
Abnormally severe weather.

1 i__ "1 '1 ' ' 'L $_i incl

Court could not establish cause
of loss with certainty but prob-
ably capsized in exceptionally
severe weather. Hurricane force
winds and severe icing.

North Cape Bank Very 36
rough,
waves up
to about
15 m

Baltic Sea 0 5 Low sea 0.24 0.55 None
56 21'N; 16 48'E and ‘

swell

I

err Lizard 9710“ Very 12
Eng1ish.Channel Rough

Disappeared while fishing off the
North Cape of Norway. Like other
trawlers in the area she was "lay
ing and dodging" to maintain stat
ion in very severe weather.
Appears to have broached to when
turning and swamped by a succes-
sion of large waves.

Voyage Vfistervik to Boston UK.
Rolling easily in moderate sgell
then listed heavily to P» 50 re-
orted. This due to shift of deck
cargo and entry of water through
open sidescuttles. Quartering
sea, possible synchronous rolling

Dutch coaster observed this vgsse
pass her than turn rapidly 90 to
port. SOS by.Aldis then observed.
Imediately after; her masthead
lights disappeared. Court con-
cluded that her steering gear had
broken down and she broached to
and capsized.
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o Type Year Dimensions (m Gross brew Cargo Date of Location of
Built Tons Casualty Casualty
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TABLE 2 __ _
Master's

St b 1 t° 1 1 Y fficient
considered Shift Entry Steering :nsul d e
inadequate gear Cnow ebglit
for relevant cargo water failure of Sta 1 Yand or V
sea conditions bad loadin

£‘;1':::*{..::;”s »» H we
Secondary causes I 1 % I
of casualty

Wind
Bun:
fort
N0.

_ 3,‘ -it _ -' pi . y sq _ in

. .

I

 m.mmw@.*mwzm- =':s'..r.r.s:.~:s.§...:~.:.'s.m..s ":~cm?r:m::."E~:¢*s:=:‘:.'.2 n.-*:13:=.':r s:¢-."P"-_;_.lr.-..c_;'m.hss ....~"".tr.r‘.:*ui~_*....'r$. sac" ~. Q:-:1? '" -e*::” 1': a crates" .w:*.._.lI:.:~ ~.’-:::‘.'::- sac. -'".s‘:s.:-.":.-_._..:.~;z*-'-'-74*-I }*5a‘a;'fi.?E.a=.'ss“*==L'¢e\acraar.-oiil.&~e:.:nc;..vsLaLss1.—ir.::.::sare~n.r.v...-r.-a 1. ~ , _-= .. 1.-1-..~.e.*_~.-1.-.1. ,>,,.._...~;,-4-;=r.,=.| .._-.2 -,. .2 ,, , ,.-.5 i- mm

Sea CM Free- Lives Remarks
(so board Lost

(m) ;

Sand 1 73 1 x ll 9 1 5 3 1317 ll Pebble 8 9 65 Theme Estugry Confused 1.50 0.28 4 _At start of dredging operation
Suction Ballast 51 46'N, O1 24 High sea
Dredge: from B68 30'E

2 weather was Force 4, sea smooth
. but deteriorated during loading.

Cargo distribution uneven and S
list developed. Master contin-
ued to load in spite of worsen-
ing'weather. Shipped heavy seas.
S. Buoyancy spaces flooded through
air pipes and access hatch and she -
capsized. Court criticised Master

Cargo 1945 128 x 17 1 x 8 8 7307 35 Wheat and 21 2 64 37 22'N. 48 51'W 9/10 VVery - 0.71 15 Left Philadelphia for London with
Vessel corn in bulk Rough . slight P list shich tended-to

increase. Locking bars were fit-
ted to all cargo hatches except
No 3 which had cargooon top. List I
to P increased to 20 due to entry
of water in No 3. Capsized while
under tow. Court blamed master
for not fitting locking bars, not 2
correcting initial list and not
plugging air pipes.

TABLE 3
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22. Bird and Odabasi

TABLE #
\

Comparison with IMCO recommendations

Item L H/T.AYGAZ M/T TDRKOL I M c.o

¢_N ‘r-\

/-\' B \./

e;i
.mt'
3° N U10

‘. I

GM m) 0,73 0.614 A 0.15

' l l , Q0350 ’ i 0'20

degreesmax
-

1) ' 1 ru to n -
V yfiamlc eve P 0.1016 e 0.071 0-055

30 (m rad)

Dynamic lever Lip to V
7 #00 (m rad) 0'1’-*80 0.132 0.090

Dynamic lever be tween 'A . nan 0.061 0.030
140° - 30° (mrad) 0 0

G2L<15 i|
i (Metre) y = i I

0'4 I 5a\*:~JAm/N
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STABILITY OF SHIPS AND

MODERN SAFETY CONCEPTS

1

' 1 bY _

O. KRAPPINGER

Hamburg Ship Model Basin, Hamburg. Germany:

1. INTRODUCTION

The application of science to naval
architecture and shipbuilding,
commencing in the 18th century has
initiated big changes in this
field: Sails and oars, for thou-
sands of years the only means V
of propulsion were gradually re-
placed by propellers driven by
steam engines, and wood - hitherto
solely used for the construction
of ships - had to give way to iron
and steel. The possibilities to
overcome the confinements which
navigators experienced since the'
beginning of human history seemed
to be unlimited.

Of course there were still some
troubles left; but they were con-
sidered as teething troubles and
their conquest was thought to
be only a matter of time. The
euphoria that progress of science
and technology will solve all
problems was characteristic of
that time. This was especially true
with respect to safety problems.
The goal was not less than perfect
safety, and perfect safety was
thought to be the consequence of I
the perfect understanding of the
relevant physical relationships.

The attitude of many scientists ‘
working now in this field does
not seem to have much changed
since those days. Working on safety
problems still means to them to
advance mathematical models of
certain physical situations. Ob-
viously they do not realise that
the creation of such models is ‘
not sufficient in order to design
safe ships. With respect to ship
stability it seems that recent
research work is rather rising
an additional problem: Which one

or which combination of the methods
proposed to judge sufficient stab-
ility should be adopted? There is
quite a choice today. In the following
a few examples are given as illustra-
tion. ,

2. SOME APPROAHCES TO STABILITY

Wendel and his school advocate to
investigate the balance of righting
and heeling moments (l),(2),(3).
The righting moment is calculated
for the ship in following waves as .
mean of the moments attained for
the midship section on the crest y
and in the trough. No dynamic effects
are considered.

In Japan, USSR and other countries
the well known weather criterion
is used. It takes account of the.
rolling motion and the dynamic effect
of gusts. The alteration of righting
arms caused by following waves as
well as heeling moments (beside
that from wind) are not taken into
account. - ' A I

Abicht considers the combined effect
of the rolling motion of the ship
and the oscillation of the righting
arms caused by waves overtaking
the ship (5). His result is a prob-
ability of capsizing. In spite of
many simplifying assumptions the  
method is onerous to apply. Therefore,
it seems scarcely possible to include
heeling moments etc. in a proper
(i.e. in a probabilistic) manner.

Last but not least the IMCO criterion
(the principle of which is a very A
old one) shall be mentioned.

If a naval architect who tries to find
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out what to do in order to make
ships safe against capsizing or if
an administrator who looks for some
advice how to improve stability
regulations decides to study the
literature on the forementioned and
other methods they will soon make ~
a rather bewildering experience:' '"
There are people who are quite
satisfied with the IMCO criterion.
Other specialists promote the
weather criterion and consider it
physically sound and sufficient to
avoid capsizing. On the other hand
we find,e.g. in (l)*,that the
method on which the IMCO criterion
is based is considered obso1ete,'
and that the author does not think
too much of the physical principles
underlying the weather criterion.
The paper of Abicht (and many others
of similar kind) gives the impression
that only much more sophisticated
methods than those general at the,
disposal.of'navalHarchitects»would'
be adequate. .h.'f,'¢ ' . “_

To me the real problem is the laokyp
of a comrehensive safety concept '
which allows us to explain explicitly
the significance of physical facts
in the context of safety. In order
to explain what I mean by "safety con-
cept" and to demonstrate that it-
comprises more than even perfect
knowledge of all physical relation-
ships which might be of relevance
in connection with capsizing I will
indicate some relevant ideas.

3. SAFETY CONCEPT

Safety problems accompanying the
development of air and spacecrafts
as well as lacking reliability of
large electronic systems induced
efforts to bring more rationalism
into this field. It became generally
accepted that perfect safety is not
more than a fiction and that all
attempts to reach it must lead into
a dead end. As a more realistic
approach the probability that a .
certain event (an accident or a
disaster etc.) does not occur during
a given time was introduced. This  
probability is a measure of merit ,
which makes it possible to judge
different safety provisions. As
such it aids much to improve safety.
Additionally it is a necessary tool
to optimize the safety level.with
respect to some economic object of the
‘overall mortality rate. A

~

In order to determine the probability
‘that a ship is safe against capsi-
czing, the following steps would be
necessary : , . _,

1. Determination of the multi-
dimensional joint probability
distribution of possible wave
formations, wind and gust data,
icing, loading conditions etc.

2. Limit beyond that the ship
i' will capsize given as function

- of the data mentioned under l.

3. Integration over the probability
distribution mentioned under
1. up to the limit as defined

. under 2. The result of the
' ' integral is the probability

. _that a ship is safe against
capsizing.

Although the principle of this
procedure is very simple, I think
that neither step one nor step
two will be done during our lifetime:
it is rather likely that a complete
solution will never be achieved.

But if it would be possible.there
would be still another problem?
It would not make much sense to
go through all the trouble necessary
to determine the probability and '
then to choose that probability I.
which represents ‘sufficient safety".
arbitrarily. An optimisation (which
would have to account for mortality '
rates, economic aspects etc.) would
be in order.

It is obvious that this task would
not be much easier than the deter-
mination of the probablity itself.

The case indicated above is not
unique. It happens quite often that
the optimum solution of complex
problems is known in general but
cannot be actually reached because
information and relationships in
particular are lacking. In such
cases it has proved expedient to
abandon the goal of an overall  
optimum.solution and to attempt
to make relevant details "good
enough". In order to apply this
idea to our problems we have to
define the meaning of “to make
relevant details good enough" in
our context. '

4. suecssmsn _*
Capsizing may occur as consequence
of each of an infinit3 number of
pssible-situations.? $8ee;following
paged As examples I would_like
to mention reports.of ships having
capsized during a turning manoeuvre,
or under wind action in calm water,
(e.g. the Swedish man of war “WASA“),
or under the action of following

/
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waves either after a monotonic
increase of heel or after increa-
sing rolling motions.

It may be considered as a "good
enough detail" of the safety
against capsizing if, for example,
a ship can withstand static heeling
moments which are likely to occur
during its life time. Other "good
enough details" might be based on
the fact that a ship should not cap-
size under the simultanious action
of waves and wind. Depending on -
the relative direction of waves
and wind we may have the conditions I
on which the weather criterion
is based, or a similar case where
the rolling motion is excited by
following waves, or a fast ship
heeled by wind and overtaken by
a number of high waves.**

Two remarks are to be made with
regard to the forementioned examples
of "safety details".

l. The physical (or mathematical)
models on which the safety
details are based are neces-

- sarily more or less extensive
simplifications of real situations.
This does not matter too much.
It would be practically impos-
sible to establish a model .
for each possible realistic
situation. Therefore, each model

-would have to cover anyhow
a certain set of real situations,
some of them, of course, only

I approximately. . ,

2. The degree of safety with respect
to a certain set of situations
depends respectively on the
assumption of the wind force,
wave height etc. or a combination

'thereof. Because the optimum
degree of safety (i.e. the

ctcvconditional probability thati
a ship will not capsize under

' the assumed set of situations)

* It will be seen later that -
only a finite number of certain
sets of situations is practically
relevant.

** It would not be too difficult
~to develop methods similar
to those used for the weather
criterion to deal with the
two last mentioned cases.

3.

is not known explicitly it ,
seems good enough to assume such
values of wind forces, wave

' heights etc. or combinations
thereof, which do not capsize
ships which are considered
sufficiently safe.***

The joint result of both the men-
tioned circumstances would beta
random scatter of the real, but
unknown conditional probability
that a ship does not capsize under
the assumed set of situations. It
is not possible to make an estimate
of this scatter. But I do not think
it of much practical relevance.

For each ship one of the safety de- .
tails mentioned above will dominate.
In general it will be the same de-
tail for all ships of a certain
type. Therefore, it could be useful
to try to define the range — ex-
pressed by suitable ship character-'
istics - in which a distinct detail
dominates. But it would be complet-
ely wrong to infer from the exis-
tence of such a dominating safety
detail that it provides a stability
criterion which is generally valid.

It is obvious from the literature
that experts more often discuss
the advantages of a distinct criterion
than the range of its applicability.
Because thereby each expert favours
his own criterion it is so hard to
reach agreement how to formulate
safety requirements. It is hoped
that the philosophy indicated in
this paper might be of some help
in the future.

I1.@iii1i1i-—i11q_c_11-_-qi--i

***' In connection with this pro-
cedure the discriminant an-

. ~~analysis-might-proveauseful. ~
Examples how to apply this
tool to stability problems
are given in (6).) _ ‘
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‘MARINE STABILITY CRITERIA

<

W. A. CLEARY, Jr.
U.S. Coast Guards, U.S.A.

1; INTRODUCTION

While there is_evidence that marine
stability criteria have been
in existence, in a practical sense,
since man first ventured on the
oceans, some accidents which still
occur routinely indicate that
we have not yet paid enough atten-
tion to the stability aspects of
ships. This paper attemps to ex-
amine in a functional manner the
need, physical properties, and
present methods of solving the
problem. Finally, several areas
for new development are suggested.

Intact stability characteristics
of any floating system are largely
determined by the shape of the "
displaced liquid and the size
and distribution of the waterplane
area. This geometrical relationship
can be given the overall term
FORM. In addition, the SERVICE
the ship enters will help define
cargo weights, external forces.
and variations in loading. Finally,
the high seas locations visited
must be considered in order to
determine the maximum EXPOSURE
to sea or weather forces that the
ship is expected'to encounter.
Only with a great deal of pure
good fortune can any of these
three considerations be ignored.

Damage stability evaluation begins
by requiring the naval architect
to be rather exact
of the intact stability in the
ship. Damage stability analysis,
to be complete, requires a two-
fold examination. First, the loss

with his estimate

of buoyancy needs to be checked
to determine whether reserve -
buoyancy or trim is lost. Second,
transverse stability must be chec-
ked to determine whether the system
will capsize or come to rest at”a
calculated heel angle. Until res:
cently, governments have been con-
cerned with damage stability only
as a means of protecting passen-
gers (persons who are considered
innocent of a knowledge of the sea
so that they must depend on sea-
farers for their safety while on
the sea).

The damage stability problem has;
of necessity, been rather rigidly
handled on passenger ship design
in order to be certain that passen-
ger evacuation from the ship is
always possible. This has required
the ship to withstand the assumed
damage without heeling more than I
seven degrees.

When considering damage or accidental
flooding on cargo vessels, govern-
ments should be able to state the
goal of the ship design in a manner
commensurate with the differing
reasons for damage protection.
Within the past decade, governments
have begun to require subdivision
protection as a means of protecting
the environment. Shipping firms
have sometimes provided subdivision
protection as a logical method of
protecting the large investment
in men and materials which goes
into today's ships.

'.

However, the process of selecting
the relative severity of an assumed

\
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accident is just beginning to be con-
sidered by the international community
of nations, and it is still not fully,
defined in terms of the degree of safety

' ~expected. e -

I am.sure that the Intergovernmental
Maritime Consultative Organization (IMCO)
will be mentioned many times during
this Conference as the body which
holds responsibility for developing
marine criteria satisfactory to all
nations. To date, in approximately
fifteen years of activity, IMCO has
developed several stability criteria.
The 1960 SOLAS Convention included
damage stability.criteria for passenger
ships and an intact criteria for bulk
loads of grain. In 1966, the Inter-
national Load Line Convention extended
the stability assumptions of the earlier
Load Line Convention (1930) and req-
uired that all administrations party
to it satisfy themselves that each
loadlined ship have adequate stability
and be provided with full stability
information.-

In the late 1960's, a resolution was
adopted recommending an intact sta-
bility criteria for ships less than
100 m. in length, based on the recom-
mendations of J. Rahola. (1). This
has been modified slightly to develop
another recommended standard for fish-
ing vessels. Finally, the Pollution
Convention of 1973 has damage stand- T
ards depending on the type of cargo
carried.

Notice that the action to date has
been in different areas with differ-
ent solutions. Not all conventions
have included stability criteria. ~
Further, the criteria for fishing
vessels is being challenged as to
its applicability above 70 m. or
below 24 m. in length.

There is a need, in this writer's
opinion, to establish a fuller plan
for development of stability criteria.
All nations should share their exper-
iences to assure that stability crit-_
eria are developed in systematic fashion,
not just for the sake of orderly dev-
elopment, but particularly to help
define the necessary goals and move ,
toward them in a logical manner.
Doing so will help avoid overlapping
criteria which bewilder-marine design- -I
ers and sometbmes seem to act at cross-
purposes.

2.i NEED‘

The need for continuing (or acceler-
ating) the search for proper marine
stability criteria can be quickly est-

Cleary

A

ablished by reciting a few recent
casualties known to the author which
can serve as examples. Names and
flags of casualties are deliberately
omitted, since investigations may not
be completed. Additionally, we can
examine the physical differences in
the newer floating systems which need
fuller evaulation-

Several years ago, a small ferryboat
capsized in good weather with only a
small seaway. Investigators ascert-
ained that there was little or no
control over the number of people
allowed on board for each voyage.

Within the past year, a ship carrying
a cargo of bulk fertilizer raw mat-
erial disappeared in heavy seas only
half-day from safe harbor. This kind
of bulk cargo has recommended stowage
procedure, and there is a recomended
standard GM, but no evaluation of the
shift in cargo is necessary-

within the past year, a small coastal
cargo ship approximately 60 w. long
was loaded with a cargo of bulk sugar
which had been saturated with water -
during a previous voyage. The sugar
was not completely dry, and it began
to shift as soon as the ship got to
sea. The ship was not lost, but only
because its course was so close to
land that it was able to put in to
shore. It was deliberately grounded
on a beach to keep it from turning
over.

A ship carrying bulk sugar was lost
several years ago in the Pacific after
the sugar got wet and a liquid free
surface was created by this hygro-
scopic cargo.

A small oceangoing freight vessel had
been fitted with an anti-roll tank to
ease the ship motions in a seaway.
The vessel attempted to tow another
vessel and was almost capsized when
the free liquid accumulated in the
low side tank due to the steady off-
centre pull of the towline. Fortun-
ately, the towline was slacked off and
the liquie dumped before resuming the
tow. I

Shortly after a towing vessel was re-
powered with an engine almost twice
the horsepower of the former one. it
turned itself over while maneuvering
on a short towline. Apparently, the
new HP developed a heeling action so
quickly that it completely surprised
the experienced captain, who did not
reduce the thrust in time to save the
ship from capsizing. -

The well decks of ships can momentarily
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Cleary

contain many tons of sea water. This
has three effects:

1) It increases displacement

2) It changes KG.

3) As a free surface supported by ,
the floating system, it produ-
ces a virtual loss of mata-
centric height.

Depnding on the size of the well deck
relative to the ship, the above -
effect may be of little consequence,
or it may directly cause the loss of
the ship (usually for small ships).

Occasionally, we hear of stability
problems which could be explained by
a free surface, but the Master can
prove that all tanks are quite full.
Sometimes, an examination of the li-
quid tells us that it is pg; a true
solution, but a mixture of two liq-
uids which will separate, leaving the
heavier liquid on the bottom with a
surface interface the entire width ~
of the tank. If a dense liquid is
involved, a large free surface red-
uction in stability occurs.

The following situation applies to
at least four recent accidents which
come to mind regarding collisions in
three different countries. Two ships
in a how-to-bow passing situation in
a river or a harbor collide. In the
last-minute attept to avoid the
collision, the alignmnt of the two
ships changes and one strikes the
other. The "attacking" ship is usu—_
ally able to remain afloat and under-
go repairs in drydock. The "struck"
ship often sinks, capsizes, or is
beached to prevent sinking. At this
time, there are international sub-
division/damage stability require— .
msnts to withstand such accidents
only on pggsenger vessels. (NOTE: The
1973 Pollution Convention is not
yet in force).

‘So much for known stability accidents.
Let us also consider the stability)
problems expected from the newer oc-
ean systems which will become the need
of the future. - r

One newcomer to the list of stability
problems on oceans is the problem of
lifting heayy and relatively large
objects g£_ggg. This causes a loss
of stability while the object is sus-
pended (in addition to the change of
location and adding or subtracting
the weight itself from the displace-
ment of the ship). The recent advent
of continental shelf exploration sys-
tems has changed the naval architect's
design problems from an occasional 5-,

3

10-, or 15-ton lift at sea to the daily
loading or offloading of several hund-
red tons. The naval architect has many
problems with regard to safe movement
of such a lift in a seaway. If the
lift is attempted when the supporting
ship is reacting to the seaway system
by more than a few degrees of heel or
trim, the suspended load may develop
dynamic forces greater than the factor
of safety used in intact stability cal-
culations. Further, these dynaeic
forces can be expected to be out of
alignment with the structure of the
lifting equipment, so they may cause
a structural failure. '

Containerships have inLroduced not only
a new_way to transport the world's '
goods, but also a new way to spread*
the loading diagram of a ship. Prior
to the development of the containership,
deck loading was usually reserved for
barges on coastal routes. except in
time of emergency. Most cargoes, both
dry and liquid, were contained inside
the envelope of the ship's hull. saw:
it is possible to load containers to
a height of several layers above the
weather deck.

High weights can be balanced by weigh-
ted containers low in the ship so as
to obtain the same average (KG) locat-
ion as a homogenously loaded ship. But
what effect does this change in gyra-
dius have on the century old assumpt-
ions governing rolling motion?‘ Might
it not be a sinusoidal motion in still
water, but susceptible to delay in the
cycle due to seaway action?

Thus far, designers have recognized that
severe accelerations sometimes occur
when loading is spread vertically, but
administrations have not found it nec- I
cessary to offer guidance or limiting
criteria.- The average Centre of Gravity
is still the only guide used.( I

The newer VLCC vessels have a much sim-
plified cargo movement system, utilizing
bulkhead valves. It seems evident that
if all such valves were left open, an
unsatisfactory condition of stability
would exist- How many valves can be
left open and still allow unlimited
safe passage on the oceans? This
author has no knowledge that this has
even been investigated.

If a few valves cannot be closed prior
to leaving port, the Master should know
the extent of stability degradation
he has suffered.

The new ships that carry liquiefied
petroleum at very low temperatures must
ibe loaded and offloaded using a special
pipeline of quite limited flexibility.
Pumping liquid cargo and liquid ballast

< _ .
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at the same time causes some of these
ships to approach a condition of neg-
ative stability which could cause a
heel of several degrees. Thus, the
designer must consider an in-port stab-
ility evaluation for these vessels.

Loading variation has also become a
very critical part of the stability
of any surface effect ship (i.e., foil-
borne, air cushion, etc.). Unless the
weights are distributed with great
care, the foil loading may become too
great on one side such that the ship
cannot maneuver or cannot even support
the load on one foil. In the case of
the air cushion vehicle, the distrib-
ution of weight is directly linked to
the location of the Centre of Pressure
underneath the hull. (NOTE: There is
pg centre of buoyancy and pg K, so there
can be pg KB or KG in the traditional
sense).' The Centre of Pressure can be
changed by a variation in weight dist-
ribution or by a momentary change in
the seaway. The intact stability
criteria developed for this system
must consider both the loading of .
cargo and the severity of the seaway
the ship will transverse.

Thus, stability criteria should be
developed for all surface effect ships
systems, which include the allowable
variations in speed in the maximum
seaway. Considerable research will be
required before the seaway limits in
which these ships can operate safely
can be accurately predicted in terms of
speed, resonance, angle of impact, slope,
and character of waves. s

The external forces acting on a ship can
be categorized as weather forces, as
gear forces, or finally as velocity and
maneuvering forces.

With regard to weather forces, perhaps
the oldest criteria had to do with a
ship's resistance to the wind. Sailing
vessels have been judged by their ability
to stand up to a particular strength of
wind for many centuries.» Early in the
present century, the construction of
large high-sided passenger vessels made
it natural to utilize a wind criteria
for transverse stability on these vessels
In the U.S. Coast Guard, this wind heel
criteria eventually was used as the basic
stability criteria for all ships. In the
light of the many different kinds of
ships built in the past two decades,the
amazing part is the realization that
the wind heel criteria actually served
very well in the roll of all-inclusive
intact stability criteria until very
recently, when many new.marine systems
began to be used worldwide.

There are. of course, seaway forces
that act upon the floating system as

1

Cleary

well as wind forces. These Forces have
never been ignored, but until recently.
it has been quite difficult to find an
accurate definition of such forces, so
that a meaningful criteria could be set
up as a guide for ship designers. The-
mathematical and graphical expressions
governing the rolling of a ship have
been known for the last century, but
-it has been difficult to describe the
many moods of the sea in mathematical
or graphical expressions. Indeed, at
this writing, the energy imparted into
a ship's hull by a given wave has not
been quantitatively determined.

External equipment forces acting on a
ship at sea are not few in number, but
almost all can he critical in their
effect on the floating system.) There-
fore, they must he given consideration
in the design of the system. Examples
of such equipment forces are anchors.
mooring lines, towing hawsers, fishnets,
submersible transfer vehicles, ramps,
buoy handling equipment, and structural
support legs. This is not offered as
a complete list, but it should serve to
introduce the importance of these items
on stability. I

0

A new field of concern for marine stab-
ility is the effect of high-speed or
high-velocity hydrodynamics._ It was
mentioned previously in connection with
surface effect ships. The new 30-knot
cargo ships also have to maneuver with
care when travelling at full speed.
Additionally, the very high THRUST now
being obtained by small ships with over-
sized engines, propellors and rudders
with extra area for maneuvering in close
quarters creates a need for special
analysis by the designer.

Solving the hydrodynamics involved in
these new designs involves either full-
scale or model testing to determine
force coefficients, since they cannot
be obtained from the standard naval
architectural textbooks.

3. PHYSICAL PROPERTIES _

Many textbooks have been written about
the relationships between the mathemat-
ical concepts involved and the form of the
ship. What is now necessary is an up-
dating of the physical concepts in each
type of ship (or marine system).

1

With regard to ship FORM, there are
three categories which need recognition:

l) Displacement Hull (Single Hull) - »
Large Waterplane Area Ratio.

2) Displacement Hull - Small Water-
plane Area Ratio. a " .
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3) Non-Displacement Hull (Planing
Hulls, Surface Effect Ships,
Foilborne Ships). -

The first FORM area is the so-called,
"normal" ship which we naval architects
call the cargo or passenger ship with
FORM characteristics.

= 0.55 to 0.80Cb

" = O.70.to 0.90CWP
cnddship = 0.85 to 0.99 _

The above hull shape fits a standard
load line concept. The stability crit-
eria needed for such vessels can be
standardized as long as the ship does
not have excessive freeboard or very
large superstructure and it carries its
cargo inside the hull, not as a deck
cargo. i

However, included in this first category
are ships which are pg; "normal" in
the stability sense above. Some are
barges, which carry cargo mainly on
deck. Some have excessive freeboard,
because a very light cargo is carried.
Some short vessels have extremely low
actual freeboard, although they meet
the minimum requirements of the Inter-
national Load Line Convention. Others
carry cargo stacked from the tank top
inside the ship to well above the
weather deck, which allows the chance
that a poor distribution of weights
will be used. See Figure (1). Others
have been proposed with very high sides
and no weather deck, which would be
considered a novel form under the Inter-
national Load Line Convention. Such
ships must be specially designed so
as to survive when an abnormally large
wave puts excessive water in the well.

The second major difference of FORM
that must be considered is a very small
waterplane area displacement floating
system which does not respond greatly
to the seaway. This may be in the
form of a floating buoy or a very tall
floating tube. It may be a floating .
system with a suspended weight beneath,
in which case it is difficult to speak
in terms of KG. ,The most common ex-
ample of this FORM is the mobile off-
shore unit.

The shape of the righting arm curve
is often a very high value in the
first 15 to 20 degrees, followed by
an equally sharp drop with a total
range of 30 to 40 degrees. Such a
righting arm curve does not lend it-
self to a standard righting arm eval-
uation such as is used on ships of
high waterplane coefficients (C).“
It is possible for some of the forms ‘

5

»~
r

in this category to achieve a condition
wherein G is lower than B.

‘ . 4 , _

The third major category of FORM is that
which exists when the ship in operation
is supported either partially or comp-
letely out of the water. Included in
this category are the planing hull, the
foil-borne ship, and several types of
surface effect ships.

The chief physical characteristic of
concern in these systems when in full '
operation is the absence of a centre of
buoyancy. Since "G" and "B" are ab-
solutely necessary for any marine system,”
we must invent some evaluation of support
to substitute for "B". Of course,
designers of these systems have been
well aware of the different types of
support. So far, no published design
criteria have been accepted as the proper
approach for safe passage. to this S
author's knowledge.

In order to establish criteria for these
ships, we can identify at least three
sub-groups. The planing hull and the '
foil-borne ship require speed of motion
to create the lift and are supported by .
the sea by a summation of instantaneous
pressure which equals their weight.
Therefore, we might create a criteria’
utilizing Centpe of Pressure. r_

The foil-borne ship is supported by hydro-
dynamic wings, the lift of which equals‘
the weight of the system, and this weight
is balanced by the geometric relationship
of the foils. ,

The surface effect ship (air cushion type)
is supported by a distribution of air at
slightly above 1.0 atmosphere. The loc-
ation of the center of air pressure is
only partly dependent on the shape of
the ship, and more dependent on the
distribution of total weight above the
air space. A stability criteria created
for this type of ship would seem to n
require a limit on the allowable devia-
tion of G from the ship's centerline at
amidships. ). ' T

Each of the systems above is meant for
high speed. This complicates the stab-
lility criteria selection for these ships,
as they may react violently to wave im-
pact, depending on the relative angle of
intercept with waves. At the present
time, they are limited operationally by
an inability to proceed in waves above
a given significant height. ,

The noted differences make it necessary
to consider more than GM or the Statical
Righting Arm curve for such vessels. An
adequate criteria for these ships should
consider an assumed overturning moment
caused by the high-speed impact of a
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steep wave against one side of the ship.

Thus, it is evident that every marine
system should be examined for stability
reserve to withstand loading distrib-
utions (both vertical and horizontal),
internal shifting of weights (deliberate
or accidental), addition of seawater or
change in buoyancy (temporarily or 6 '
permanently), and explosure to severe
weather and seaway conditions in all
anticipated service conditions of
loading. 2 "

4. BACKGROUND -

From the foregoing examples. we see
that the NEED for more stability crit-
eria is both increasing drastically
due to the many new oceangoing systems,
and demanding a refinement of the
judgement applied in settling on a
particular criteria. Indeed, the
variety of ocean systems presently in
use shows a need for many different
stability evaluations that have never
existed until this past decade.

Let us briefly examine the criteria
which are in use today. All such
criteria can be grouped into two major
groups: those that examine the adeq-
uacy of the Initial Metacentric Height
and those that examine the character-
istics of the Righting Arm Curve. The
mathematics of these two evaluations
has been known for more than a century
and thoroughly discussed in many tech-
nical papers. C

The GM evaluation depends on the geom-
etrical relationships between G and B
for a floating body., Some of the form-
ulas used ard valid only at small angles
of heel, yet sometimes they are inad-
vertantly used for large angle calcul-
ations. The Righting Arm evaluation can
be valid at all angles of heel, but it
is NOT automatically valid. If any
change in displacement or trim occurs,
with heel, the curve should be evaluated
for the magnitude of change. However,
assuming for the moment that the curve
does truly represent a correct sumation
of‘the attitude of the ship at each
and every angle of heel, the Righting
Arm Curve offers the better opportunity
to ascertain the statical ability of
the ship to resist overturning.

What is the proper variation of GM and
of the statical Righting Arm Curve?

Historically, until the 1930's, stab-
ility criteria had been almost entirely
left with the ship's designer rather
than with the classification societies
or the administrations. Today the
responsibility for setting a minimum

_Cleary ’

criteria for the designer is clearly
with the administrations.

Professor Peabody (2), writing between
1904 and 1917, stated that there were
"two distinct types of curves of stab-
ility, those for sailing ships and
those for steamers". He characterized
the sailing ship curve as extending
to or beyond 90° angle of heel, while
the steamer was acceptable at 60°.
No mentione of_downflooding was made n
in this range. Also, in mentioning
these different curves, Professor
Peabody felt obliged to defend the
steamer range of 60° by pointing out
that "the stability must not be exces-
sive, as it leads to quick and violent
rolling which may be very unpleasant
or even dangerous".

The Coast Guard has a current stability
research project with Hydronautics
Corporation (3), who with Nickum and
Spaulding, Inc. (4), have conducted a
stability literature search in the
English language. They have concluded
that only three technical papers out
of 212 published between the years
1746 and 1929 had actually been bold
enough to propose a stability criterion.
One of these was by Sir John Biles
(l922)~(5), who recomended that GM in
a lightship condition be not less than
1.0 feet. In 1925 Mr. C. Frodsham
Hblt (6), proposed minimum and
maximum GM values and related them
to safe rolling periods at sea.

The 1930 Load Line Convention mentioned
that the stability of the vessel was
presumed to be adequate, thus est-
ablishing an undefined responsibility
for providing adequate stability and '
leaving open the question of degree
of responsibility between the designer,
the ship's Master, and the administ-
ration. Thus, the designer has retained
responsibility for providing a ship
which can be operated safely in all
conditions of loading, the Master _
retains responsibility for adequate
stability at any particular point of
a voyage, and the administration re-
tains the respnnsibility for setting
standards and reviewing the applic-
ability of ships of varinus types to
meet the standards. nlmost all actual
criteria in use today have been dev-
eloped within the pas! thirty years.

The criteria used in the 3.8.1. since
early in the 1939's has been an
initial GM criteria based on wind
pressure an the lat rel area alnve
the w£tQIliH§. .

- it vhf.- W4 = ~-—--
h.='!-~.r=r'._- - 1 A ‘tow-Q'
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P = .005 + (iz-%66)2tons/ft.2 Ocean

L = length between perpendiculars in
feet

A = projected lateral area in square
feet above waterline ~

h.= vertical distance in feet from
centre of A to centre of under-

. _ water lateral area or l/2 draft

£b= displacement in long tons

Q= angle ofheel to l/2 the free-
board to deck edge or 14 degrees,
whichever is less

This criteria has been used to satisfy
all intact stability requirements for
passenger ships in weather at sea, and
for all cargo ships since 1952. Of
course, Damage Stability has been
reviewed, because of well-publicized
accidents like the TITANIC and the
LUSITANIA,on passenger ships since
the l930 Safety of Life at Sea Con-
vention. Also. due to several
capsizings caused by sudden movement
of large numbers of passengers on ~
multi-deck excursion steamers, an
analysis of resistance to heel caused
by the movement of passengers was
required. i

-M A Ni» '
q :'_4'i$_tG-~29

where:
N = number of passengers

b = distance in feet from centerline
to geometrical center of passenger
deck area on one side of centerlin

A = displacement in long tons

Q~= angle of heel to deck edge or l4
degrees, whichever is less "

The three calculations are plotted on a
graph of DRAFT vs. REQUIRED GM (minimum)
No maximum GM is set, this being left to
the ship's designer. If a passenger
ship is designed with excessive GM, the
customer would soon regulate the con-
dition.

(.

Although it was not specifically stated‘
at the time, the latter two evaluations
(damage and passenger heel) were
"surprise" criteria as opposed to the
weather criteria in which it is presumed
that the ship's crew can prepare the ship
by closing all weathertight openings in
the several hours prior to the storm.
It was not necessary to label these as
"surprise" criteria in the 1930, l948,
and 1960 SOLAS Conventions regarding
passenger vessel subdivision because the
Margin Line concept was used as the

»

7

flooding and heeling limit.
Theoretically, this concept would
not allow the deck to get wet.
However, when it became necessary in
1969 to define the limit of flooding
for the subdivision concepts adopted
in the 1966 Load Line Convention, which
allowed deck edge immersion, the IMCO
delegations agreed that weathertight
doors, etc. should be considered open
when evaluating a damaged condition.
Thus, a new element of judgment (i.e.,
degree of crew preparedness allowable)
has been recognised in the quest for _
stability criteria.

The use of the required GM criteria
(wind, passenger,damage) in the U.S.A.
as the all-inclusive stability formula
was reasonably successful until 1960.
After this, it became increasingly
apparent that the newer variations of ‘
floating systems were presenting.new
problems for this criteria.

Only thirty years ago, we could classify
almost all oceangoing ships in three
broad services (e.g., passenger, cargo,
tanker). Now, many passenger ships
have become specialized cruise ships or
combination passenger-vehicle ferries:
tankers vary from 1000 tons to 500,000
tons displacement, and their cargo ,
density may vary from a specific gravity
of 0.5 to 1.3. Additionally the bulk
chemical ship has joined the ranks of
bulk liquid carriers with cargoes that
may vary from 0.5 to 2.0 in specific
gravity.

Cargo vessels are no longer only built
as multi-purpose vessels. Many are
built for specialized trades, such as
the container ship, the roll-on/roll-off
(no passengers) cargo ship, the grain
ship, the bulk/oil carrier, the steel
products ship, etc. Such a variety
of ships makes it increasingly
difficult to call any shape or service
the "normal" ship. Indeed, to this
writer, it seems no longer possible to
reach an understanding with an audience
by using the term "normal or “average
ship". Some have high lateral area
which makes the wind criteria important:
others are so beamy as to make the wind
criteria no real test of the ship at all

In an initial attemptto compare the
initial GM criteria with the Rahola
values for Righting Arm criteria _
recently accepted at IMCO, Mr. W. Magee,
former Head, Hull Scientific Branch, Y
Coast Guard Headquarters, examined the
righting arm curves of a cargo vessel
(LIBERTY) in the load line condition
with the minimum GM as required by the
Wind Heel formula. The result was a
righting arm curve which almost exactly
fulfilled the recommendations of Dr.
Rahgla, While this was gratifying
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in view of the good stability record of
the LIBERTY, it was recognised that we
could NOT adopt the comfortable atti-
tude that the U.S. Wind Heel formula is
always equivalent to the most widely
accepted righting arm criteria. How-
ever, recognizing the great variety of
ships in service today with block
coefficients varying from 0.50 to over
0.90, some having low freeboard while
others have huge excesses of freeboard,
and some having two or three times the
beam formerly associated with a speci-
fic length, it would be quite.extra-
ordinary to expect that the Wind Heel
criteria would produce 0.08 metre-rad-
ians under,the righting arm curve for
every ship in every condition of load-
ing.

Indeed, our recent experience has ~
shown us that the Wind Heel criteria
definitely has practical limits. We
are reasonably sure, for instance,
that the Wind Heel criteria for a VLCC
has very little use, since the ship
has a much greater requirement to meet
the damage stability criteria which
are increasingly evident in interna-
tional thinking.

To date, unless a unique SERVICE
condition such as grain loading, towing
service, etc. required a special analy-
sis, most U.S.A. flag vessels have been
examined only to be certain that they
had the minimum GM for Wind Heel, which
varies with draft. A sample Wind Heel
graph such as is provided in the
stability information to the Master is
shown in Figure (2), v

The stability criteria which have been
mentioned in this section have been
utilized over the past two decades by
various administrations and by design-
(ers. In the past two or three years,
however, it has become evident to some
administrations that the existing‘
stability criteria are not always
appropriate for the very small vessels
.and may not be appropriate for the
very large vessels. The U.N. agency
IMCO has found it necessary to modify
slightly a recommendation which was
published as Assembly Resolution No.
167, which was entitled "Recommended
Stability Criteria for Cargo and
Passenger Ships Less than 100 m. in
Length". This criteria needed a
modification in order to be considered
proper for fishing vessels, and a
subsequent criterion especially for
fishing vessels was recomended.

¢.

Next, it was realised that this
criteria would be inappropriate for 5
the ships in the oil industry which
carry pipe and supplies to the drill
rigs out at sea. Because of their
form, the statical stability curves
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for this shape vessel cannot meet the
criteria. ,

The fishing vessel criteria just
mentioned have been challenged twice:
First, with regard to the large fish-
ing vessels, 75 to 100 m. in length,
the need for this much stability has
been questioned. Secondly, as En cri-
terion for'fishing vessels less than
24 m. (79 feet) in length, it appears
to be less than enough to provide
adequate stability in all operating
conditions. Specifically, they '
trouble is suspected to lie in the
use of righting arms rather than a
righting moment curve. ‘Figure (3).
compares identical righting arm
curves which look adequate, but the '
small ship may be inadequate when
the actual righting moment and .
available righting energy are pic-
tured against the expected energy in
a seaway. Since the indication is
that the smaller ship reacts to a
greater degree to sea spectrum which
are present in the ocean most of the
time, it is only possible to state
the problem and not the full solution
as the representatives have not fully
discussed the technical problems in-
volved.

At the other end of the spectrwm of
marine vehicles, the VLCC and ULCC
are also testing the ability of
designers and regulatory authorities
to provide a satisfactory intact
stability criteria, because of their
extreme size, the moment righting
curve may show a high resistance to
heeling under force of wind and sea-
way that the present criteria may 1
offer very little protection and may
be unnecessary. Let us hasten to
qualify the previous sentence.
Before dropping all intact stability
criteria from large vessels, the
authorities must be satisfied that
none of the service conditions'have_,
an inherent stability reduction which
must be accounted for. One such
stability reducing condition which
requires continued examination is
found in large combination oil-bulk
carriers which are designed with full
free surface in the holds, or in oil
carriers with cargo tanks which may
be interconnected. For these
reasons, slosh bulkheads and tunnel
piping systems must be considered
very carefully before finishing the
design.

5. RATIONALE FOR MARINE STABILITY
CRITERIA '

In order to produce a design which)
is well qualified with regard to
stability, the designer should

~
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examine the FORM he has chosen for the
SERVICE intended in the most severe
weather predicted for the area of opera-
tion (i.e., amount of EXPOSURE).

In addition, it is important to the
validity of his assumptions that each
event examined be clearly distinguish-
ed as either a surprise event for
which the crew'm§y'§2t'be prepared (in
which case the ship must save itself)
or an event which the crew can be
expected to prepare for. Examples
of the "surprise" and "prepared for"
stability events are:

"Surprise"
1) Passenger Heel

2) Bulk Cargo Heel (Slack)

3) Towline

4) Damage (Collision)

5) Free Surface (Deck Well)

"Prepared For"

l) Storm (High Seas)

2) G Bulk Cargo (Full Holds)

3) Lifting Cargo

4) Floodings (Doors or Hatches, etc.)

5) Free Surface (Tanks) l

The reason that it is important to make
the distinction above is that we must
consider an angle of downflooding as
a termination of the righting arm curve.
The openings (hatches, doors, air pipes,
vents, etc.) on the deck and in the
superstructure must be considered open
in dealing with a "surprise" stability
criteria, whereas we can logically
assume most openings secured-weather-
tight when considering an event for I
which competent seamen can prepare the
ship, given several hours‘ notice.

with regard to the form of analysis T
used for the stability examinations,
the usual choice is whether to exam-
ine a GM value or a righting arm curve.

In the opinion of this writer, ships
should be examined by the designer for
adequate stability on the basis of the
righting arm curve, including an
analysis of the full range of stabil-
ity. "y ' ’

The GM value or KG value can be just
as useful when it is used to present
the stability information to the
master of the ship. M Often this can
be shown in easily read tabular format

9

or in graphs. The master has less
(or no) time to calculate stability
while he is attending to navigation,
radio communications, personnel
problems, etc. Still, he is respon-
sible for providing adequate stabil-
ity (within the capabilities of the
ship itself) at any point in the
voyage. '

Returning to the examination of
stability in the design and construc-
tion stages, all of the heeling
effects which may logically be con-
sidered of sufficient magnitude
should be plotted against the right-
ing arm curve for each loading con-
dition. '

This should always include Wind and
Seaway energy heeling moments and
the effect of shifting weights, such
as bulk cargoes, and free surface
corrections for slack tanks. Addi-
tional heeling moments to consider
are:

l. the effect of water in a deck well

2. rudder force I

3. loading or offloading cargo at sea
A

4. special equipment over the side of
the ship at sea

(a) fishing

(b) dredging

(c) towing »

The remark above about heeling moments
of "sufficient magnitude" will natur-
ally raise the question "What is
sufficient magnitude in each case?"

In the writer's opinion, the follow-
ing figures could serve as an interim
guide to signal the need for an exam-
ination of stability. ‘

Regarding deck well water momentarily
trapped on deck, we can consider
each of the three effects noted
earlier: \

l. Increase in Displacement - I
greater than 5%

2. Raise in KG — greater than 10%
of original KG

3. Free Surface - greater than lO%
of waterplane inertia

If any of these is high, the total
effect on stability should be
realistically examined over the full‘
range of stability.
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Regarding Rudder force, the condition
should be checked if the rudder area
is great or Qfi of the underwater later-
al area or if the speed of the vessel
exceeds a Fronde No.=l.O. There
should also be a ratiowof SHP/Dis-
placement which could give the design-
er warning to examine steering sta-
bility, but the writer has no idea at
the moment what the threshold figure
should be. The range of this ratio
in ships now sailing varies from
approximately 0.1 SHP/Ton Displace-
ment for VLCC to almost 5O times
this figure or approximately 5 SHP/
Ton Displacement for some modern tug-
boats. Hopefully, research will
provide this answer. I

With regard to loading cargo at sea,.
this is at present almost entirely
within the fishing and dredging
industry, unless one includes the
transfer of materials from ship to
offshore mobile unit, In each case,
the ship needs to be examined inla
beam seaway.

The offshore mobile units are often
the subject of extensive model
tests for seaway characteristics
prior to being built. The ships
which supply and receive items from
these units are less fortunate.
Also, they must be ready to moor
almost under the movile unit in
order to be within the swing radius
of the lifting booms provided on the
mobile unit.

The mooring system cannot be shifted
each day in order to remain directly
into the wind and sea: thus, the
effect of partial load removal and
load addition on the trim and heel
of the ship in a moored condition
in other than head seas must be
reviewed. Again, research is
needed to tell us the design limits
in_g seaway. O

With regard to dredging or mining
at sea, the ship will be subject to
extreme variations of free surface.
These should be examined against
both light and loaded righting arm-
curves.

A special note should be added here
regarding the calculation of free ~
surface. The normal method of
free surface adjustment has been to
use the mathematical equivalent of
a vertical change in the position
of G. This creates a new righting
arm curve. However, the new right-
ing arm curve is only accurate fpr
the approximate range of O-lO
degrees heel, for which the trigo-
nometric relationship of B,G, and

»
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M remains valid. For greater angles
of heel, an error in the righting arm
'curve'develops, which is often a sub-*
stantial error. The cure for this
problem is to establish the basic
righting arm curve using the "virtual"
change in G and then to adjust the
curve at larger angles of heel by cal-
culation of the actual off-center
liquid weights by the moment of trans-
ference method.

The cargo which is being dredged or
mined out of the sea may have more
than one free surface in each tank,
since it is a mixture of water and
solid material. Thus, even if the
cargo tank is filled to the top with
water, the material which is in the
hold may shift to one side and cause
capsize. . _

With regard to ocean towing and fish-
ing gear over the side, the righting
arm curve should be evaluated in a
beam seaway against a heeling moment
generated by the towline or fishing
gear. With regard to fishing
vessels alone, it is recomended that
the designer check the stability in a
beam seaway when the loaded gear is
suspended from the lifting boom. The
ship will respond to the sea in the
heaving mode while the load will
remain in position.

Another item in the stability evalua-
tion which appears worthy of consider-
ation on some floating systems is the
large gyradius due to either extreme
vertical dimensions such as a mobile
offshore unit or due to the ability
to load cargo equivalent to a very
high deck load. The present system
of stability analysis begins with
the determination of_average centre
of gravity KG. For the purposes of
constructing the righting arm curve,
all weight is initially assumed at G.
The judgment and experience used in '
looking at a righting arm curve or ~
in selecting an arbitrary figure of
area under the curve as Egg safe
limit has been under the assumption
that all cargo was inside the FORM
of the ship. In the containership
trade, this is no longer the case._
Also, in the instance of a jack-up
mobile offshore unit while in transi-
tion on the ocean, there is a great
difference in gyradius compared to
treating this unit as»a barge.

When we examine only the difference
in rolling period in still water,
the change in gyradius does not
appear to affect the situation
greatly. . However, these two new
developments on the oceans (jack-up
units in transit and containerships)
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should be considered in a seaway from
several angles of heading, including
head, beam, and following seas at the
speeds indicated in each design.

It is hoped that after these designs_-
have been examined in the full environ-
ment, designers should.gain an insight
as to which are the important features
of a righting arm curve for these ships
Purely as a guess, we may discover that
it would be desirable for a high speed,
full displacement ship to have a sharp
rise in the righting arm curve between
approximately 15 and 25 degrees of heel
Perhaps other features will arise which
will help the evaluation of large gyra-
dius systems and high speed/hull dis-
placement ships.

Another subject which needs renewed
discussion among naval architects is
the degree of flooding protection
required, including the stability
partially flooded ships.

of_

To date, the assumptions used for
flooded ships have been a mixture of
two different
the empirical
assuming that
a compartment
Second, it is

philosophies. First,
approach is utilized,
the ship was flooded on
basis arbitrarily.
assumed that the ship is

flooded because of damage. (Most
often a side collision has been envis-
aged.) V .

The compartment concept was originally
understood to mean the entire space
from side to side of the ship between
two adjacent transverse bulkheads.
The effect of longitudinal bulkheads
was not spoken to. Thus,the com-
partment concept has become somewhat
vague in application. Also, the use
of the compartment concept on floating
systems such as mobile offshore units
which may extend lOO feet or more
above sea level makes it difficult to
conceive the accident which will re-
sult in the assumed flooding.

The damage concept can be less empiri-
cal, provided agreement can be reached
on the most probable size and location
of damage. ,

There are other possible flooding
situations which could be used in a
logical damage stability criteria.

The lowest order flooding that might
be-envisioned is that from the loss
of watertight integrity of topside
fittings such as doors and hatches.
This type of flooding would be of
value in a damage criteria which ' a
envisaged storm damage to the weather
deck area. This explanation of
flooding has not yet been used in a

i 11

criteria, to the author°s knowledge.

The next step is a minor damage cri-
teria wherein the ship is holed any-
where on the side or bottom shell,
but the damage is not extensive.
Such damage would be a logical selec-
tion for a criteria which called for
low energy collisions or dock damage.
This concept has been recently intro-
duced in the concept of damage pro-
tection for liquefied gas carriers
in the latest IMCO code. y

Finally, when high-energy collisions
are envisaged for-damage criteria, an
extent of damage is specified by
depth of penetration, longitudinal
extent, and vertical extfnt of damage
Usually they are B/5, %L° and
base line upwards without limit,
respectively. These limits are
defendable when speaking of full dis-
placement single hull ships, but not
when addressing some newer systems.
If the designer desires or is re-
quired to protect his design against
a high-energy collision situation on
the high seas, logically, the limits
of the damage assumption should be
applied randomly anywhere along the
length of the ship. There is statis
tical evidence that the collision’is
more likely in the forward half of
the ship, but this does not mean that
there is no danger to the stern.

It is not logical, and it is quite
unnecessary, in this writer's
opinion, to presume "damage" when it
has been decided to adopt a one-
compartment flooding criteria. To
do so presumes that the ship will be
struck at only a few precise loca-
tions along its length, due to the
assumed longitudinal extent of damage
overlapping the transverse bulkheads.

.~-MThe-fiereq0in9 th9u9h§s OB damage
stability rationale can be completed
by recommendations for progressive
development. In order to develop
the more logical approaeh of "size of
damage“, it is necessary to consider
all FORMS (single hulls, catamarans,
semi-submersibles, etc.) versus
probable collision partners and to
conduct a combined stability and
structural evaluation.

Next we might turn to the rationale
for stability criteria on high-speed
ships. Included are planing boats,
foil-borne ships, and surface effect
ships. Since these ships operate
at high speed and their hulls are
partially or completely out of the
water, the process of adopting a
righting arm criteria becomes diffi-
cult because the displacement changes

\
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The approach taken by the author's ad-
ministration thus far has been a com-
bination of the full displacement
righting arm evaluation versus a wind
heeling arm, but requiring a greater
reserve area under the curve in an
attempt to provide some degree of pro-
tection for the high-speed/low dis-
placement condition. ‘

Additionally, such a ship is limited
operationally by the human criteria
of an inspector riding the vessel and
setting a limit on the height of sea-
way in which the ship may operate.
Obviously, this approach does not
allow the ship to be used anywhere in.
the world at any season of the year.

The new marine stability criteria
should be developed for each of the
general FORMS of high-speed ship.
In each criteria, account should be
taken of the overturning effect of a
high-speed impact with a short-crested
wave top on one side of the hull at
B/2 from the centerline.

Account should also be taken of the
effect of high-speed traverse of
a beam seaway, including the possi-
bility of synchronous roll leading to
capsizing.

It is evident that the clear height
above still water is significant to'
the latter two types of craft con-
sidered above. If the ship operates
in a seaway of significant wave height
(H3) equal to one-half the clearance
height, the ship will statistically
be impacted by no more than one wave
in 3000. (NOTE: H3 is taken equal
to the average of the one-third
highest waves.) _

Until research shows that closer
limits are acceptable, administra-
tions faced with the decision as to
level of safety for passenger craft
might be tempted to limit such high-
speed ships in a probabilistic manner
such as this. Thus, if a designer
contemplates a full ocean design, he
would have to consider one with an
BO-ft. clearance instead of develop-
ing these designs gradually in size. 
This would cause the designer to
jump from the existing designs, which
are generally limited to coastwise or
semi-protected service, to hugh ships
without the benefit of experience
gained in the design, construction,
and operation of intermediate sizes.
It would be an extremely onerous
design condition, so let us open
several ideas for alternatives.

First. the designer might provide a
craft that is both light enough to
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be lifted and yet strong enough to
withstand repeated very high velocity
impact in waves, and which will not
be tripped into a capsize when impact-
ing on waves.

Another possible answer could be in
developing a real-time ocean mapping
system which had at all times a com-
posite view of weather and the sea- N
way systems, including the effect of
a confluence of seaway storm systems,
and which could predict the develop-
ment of seaway systems for twelve
to twenty-four hours in advance along
the projected route of any such high-
speed craft. -

Third, the naval architectural, oceano-
graphic, and materials research world-
wide comunities could work on the
problem.from all sides and, over the
next decade, develop a combination of
the above suggestions which could
assure-the ocean passenger that such
an ocean crossing would be comfortable
at all times and assure the admini-
strations that it would be safe.

The writer feels that such ocean
travel systems are the next step in
high-density passenger travel as well
as high—value cargo transport, but
only after the necessary development
work has given us the answers to
proper design. . '

6. CONCLUSIONS AND RECOMMENDATIONS

Adequate stability is dependent upon
a proper analysis of the FORM of
the floating shape in the maximum '
EXPOSURE (seaway or weather) for which
the shape is intended, taking into-
account whatever is unique about the
SERVICE of the shape. 4

None of these categories may be com-
pletely overlooked. Parts of the
latter two categories may sometimes _
be eliminated, only if it is obvious
that another criteria governs the
shape of the desired righting arm
curve. p

Looking back through recent history,
often it has been the practice to
presume that one criteria or another
was enough to provide an adequate
level of safety in all areas, even
though they may not have been examined
by the designer. It is no longer
valid to assume that one criteria will
be sufficient to cover all stability
needs of the ship if its form, speed,
or area of operation have enjoyed the
ship design innovations of the last
twenty years. It is, therefore,
incumbent upon the marine designer
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to examine his ship or system in each
of the three broad areas mentioned
above and to provide a reserve of sta-
bility so that all uses of the float-
ing system are covered.

When administrations are concerned
with establishing a stability cri-
teria of a‘sufficient level of safety
to assure the citizens and industry
that lives and property are safe at
sea, the above conclusions should be
stated in another way, as follows:

It is not sufficient to publish one
criteria for passenger ships, another
for cargo ships, another for tankers,
another for oceanographic ships, etc.
 The error occurs in placing all ships
of a single SERVICE in the criteria.
The most important of the three cate-
gories is FORM. _Thus, a stability
criteria for passenger ships must be
different if the passenger ship is
lOO ft. long versus lO0O ft. long,
or if the ship is a catamaran instead
of.a full displacement mono-hull, or
if the ship is a high-speed, surface
effect ship.- i

The major conclusion of the discuss-
ion on Rationale is, in the writer's)
opinion, the realisation that so much
research is necessary if naval
architecture is to provide the
measuring stick of safety comensur-
ate with the many new oceangoing
systems in use today.

Almost all of the ideas in the section
on Rationale indicate a need for con-
tinuing research to test newer FORMS
in both model and full-scale seaway
situations and to correlate calculated
results with actual motions of full-
scale floating systems.

The results of such tests and calcula-
tions must then be plotted systematic-
ally on the Righting Arm or Righting
Moment Curves to determine the proper
design parameters. Righting Moment
curves will be necessary to adequare-
ly define parameters of small ships
and high-speed ships, since the
dynamic aspects of such ships in a
seaway are much more critical then a
static evaluation of stability.

In sumary, it seems abundantly clear
to this writer that the existing,
largely empirical marine stability
actually in use have already been
severely challenged by the wide
variety of new marine systems. It
is time for a much bolder approach if
we are to provide meaningful criteria
for the future. .

In conclusion, the writer would like
to state that while taking full

I
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responsibility for the opinions ex-
pressed here, he cannot claim credit
for originality of all of the ideas
shown here. Many of the ideas
expounded here are gleaned from hours
of discussions with naval architects
of several countries, as well as other
naval architects from his own country.

What is expressed here is the author's
sumation of ideas on marine stability
criteria which he has seen, heard, or
thought about, and which, in his
opinion, offer the most logical approach
to future development of marine sta-
bility criteria.
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S N A M E

TABLE I

LIST OF FORCES

INTERNAL

INTACT STABI

PASSENGER SHIFT

BULK CARGO SHIFT

LIQUID SURFACE EFFECT

WEIGHT MOVEMENT AT SEA
CARGO LOSS
CARGO GAIN

ICEING

LOADING VARIATIONS

DAMAGE STABILITY

EFFECTS OF FLOODING
CHANGE OF C G

(if damage is envisaged)
CHANGE OF C B

(when cargo is lost)
CHANGE OF C G

EXTERNAL

WIND HEEL

SEAWAY FORCES

GEAR FORCES
MOORING
TOWING
DREDGING
FISHING

MANEUVERING FORCES
RUDDER
THRUST VARIATION

WIND HEEL“

SEAWAY FORCES

GEAR FORCES
MOORING.
TOWING
DREDGING
FISHING

MANEUVERING FORCES
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RATIONAL STABILITY CRITERIA AND PROBABILITY

u OF CAPSIZING '

by

L. KOBYLINSKI

Technical University of Gdansk,
Y Poland

1. INTRODUCTION .
In 1962 IMCO started its work towards
the development of stability criteria
for fishing vessels and for small
passenger and cargo vessels of less
than lOO metres in length. The work
was completed in 1968 and the criteria
were introduced by IMCO as recommend-
ations £1].

At the time IMCO had started its work
towards elaborating international
stability criteria several countries
introduced some stability criteria ~
going beyond the,requirements of 1960
SOLAS Convention [23. All national
requirements and regulations were
carefully analysed, but the main
source of inspiration for the evalua-
tion of IMCO-Criteria was an analysis
of casualty records and a comparison .
of the various stability parameters
for vessels which capsized with those
which were found safe in service [3].
From all the stability parameters '
which could be used as stability cri-
teria, the ones chosen for further
analysis were those which lead to the
lowest position of KG. This was
decided on the basis of statistics.
The details of the approach adopted
at IMCO are well known from many ref-
erences, such as [I], [2], [3], and .
will not be discussed further. It
should be underlined, however, that
the approach was a pure statistical
one. Its main drawback was that-the
available data constituted only a r
small population of vessels. In con-
sequence, the statistical analysis
was not satisfactory.

|

During the discussions at IMCO, the
view was expressed several times that
gin future more rational stability
criteria are needed. Rational stab-

I

ility 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 them. The develop-
ment of such rational criteria is a
long-term task and for this reason
simpler statistical approaches are
first adopted at IMCO.

\

A

2. PROBABILITY OF CAPSIZING
-\

Considering the rational criteria, it
is possible to come to the conclusion
that the most universal stability
criterion should be the probability
of non-capsizing of the vessel during
its whole'life.

However, in the calculation of the
probability of non-capsizing of a
vessel many serious difficulties are
encountered. In such a calculation
it is necessary to take into account:

a) the variation of stability
characteristics with time,

b) the variation of external
loads with time and in the,
various areas

c) the period of service,

d) areas in which the vessel
is intended to operate.

Therefore, if in the definite period
of time ti, which belongs to the
period of service.T, there exists a
set of conditions Ni, which consists
of any combination of the sea state,
of wind force and direction and of
any other external loads, of heading
of the vessel, its speed and stab- g
ility, then the probability of
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non-capsizing of the vessel, X, can be
calculated as a conditional probab-
ility: . - .

Pti (X) = P (x/wi) _

If, in the period of service T, there.
exists the possibility of n sets of
conditions Wi, and each of them can
be repeated m. times, then the prob-
ability of noh-capsizing of the vesselo
can be calculated by the formula:see [#1

PT (X) = [F (x/1.1)] mi

Discussing the probability concept of
stability criteria, it should be not-
iced that the probability can never
reach the value of 1.0, so the prob-
ability of non-capsizing will never be
1.0. From the point of view of safe-s
ty a very slight deviation from 1.0
may be allowed. If we take for example
the probability of non-capsizing equal
to 0.99, it means that one vessel out
of a hundred could capsize. This can
not be accepted. Therefore, a much
smaller deviation should be adopted:,
equal to a small fraction of one per
cent. '

A question now arises on whether it .
is possible to calculate the probabil-
ity with such great accuracy; more-
over, in the vicinity of 1&0, the
dependence of the probability upon s
stability characteristics is strongly
linear. On the other hand, occurence
of extremely severe conditions of_
wind and waves is a very rare pheno-
menon, and at present the probability
of its existence cannot be calculated
on the basis of statistics.

Therefore, the error in the calculae
tion of the probability of non-
capsizing should be of a lower order
than.the probability deviation which
could be accepted as a criterion.

So the usefulness of the probability
‘concept in establishment of the stab-
ility criteria may be questioned.
{2§s was pointed out by Sevastianov

3. POSSIBLE METHOD OF DEVELOPING ~
- OF RATIONAL CRITERIA

The impracticability of using the
pprobability of non-capsizing of the
vessel as a universal stability cri-
terion leads to the consideration of

other possible methods of estimation
of rational stability criteria.

Any "rational" stability criteria
should take into account all possible
external loads and the behaviour of
the vessel under the influence of
such loads.. The view has been ex- '
pressed many times that a definite
"safety margin" should be estimated
for each situation..

From all possible external loads part
of them can be calculated with suffic-
ient accuracy. These loads may be
static or dynamic and they appear as
random events but not as random func-
tions. The probability of their
occurrence is rather low, but never-
theless the vessel should be able to
meet their full value and the poss-
ibility of their occurrence has to be
taken into consideration. In general,
the probability of the occurrence of
the combination of two or more of
these loads, or the combination of
these loads with loads which are ran-
dom functions, is supposed to be ex-
tremely low as compared to the prob-
ability corresponding to the remain-
ing allowable risk.

There are, however, some cases when
the probability of occurrence of two
or more different loads is supposed
to be significant, and they should
both be superimposed. It is recom-
mended that such loads should be
taken into account in way of balance
of levers, and a certain safety mar-
gin should be left in each case.

There are, however, other loads, such
as wind and sea, which are random
functions. ‘

The necessary margin of safety for,
such loads can be estimated only in
probabilistic way. This statement
can be further explained. If we
take the simple balance of heeling
and righting levers with respect to
loads which appear as random func-
tions, then the extremely severe con-
ditions should be included in the
balance.

However, this will lead to a large
safety margin which will never be
used throughout the entire life of
the vessel. Moreover, a safety
margin which is too large has many
negative effects:- poor seaworth-
iness, unsatisfactory economic fac-
tors, etc. *

Therefore, when developing stability
criteria it is more useful to analyse
actual possible situations of the
vessel, taking into account the
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characteristics of external loads.
These characteristics, e.g. wind
'pressure and wave heights, always
appear together with a certain prob-
ability. Therefore, the description
of various analysed situations can a
be made only on the basis of the con-
cept of probability. In this concept,
the stability criterion should .
be the probability of non-capsizing
of the vessel in several selected
dangerous situations. The most im-
portant part of the method is ob-
viously proper selection of these '
situations. Once the situations are
selected, it is necessary to formulate
a mathematical model of capsizing for
each of them, to solve this model and
to evaluate the safety of the vessel -
in terms of probability of non-
capsizing or, in simple cases, in way
of direct balancing of heeling and
restoring moments.

This procedure was partly adopted in '
the development of national stability
regulations of some countries, such
as Reference [5]; it was also suggest-
ed at IMCO Conferences and by some
authors, see References [4], [6],

The procedure, although giving a chance
of completion in a reasonable period -
of time, still needs considerable res-
earch work.

Firstly, the selection of typical
dangerous situations which character-
ises a shipfs safety is a very diff-
icult task. For this purpose it is
necessary to enumerate all possible
situations with respect to external
forces exerted on vessels of various
types, to evaluate the degree of risk
in each situation and to evaluate the
probability that the vessel will be
found in each situation. The perfor-
mance of such an analysis requires
thorough statistical analysis based on
a'large"nfimbér'5f7data. Secondly, I
mathematical models for various sit-
uations of the vessel are far from’
perfect. Only some simple cases are
solved satisfactorily. More complex
situations are being investigated but,
in most cases, the results achieved
are not sufficiently exact. V

4. CONSIDERATION OF DANGEROUS"
» SITUATIONS OF THE VESSEL

The dangerous situations of the ves-
sels can be selected on the basis of:

, 1

a) . casualty records and statistics,

b) I model tests,

c) nautical experience and practice.

— 

3.

The data collected so far with res-
pect to all above three items are
far from complete, however, mater-
ials available at present enable us
to draw some preliminary conclusions
as to the selection of dangerous
situations.

The most useful in this respect are
casualty records and statistics.
There are many descriptions of stab-
ility casualties available in world
literature; some of them are rather
detailed, see "Pamir" casualty [7].
Also available are collated casualty
statistics such as the work of
Manley [8]. The most valuable mater-
‘ial, however, is contained in two
reports prepared for IMCO, [2], [3],
because an attempt was made to anal-
yse the causes of casualties from
the point of view of the situation
of the vessel. ‘These two reports,
supplemented by other records, can
be used for selection of dangerous
situations. -

For the purpose of this paper an ,
extract from both reports was prepar-
ed which is shown in form of Tables
l and 2. Table l was prepared on
the basis of the Table 1 in [2].
All cases in which shifting of deck
cargo or cargo in hold occurred and
the vessel was not lost were omitted
Other cases were divided into two
groups - without shifting of cargo
and with shifting of cargo. The
same method was used in the prepar-
ation of Table 2 for fishing vessels,
on the basis of Table l in [3].
Although the total number of vessels
analysed is not large, and data sup-
plied are in many cases obviously
not very exact, some conclusions can
be drawn from the analysis of both
tables. _ _ "

In the majority of cases, the sea
and wind were the main effects at
the time of casualty. In only a few
cases did the vessel capsize in calm
sea, and then mostly the action of
helm was observed. So the action of
helm should be treated as important
factor, but not necessarily in con-
nection with wind and sea effects.

Water on deck and rushing in of water
in connection with free surface effect
are in some cases reported as the
main causes of casualty. Both are
connected with rough sea conditions.
The last effect which should be in-
cluded in the whole picture is
icing which in one case was reported
as the cause of casualty in connec-
tion with the action of helm, in some
other cases in connection with wind
and sea effects. From other reports,



h.

see [7], it is known that in some
cases additional weight (caused for
example by moistening of deck cargo)
or heeling moment caused by crowd-
ing of passengers were the main
causes of accident.

With regard to the way the casualties
took place, in the majority of cases
gradual capsizing was reported. The
tables do not show that this is nec-
essarily connected with water on
deck. However, bearing in mind that
the majority of vessels analysed are
small low-freeboard full scantling
cargo vessels or low-freeboad fish-
ing vessels, it could be assumed that
there was water on deck in each case.
In many cases the casualty occurred
in beam sea and as it is seen from
model tests, in such cases, water on
deck is the main cause of gradual
capsizing.

Model tests of capsizing phenomena
form a very good basis for studying
various modes of capsizing and con-
sequently for the selection of danger-
ous situations. Results of model
experiments of this kind were report-
ed several times during the last few
years, see [9], [10] , [ll] . vThe res-
ults of experiments will not be dis-
cussed here as most of them were pub-
lished. The conclusions which could
be drawn from them are of great value
in proper selection of dangerous sit-
uations. An analysis of the behaviour
of the vessel sailing amongst them,
waves shows that the heading with re-
pect to direction of wave propagation
is of utmost importance. _It is poss-
ible to distinguish three main pos-
itions of the vessel with respect to
waves:

8-)
5)

beam seas,

following.seas,

c) quartering seas.

The probability of capsizing in head
seas is very small and this is in
agreement with the IMCO statistics.
In model tests, the models never cap-
sized in head seas. Therefore this
condition may be ignored. If we take
beam seas under consideration first,
three possible ways of capsizing can
be observed:

a) sudden capsizing in wind gust,

b) gradual capsizing with water
trapping on deck,

c) capsizing in breaking waves.

Sudden capsizing in wind gust may

Kobylinski

occur even in comparatively calm
water, if the lateral area exposed
to wind is sufficiently large and
stability comparatively low. If
such a vessel is steaming in waves,
the conditions are even less favour-
able and capsizing may occur.

The sudden capsizing in beam waves
occurs mostly in the case of high
freeboard vessels and sailing vessels.
Nevertheless similar capsizing phen- F
omena were observed for low-freeboard
vessels with high position of the
centre of gravity, see Figure 1.

Gradual capsizing with water trapping
on deck occurs in cases of low- A
freeboard vessels.. In this category
we find mostly small vessels, coasters,
fishing vessels, tugs, etc. If such
a vessel is steaming in beam seas,
subsequent waves can trap on deck
causing additional heeling moment and
progressively increasing heeling angle.
There are two possibilities - the

' vessel'capsimes, or after some time,
the condition of equilibrium estab-
lishes in which the vessel with the
deck partially flooded oscillates
around the heeled position. Both '
cases are shown in Figure 2. The mean
angle of heel in a quasi-static equil-
ibrium condition is called the pseudo-

i static angle of heel. Both large '
pseudostatic angle of heel and capsiz-
ing are dangerous from the safety
point of view. V .

The history of capsizing, as observed
.in Figure 2, which was obtained from
model tests in irregular waves in the
open water of a lake, always shows
that the origin of progressive increase
of heeling angle occurs when a group
of large waves is encountered.

K From this point of view, the probab-
ility of occurrence of such groups in
irregular seas is of great importance.

The third mode of capsizing is observed
in breaking waves on shallow water.

 If the vessel is considered to be broad-
side to waves it is rolling on steep
shallow-water waves. 'Moreover, it is
observed that under the additional im-
pact of oncoming waves the vessel can
capsize. This phenomenon can be ob-
served in model scale but it is often
met in reality also.

When the ship is moving in following
seas, two modes of capsizing can be ob-
served, see [ll]. A low cycle reson-
ance phenomenon in which the Vessel is
overtaken by a group of especially
steep waves. With the crest of the =
wave amidships, stability is greatly
reduced and may become negative resulting
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in large heel. Then, when this wave
moves on, stability is sharply in- k
creased. The vessel then "snaps" back
upright and beyond, and the second
wave again reduces stability and in-
creases the heel. The capsize may
occur if the ship is forced to roll
'far enough past the upright position
when the wave crest moves into the
amidship position.

This phenomenon may be assigned to the
phenomenon of "parametric resonance"
which occurs in non-linear systems
when a parameter in differential equ-
ation is a function of time. Another
possible mode of capsizing in follow-
ing seas, as observed in model tests,
is the "pure" loss of righting arms.
In this situation the model was obser-
ved to be travelling in following
seas with relatively little rolling
motion and was overtaken by two or
three exceptionally steep waves, usual-
ly of about the model's length. If
the deck was imersed in the crest, the
model was observed to simply lose stat-
ic stability and to capsize without
preliminary rolling motion. Rolling
records obtained from model tests are
shown in Figure 3.

The last mode of capsizing may occur
in quartering seas - this phennmenon
is called "breaching". It occurs when
the vessel is struck by two or three
steep breaking waves. The vessel loses
some of its directional control and
large yaw is usually observed.

The vessel capsizes under the combined
influence of dynamic forces of the
breaking waves coupled with dynamic
forces associated with the turning mo-
tion of the vessel. Capsizing takes
place usually with the crest of the
wave amidships, hence in position of
reduced transverse stability.

In-proper_selection of dangerous sit-
uations a very important role-should
be assigned to nautical experience and
practice. This is mostly incorporated
in national rules and regulations, or
recommendations of.various countries
as well as in many proposals of stabil-
ity criteria which can be found in
world literature.

This material was partly analysed at
IMCO [12] and will not be discussed
further. The results of this analysis
are of great importance for proper
assessment of various additional heel-
ing moments which should be taken into
account for vessels of different types.

5. SELEOTION or TYPICAL DANGEROUS
4 ~SITUATIONS

5.

Selection of typical dangerous sit-
uations of the vessel for the purpose
of developing stability criteria can
be made as a result of the consider-
ations given in the previous paragraph.
This is very responsible work which
has not, so far, been carried out. At.
this stage, some preliminary sugges-
tions can be made which are far from
complete and are limited to convention-
al cargo vessels only.

It can be concluded from the previous
considerations that the major effects
are those of wind and sea. If so,
then all situations should be categ-
orized according to the heading with
respect to the wind and wave direction.
In some cases action of helm may be
of importance. ;

All other effects, such as shifted.'
weights (partially filled tanks) and
additional weights (additional cargoes
and ballast, icing, deck cargoes)
should be considered as changing stab-
ility characteristics (position of the
centre of gravity) rather than as ex-
ternal heeling moments. This leads
to the selection of dangerous situa-
tions as shown in Table 3. Obviously,
icing should be considered only for .
vessels sailing in high latitudes, and
situation 5 should be checked exclusive
ly for very small vessels sailing in
shallow coastal waters. Table 3 should
be considered only as an example as
further studies will probably reveal
other dangerous situations.

For vessels other than conventional
cargo vessels, additional situations
can be selected which should take into
account specific features of construc-
tion or type~of service of these vese_
sels. It is well known, for instance,
that for passenger vessels the situa-
tion must be considered in which all
passengers are crowding on one side of
the deck. As it is seen from the IMCO
statistics, in a great number of cas-
ualties the shifting of deck cargo or_
cargo in holds, and flooding of the
hull have a very important effect. It
is assumed, however, that such effects
should not be included in typical sit-
uations on which stability criteria '
are to be based. It is much better to
include in stability regulations nec-
essary precautions against shifting of
cargo or flooding through non-watertight
openings. " T

6. PHYSICAL MODELS OF DIFFERENT
SITUATIONS

According to the proposed procedure,
proper physical models should-be
chosen for each situation of the vessel
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This paper does not have the scope
to discuss all possible physical
models in detail. It must be said,
however, that from all situations
given in Table 3, the situations l and_
2 are those that are most thoroughly
investigated and included in the
national regulations of some countries.

With respect to other situations, much
work has been done during the last few
years towards investigating them fully.
However, further experimental and
theoretical studies are needed before
specific stability criteria could be
established and based upon them.

In particular, many studies have been
done recently with respect to the sit-
uation la, see [lj], [14], which is
rather important for many types of
small vessels; however, no satisfactory
physical model has been found so far.
It is obviously a rather difficult
problem to solve because of the com-
plexity of phenomena involved. Other
non-linear probldms connected with A
the situations 3 and 3a are not solved
sufficiently well although better res-
ults have been achieved in recent
years, see [ll], [15], [16].

Broaching has been extensively stud-
ied by Boese [17], and shallow water
effect is being investigated by both
the University of Leningrad and thel
University of Gdansk [18]. The pre-
diction of the behaviour of the vessel
in various situations under the action
of external heeling moments is not
only a matter of developing a proper 9
physical model but also of collecting  
sufficient statistics and data on
external heeling moments including
wind and sea effects. While large
amounts of work have been done in this
direction, statistical data on many
heeling moments are still lacking.
In the opinion of the author, however,
the concentration of effort towards
establishing physical models and in-
vestigation of the behaviour of vessel
in different situations, together with
collecting necessary statistical data,
may lead to the development of stab-
ility criteria in a comparatively short
time. Obviously, these will not be
strictly "rational" criteria, in the
absolute sense, but criteria which
should improve.the safety of the vessel
considerably. A
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ENVIRONMENTAL CONDITIONS RELEVANT TO THE

STABILITY OF SHIPS IN WAVES

' J. A. EWING, I
Institute of Oceanographic Sciences,_England

1. INTRODUCTION .

Waves are usually the most important
environmental factor which has to be.
considered by engineers in the design
of ships and marine structures. -
Other factors such as the direct
influence of winds and currents are
of lesser importance in.the context
of ship stability and they will not
be considered in detail in this short
paper except in so far as winds are
the primary mechanism for the gen-
eration of waves and that ocean cur-
rents can cause wave refraction.

Wave data have been collected for a
number of years so that there is a
basic knowledge of wave conditions
over the world's oceans and seas
which can and has been used by naval’
architects in the structural design ‘
of ships. Three classes of wave
data are available according to the
origin of the data. These consist
of wave data from visual observations,
data from direct measurements, and,
data hindcasted from known, past,
meteorological situations. Of these
types it seems likely that hind-
casted wave information obtained from
numerical wave prediction models may
be the most important for ship stab-
ility considerations, for the analysis
of ship casualty data indicates the
existence of local sea areas where the
influence of currents and bottom top-
ography can cause steep crossing wave
systems which are especially hazard-
ous to small ships and structures.
It is very'unlikely that a wave
recorder will have been deployed for
any length of time at one of these
locations so that the only way of des-
cribing the conditions in such areas
is by using numerical wave prediction
methods based on meteorological
information as input.

Ship casualties often arise in si
uations where several high waves
occur in a group and cause ex-
cessive rolling. The statistics
of groups of high waves have been
studied in a number of recent in-
vestigations and should be of im-
portance in describing certain modes
of capsize. - '

2. SUMMARY OF WAVE DATA SOURCES

Comprehensive surveys of available
wave data have been compiled and
referenced by the Environmental
Conditions of the International Ship
Structures Congress (ISSC) in reports
to the 3rd, hth and 5th Congresses
held in 1967, 1970 and 1973 res-
pectively. This paper will there-
fore not duplicate this work, but
will be concerned with the use of
wave data in the particular context
of ship stability. ,-

2.l Data from visual observation

The most extensive amount of wave
data has been derived from visual
observations made by observers on
merchant ships during their passage
over the oceans. One of the most
complete presentations, giving
coverage of fifty different sea areas
with the exception of the North
Pacific Ocean, is the compilation
carried out by Hogben and Lamb (196
Many other sources of visual wave
data have been analysed and pres-
ented in papers which are doc-
umented in ISSC reports.

Visual observations are necessarily
subjective estimates of wave height,
period and direction so that in-
dividually they are liable to large
errors. Comparisons between
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visually observed wave heights and
measured wave heights show that
visual estimates of wave height are
fairly reliable and quite well-
correlated with.measurements. On
the other hand visual estimates of
_wave period have low correlations T
with average and modal periods ob-
tained from the spectral analysis
of wave recordings. For these
reasons there does not appear to be
a reliable way of estimating wave
spectra by fitting visual obser-
vations to certain spectral charac-
teristics.

when a large number of observations
are available visual observations
can be used to estimate the long-
term distribution of wave heights
or the ‘wave climate'. This seems
to be the main use for this type of
wave data. "

2.2 Data from wave measurements

Data from wave measurements have
been analysed and presented in two
ways. The first and main source
of measured wave data is available
in the form,of statistics of wave
height and period obtained by simple
analysis techniques (for example,
Tucker (1963)) based on the theor-
etical studies of Cartwright and
Longuet-Higgins (1956). Wave data
analysed in this way is now avail-
able from weather ship measure-
ments in the North.Atlantic and
North Pacific oceans and an in-
creasing number of other areas in-
eluding the North Sea. (References
are given in the various ISSC
reports noted earlier).

1

The second and smaller class of
measured wave data is that of I
spectral measurements. The motion
of a ship in a seaway can only be
calculated accurately if the waves
are described in terms of an energy
or power spectrum. This is par-
ticularly important for the rolling
motion of a ship where the response
is confined to a narrow band of
wave frequencies near the natural
roll period. Wave spectra measure-
ments may therefore be the best
input to use in ship stability cal-
culations but as yet they are not
available in sufficient numbers
except for certain weather ship
stations in the North.Atlantic Ocean
(Moskowitz Pierson and Mehr (1962,
1963, 1965}, Miles (1972)).
Measurements of the one-dimensional
(frequency) spectrum of waves at
O.W.S. 'India' and 'Juliett' have.
been used by Darbyshire (1963) to

Ewing

derive a spectral formula in terms of
wind speed and fetch. More recently
Pierson- and his associates have
analysed a subset of about fifty
spectra from North Atlantic weather
ship stations to correspond to fully-
developed seas with wind speeds up to
M0 knots. The resulting spectral
form called the Pierson-Moskowitz
(P-Ms spectrum (1964), is now widely
used to represent fully-developed
ocean waves in ship design calcul-
ations. It should be noted however
that ship losses and damage do not
necessarily occur in extreme con-
ditions. Indeed dangerous motions ~
may occur in quite moderate sea con-
ditions when the ship is in quarter-
ing or following waves.

The JONSWAP study (Hasselmann et al
(1973)) has measured the development
of waves under fetch-limited cond-
itions off the island of Sylt in the
southern North Sea. Wave spectra ob-
tained under these conditions did not
have the same shape as the P-M spec-
trum. Fetch-limited spectra were T
found to have much sharper peaks than
the P-M spectrum; the high frequency
tails of such spectra were also found
to be fetch-dependent and not constant
as first suggested by Phillips (1958)
If empirical spectra are used in ship
stability calculations then a dist-
inction must be made between using
spectra characteristic of fully-
developed conditions (the P-M spectra)
and spectra which describe fetch-
limited waves (the JONSWAP spectrum)
in limited areas like the North Sea.

A complete description of ocean waves
requires the measurement of the two-
dimensional spectrum, that is the
energy spectrum of waves with respect
to frequency and direction. Due to
to the difficulty in recording and
analysing waves in the open ocean only
a few such measurements have been
made. Furthermore the measurements
have usually been taken as part of
fundamental research on ocean waves or
special ship trials and so cannot be
considered as an adequate statistical
sample for wave data purposes. At
present there does not seem to be a
suitable way of collecting directional
wave spectra information on a routine
abasis for wave climate studies.

In the absence of wave spectral data
for a particular area the best course
may be to retrospectively generate
the wave climate using numerical wave
models. This is discussed in the -
following section.
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2.3 Hindcasted wave data derived from
numerical wave models -

Modern methods of wave prediction use
as their basis a fundamental equation
which expresses the propagation of
waves together with their generation,
interaction and dissipation (reviews
of presently available numerical
methods are given in ISSC reports).
Two main uncertainties arise in this
approach for hindcasting ocean wave
spectra and statistics. The first
limitation lies in the difficulty of
specifying the wind field to the \
accuracy needed in spectral wave cal-
culations., However, with the advent
of computers large enough to handle
advanced weather models and the in-
crease in observing stations over the
oceans it should be possible to give
a more accurate specification of the
wind field. The second uncertainty
is in the representation of the terms.
in the Source Function or those terms
governing the dynamics of waves.
Here our knowledge of wave growth and
interaction processes is being rapidly
advanced with studies such as JONSWAP
(Hasselmann et al (1973)).

The present status of deep water
numerical wave models shows that it
is possible to produce reliable hind-
cast wave heights (the r.m.s. error
of predicted significant wave heights
is about 1 m compared to measurements
for wave heights less than about 15 m)
and reasonable estimates of the one-
dimensional spectrum. The few com-
parisons that exist of hindcasted
estimates of the directional wave spec-
trum show that, as expected, this is
not easy to predict accurately.
Nevertheless it seems likely that, in
due course, hindcasted wave data (in
the form of spectra as well as the
simpler statistics) may well super-
sede wave spectra measurements. In
many sea areas where no measurements
are available,'hindcast wave methods
offer the only way of estimating the
long-term distribution of extreme wave
conditions by an analysis of past
meteorological events.

In shallow water the prediction of
waves is more difficult than in deep
water due mainly to the complications
of wave refraction and the (at present)
uncertain processes of dissipation by
bottom effects. For these reasons the
development of numerical wave models
for shallow seas, such as the North
Sea, is only now being started.

Hindcasted wave data may be especially
important in the case of ship casualty
analysis. If, as will be discussed
in subsequent sections, local effects

'3.

are important in a particular area
where a casualty has been reported
then it is most unlikely that any
measurements will have been made at
that particular location. In this
case the only way of describing the
wave conditions at the time of the
ship loss or damage is by using a
numerical wave model based on the
past meteorological data for that
tiIIlG 0

3. LOCAL FEATURES OF WAVES CAUSED
TBY BOTTOM TOPOGRAPHY AND
CURRENTS -

In a study of the loss'of two British
trawlers in the North Sea, Pierson
(1972) believes that the circumstances
causing the loss may well have been_
due to high crossing-wave systems '
caused by refraction around shoal
areas. One of the ships was lost
south of the Dogger Bank and the
other ship between North Ronaldsay
and Fair Isle; in both locations wave
refraction is important. Indirect
confirmation of the existence of high
waves during strong northerly winds_
in the area south of the Dogger Bank
is provided by Ewing and Hogben (1971).
In their analysis of over 500 wave
measurements taken by British research
trawlers in.the seas around the
British Isles, it was found that the
record with the highest waves (the
significant wave height was 8.7 m)
was taken at a location near to that
where the trawler was lost south of
the Dogger Bank. In a situation
where northerly winds can cause waves
to be refracted around shoal areas_
like the Dogger Bank, wave energy can
come simultaneously from two different
directions making it very difficult
for a small ship to take avoiding
action for the ship would experience
severe rolling and pitching at any
heading. Experiments in a tank by
Chao and Pierson (1972) show that
waves when travelling from shallow
to deep water are turned round on
themselves to form an intersecting
pattern where the wave heights are
about twice as high as they were at
the point where they were generated.
The effect is analogous to the for-
mation of caustics in optics.

Intensification of wave energy by
refraction must occur to some extent
in certain areas of all shallow seas
and is therefore a potential source
of danger to small ships. The
existence of such areas can be fore-
seen through a study of the bathym-
etry, but, as noted previously, a
thorough analysis of the waves re-
quires the use of a shallow-water
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numerical wave model.
.

Unusually steep and high waves have
been reported in locations where
strong currents interact with wind
waves. Mallory (l97h) has doo-
umented the conditions off the east
coast of South Africa where some
sships have been damaged by unexpec-
tedly high waves. In this area _
locally generated waves and swell
waves from the Southern Ocean can
encounter the opposing Agulhas cur-
rent (which may reach speeds as high
as 5 knots) with the result that the
waves become higher and steeper.
Longuet-Higgins and Stewart (1961)
have shown that the nonlinear inter-
action between an opposing current
and_waves results in a shortening
of the wavelength and an increase in
the wave height. According to their
theory the wave height becomes very
large at the critical point where
the current velocity‘is equal and
opposite to the local group velocity
or one-quarter of the initial phase
velocity of the waves. (In practice
the waves will break before this
point is reached) The wave periods
and current speeds characteristic
of the area off the east coast of_
South Africa often occur to satisfy
this condition. '

Any local variations in the strength
and direction of the current - such
as occurs in the Agulhas current -
can, in a similar way to bottom top-
ography, cause the waves to be
refracted with the formation of
steep waves and caustics. 'Wave and
current conditions similar to those
which occur off South Africa must
exist in other parts of the world
and can therefore cause damage or be
dangerous to small ships.

h. STATISTICS OF GROUPS OF HIGH
I WAVES .

Groups of high waves are known to
cause severe rolling motions and are
therefore important in the study of
the capsize condition. The statistics
of high wave groups have recently
been studied by Goda (1970) and Ewing
(1973). A run of wave heights can be
defined as the sequence of waves the
height of which exceed a particular
level. Goda derived the mean length
of runs of wave heights described by
a random process where successive wave
heights are uncorrelated (this assump-
tion is equivalent to representing the -
waves by-a spectrum with a large band-
width, that is, a typical wind-
generated sea), and compared his ‘
results with measured run lengths

0

taken from simulated wave records.
For spectra with a large bandwidth
the agreement was found to be good.

The longest run lengths occur for
narrow-band spectra characteristic
of swell waves and, in this case,
Ewing showed that the mean length
of runs of high wave heights was
inversely proportional both to the
width of the spectrum and to the
crossing-level being considered.
For swell waves values of the mean
run length (for a level corres-
pondin to the significant wave
height? are from about H to lO_de-
pending on the width of the spec-
trum. Long run lengths are of
direct interest in the case of the
rolling motion of ships since'it
is often in this situation, where
there are a succession of high
waves,that capsize occurs. The
phenomenon of groups of high waves
seems to be associated in some way
with the mode of capsize called _
‘low cycle resonance‘ by Paulling
et al. (1972)

5. BREAKING WAVES

The phenomenon of breaking waves
is of great importance in the study
of the stability of ships for it is
well known that the forces due to
breaking waves are considerable and
often exceed those in non-breaking
conditions.

¢

Experimental studies of breaking
waves in shoaling water have lead
to a practical description of the
breaking process which has been used
successfully by coastal engineers
but in deep water wave breaking is
more difficult to observe because
of the transient and sporadic nature
of the phenomenon. When waves break
in deep water the crest of the wave
spills forward forming a strongly
turbulent region on the forward face
and a less turbulent wake behind
the crest. Whitecaps are observed
when air is entrained by the tur-
bulence on the forward face of the
wave. An initial description of
the dynamics of a spilling breaker
in deep water, made by Longuet-
Higgins (l973s) she Turner (l97u), -
is able to describe some laboratory
observations but a full description
of the breaking process is theor-
etically difficult because of the
highly nonlinear nature of the , ~
motion. From another point of view,
Hasselmann (l97h) has considered
whitecapping to be represented by a
local, strongly nonlinear interaction
in_a random wave field. In this



case the Source Function for the
dissipation due to whitecapping can
be derived and is found to be con-
sistent with the structure of the
energy balance derived from JONSHAP.

Other related_work on the limiting
form of progressive waves in deep
water and the dynamics of solitary
waves in shallow water are the sub-
ject of recent investigations by
Longuet-Higgins (l973b, 1971+) and
Longuet-Higgins and Fenton (l97h).

In open ocean conditions the pro-
cesses of wave breaking in a random,
three-dimensional seaway remain
largely unknown. An understanding
of the intermittent nature of wave
breaking requires the combination of
a realistic fluid mechanical model
of wave breaking together with a
stochastic model of sea waves.

6. ‘CONCLUSIONS

Wave spectra measurements offer the
best possibility for understanding
the motions of a ship in a seaway
but they are not yet available in
sufficient numbers to define con-
ditions over the world's oceans.
In the future it should however be
possible to use numerical wave

. 4

Ewing

»

.,".Q-'-

5.

models to hindcast wave spectra and
statistics from known.past meteor-
ological conditions. This is of
particular importance in the case of
ship casualty analysis where it is
very unlikely that any measurements
will have been made at the particular
location of the-casualty where wave
refraction and other factors may be
locally important. Strong ocean
currents are also of importance in
their influence on waves and can
produce steep breaking waves which
are hazardous to small ships. -

The statistics of groups of high
waves have been studied recently and
may be useful in understanding the
mode of capsize known as low cycle
resonance. "

The basic difficulty in understand-
ing the motion and stability of ships
in waves is due to nonlinearities
both in the waves themselves and in
the resulting ship motions. Certain
approximations can be made, such as
assuming the linear spectral theory
of waves, but these approximations
may not be valid for high breaking
waves. It will require a combined
effort by both oceanographers and
naval architects to solve the pro-
blems of ship stability in extreme
wave conditions. "
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'EXPERIMENTAL STUDY ON LATERAL MOTIONS OF A SHIP IN WAVES

by.

HITOSHI FUJII and TAKESHI TAKAHASHI
.

Nagasaki Technical Institute,
Mitsubishi Heavy Industries Ltd.

' Japan

SUMMARY

In order to apply the theoretical
calculation of ship motions and wave
loads to the practical ship design,
it is necessary to confirm the agree-
ment between prediction and experi-
ment.

Tests were carried out using ship
models and the results were compared
with the theoretical predictions
based on the strip method. The kinds
of tests were forced oscillation model
tests in calm water to check the co-
efficients of the equations of ship
motions, restrained model tests in
oblique waves to check the terms of t
wave excitation and free model tests
in oblique waves to check the ampli-
tudes of ship motions. _ ' '

It is pointed out that the estimation
of roll damping is the most important
and its proper approximation method
should be developed for making a bet-
ter prediction. Moreover, it is
pointed out that investigations should
be carried out for ship motions among
the waves of larger wave height so as
to be able to predict and maintain
the stability and safety of a ship in
rough sea.,

l. INTRODUCTION

In view of safety of ship operations
in a seaway, it is important and
necessary to predict the ship motions
and the wave loads at the initial ship
design stage. At present, theoretical
prediction method based on the strip
meth0d is available and computer pro-
grams are now prevailing. Although
there still remains a certain amount

r

1

of refinement to be done, and a
need for more-precise evaluation,
the strip method has been know as
one of the most reliable methods so
far for practical use.

In order to apply the theoretical
calculation to the practical ship ~
design, however, it is necessary to
confirm experimentally or modify
theoretically the important terms
in the equations of ship motions.
In fact, fairly good accurate ship
motion calculations will be necess-
ary, because the prediction of wave
loads is carried out on the basis
of the calculated results of ship
motions. I

Experimental confirmations should
be conducted in connection with
each term in the equations of ship
motions; that is, tests are made
using models of various ship forms
and comparisons are made between
gthe test results and the computed
ones. Thus, the key point will be
found for the improvement of the
calculation method. The kinds bf
tests are:

1) Forced oscillation model test
in calm water to check the
coefficients of the equations
of ship motions, particularly
for the lateral motions,(l),

2) Restrained model test for wide
variety of the wave incident

. I angle to check the terms of
wave excitation, (2), (3), and

\

3) 'Free-running model test in
oblique waves to check the amp
litudes of ship motion corres-

- pending to the solution of the
1
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equations of motions.

In the present study, the above men-
tioned approach was followed and at-
tention was concentrated on the roll-
ing motion. Supplementary model tests
were also conducted in the waves of
large wave height to evaluate the non-
linearity of rolling motion.

2. MODEL EXPERIMENTS

Three kinds of test were conducted
for models of several ship forms to
confirm the prediction method of ship
motions and hydrodynamic pressure
acting on hull surface.

2.1 Forced oscillation model test in
calm water

It was considered that there are many
points to be improved in the calcul-
ation method.of lateral motions: sway-
ing, yawing and rolling. A forced A
oscillation test was conducted for
these lateral motions only.

In order to carry out forced oscill-
ation tests, it is essential to have
an oscillating mechanism in swaying,
yawing and rolling or their coupled-
motions with prescribed period and
amplitude and a measuring system for -
corresponding hydrodynamic reactions.
This apparatus is called "Forced
rolling dynamometer" from the view-
point that rolling is the most import-
ant of the lateral motions in waves.
The outline of dynamometer used is A
shown in Figure 1.

Hydrodynamic reactions were measured
for each mode of motion, advance speed
and circular frequency of motion by
use of this dynamometer. Simultaneous
measurement was made for hydrodynamic
pressure, so-called radiation pressure,
acting at several points on the hull
surface.

2.2 Restrained model test in obligue
waves '

A restrained model test was conducted
for a wide variety of the wave incident
angle by towing the model with a con-
stant speed using an apparatus called
"Vave force dynamometer". “The outline
of dynamometer used is shown in Figure
2. Hydrodynamic forces and moments
due to wave were detected in the form
of the strain of semi-conductor type
resistance gauge on the spring plate
or block gauge. The mechanism, which
allows the ship motions with suitable
combination of ship motion components,
is provided in the dynamometer so that
only the wave exciting forces and mom-

ents in lateral direction can be
measured.'

Wave exciting forces and moments:
heaving force, pitching moment,
swaying force, yawing and rolling
moment, were measured for differing
circular frequency of regular wave,
direction of wave incidence and A
advance speed. Simultaneous
measurements were made for hydro-
dynamic pressure, so-called the dif-
fraction pressure and the pressure
based on Froude-Kriloff's hypothesis
at several points. '

2,3 Free-running model test in
obligue waves

A free-running model test was con-
ducted in regular oblique waves
using a self-propelled model. Six
components of ship motion: heaving,
pitching, surging, swaying, yawing
and rolling, were measured and the
total pressures were measured sim-
ultaneously at several points.

\

3. TEST RESULTS AND CONSIDERATION

Coefficients of main terms in left
hand side of equations of motions,
wave exciting force and moments
and amplitudes obtained by each
experiment are compared with the
computed results based on the strip
method.

3.1 Representations of test results

Linearized equations of coupled lat-
eral motions: swaying, yawing and
rolling are expressed as in equa-
tion.(l3. -
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1) Coefficients in left hand side
of equations of motions

Important coefficients are shown
for main terms as follows: ‘
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virtual mass of swaying

‘QM = an /6V’

damping force coefficient of
swaying A A . _

2,, = (em /ev NB/2.»
virtual mass moment of inertia'
of yawing 3

damping moment coefficient of
yawing

' Z25 = (azs /QV L2) J13/2g A
3.
37
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\

Tub

lhui.

Lma

I

3)
YA

A

A

where

L

, B e

d

virtual mass moment of inertia
rolling
,, _ /VB: .
an "am 5’
damping'moment coefficient of \
rolling

3,, = (aw /59 B2 N B/2e

Amplitudes of wave exciting force
and moments -

amplitude of swaying force, Yw

YwA = Ywa/QgLdh "

amplitude of yawing moment, Nw
. 1

Nwa = Nwe/@gL dh

amplitude of rolling moment, Lw
sLwa,= Lwe4EgLd h

Amplitudes of ship motions I

amplitude of swaying displacement,>° .

;Q‘§”§a/Ea, A  } ii A
amplitude of yawing angle,¢?
.A

= Ql kh A9?. A/ A I
amplitude of rolling angle, ¢

¢A = Q»/khd A

ship length

breadth

draft

3.

Q? displacement volume

Q ‘density of fluid - _
g acceleration of gravity

hA wave amplitude (=1 wave height/2)

k wave nnmber'

' 1

The results were expressed in non-
dimensional form on,the basis of
the non-dimensional circular - .
quency of oscillation“? = 13/2g
or wave length to ship length ratio
A /L.
3.2 Coefficients of e uations of

lateral motions -

The calculation method of lateral
motions based on the ordinary strip
method was presented by Tasaif) In
the present study, modifications
were made of the coefficients of
main terms in equation (1) based on
the Tasai's formulations by adding
extra terms as indicated in the
following formulae by underlining
and they were calculated using the
values of virtual mass and damping
coefficients from the table given
by Tamura.5> N-

an = mo +ImYdx
aqz== Nydx-+%%Inwdx

"""""';
aw: Izz +Jmy(x-x6) dx

a-Z5= NY(X"XG)zdX +%'_["9d“' (2)
a37 = Ixx +J(my1y1¢ - 20G-myly +
‘-Z .oc my)dx . ~

= v‘<1~3'v1ass eg
where

ma mass of ship

Ixx mass moment of inertia about
x-axis

Izz mass moment of inertia about
z-axis

my sectional added mass in the
y-axis direction

Ny tsectional damping force co-~
efficient in the y-axis dir-
ection
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x x-coordinate of the centre of
6 gravity of ship

ly lever of sectional added mass
inertia force duo to rolling
motion with respect to 0' which

' is the progect of 0 on the trans-
verse section

l¢ = i/myly . I
. . v

i sectional added mass moment of
inertia with respect to 0'

lw lever of sectional force due to
rolling motion with respect to
0' ‘

The underlined terms in amt, aig re-
present the effect of advance speed
supplemented by referring to the non
steady wing theory. ' p

For the roll damping coefficient a3’, ~
the calculating formula based on the
ordinary strip method has remaining
amounts still to be solved and it may
be allowable to say that there is
still no prediction method established.
Therefore, from the viewpoint of prac-
tical use, fihe coefficient agawas
assumed to be simply composed of three
terms, that is ,

a = a + a + a (3)39 yaw 38v 388

where '

a coefficient corresponding to the
38“ damping due to wave‘-making cal-

culated by usual potential theory

a coefficient corresponding to the
_3B"‘ viscous damping, which is a part

~ of N coefficient obtained experi-
mentally _

ma. coefficient representing the
effect of advance speed

The percentage of the damping due to
wave-making and the viscous damping
is not yet clarified; accordingly it
was supposed that each component
should be multiplied by modification
factor. N coefficient, proposed by
Watanabe and Inoueaand usually regarded
as roll damping coefficient, is in it-
self effective near the point of syn-
chronism.of roll and, therefore, the
effect of frequency of motion should
be introduced in it. Further, as the
increment of damping moment by the
bilge keels can be almost attributed
to the viscosity, the increment of

_

coefficient N due to the bilge keels
should be added. ‘When a ship has
advance speed, the roll damping mom-
ent increases in general, but the
amount of increment can.not yet be
clarified correctly. In the present
study, the effect of advance speed
on roll damping moment was supposed
to be the same form as the coeffic-
ients aw; and azg.

Adopting N,§ , the value of naked
hullat ¢ = 10 degrees as the rep-
resentative value of N coefficient,
and N5“ as the value of increment
of N coefficient due to the bilge »
keels, each term of’a36 is expressed
as follows: "

’ 2.
.38“, =.- kwj-Ny(OG-lw) dx,
1597:0125

= (kfnéa +N5“)a37“%'Qe»asev
kv = O05

-1-=uU.(0c. 2en‘, _. I -<1/2) mydx
1.11 = 1..-0 (n)

Each value of modification factors
was tentatively determined by con-
sidering the results of comparison
of the calculated values with the
experimental ones. Therefore, their
values have no definite physical
meaning because they are based on
many experimental data only. The
-ratio of these components is shown:
in Figure 3. Adopting the roll
damping coefficient defined by
formulae (3) and (A), equation of
motions can be solved by the suc-
cessive calculation as a3a becomes
t e function fo rolling amplitude
3A s

The calculation of wave exciting
terms was also carried out by using
the table given by Tamura, consid-
ering that only the lateral compon-
ents are effective as the approx-
imate treatment in oblique waves.

3,3 An example of test results on
a tanker model _

Three kinds of test were conducted
for several types of ship models.
The test results on a tanker model
are shown.for example. Principal
particulars and test cbnditions of
the tested model are shcwn.in Table
1.
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The quantities related to swaying
motion are shown in Figure A as
compared with the computed values,
and those to yawing motion in Figure
5 and rolling in Figure 6. Each
figure includes the representative
results of forced oscillation model
test, restrained model test and
free-running model test.

For the coefficients of main terms
of swaying, yawing and rolling
motion, the experimental values
show good agreement with the com- '
puted one and a fairly good improve-
kment is observed in the value of
a3; computed by the proposed for-
mulae (3) and (A).

For the terms of sway exciting force
and yaw and roll exciting moments,
the experimental values roughly co-
incide with the computed ones, but
in yaw exciting moment some differ-
encesis observed, especially in
oblique waves at Fn = 0.1. a

For the amplitudes obtained by free-
running model tests, the experimental
values and the computed ones show
comparatively good agreement except
in the case of yawing_amplitude.
The computed values of yawing ampli-
tude in quartering waves differ

efrom experimental ones. The reason
why the yawing amplitude does not_
agree so well as in the case of sway-
ing_and rolling may be attributed to
the fact that for the computed values
some problems are included in the
calculation of yaw damping coefficient
and for the experimental values the
check helm was given by auto-pilot A
system to keep the prescribed course
in oblique waves.

3.4 Measurement of lateral wave
9 exciting force and moments

In orderpto measure the wave exciting
force and moments in lateral direction
(anti-symmetric motion), the restrain-
ed model test was conducted in the
condition of heaving and pitching
motions free. The test results ob-
tained for a container ship model are
shown in Figure 7 as compared with
the one obtained in the fully restrain-
ed condition.

Both measured values show good agree-
ment and the assumption of the linear-
ized theory was certified that the
hydrodynamic cross coupling force
between symmetric and anti-symmetric
motions are negligibly small. However,
in the longer wave length range the
amplitudes of roll exciting moment
with heaving and pitching motions free
are smaller than those where they

are fully restrained,'so further in-
vestigations will be necessary.

3.5 Data of roll damping coefficient

Forced oscillation test has been‘
known as an effective mean to obtain
the basic hydrodynamic data useful
for examining the prediction method;
therefore, it is being carried out
in many experimental tanks. With
this test method, in fact, it is
possible to investigate systematic-
ally and analytically the various
effects on roll damping such as that
of advance speed, rolling amplitude,
motion frequency, appendage, position
of rolling axis and so on.

Nagasaki Experimental Tank has also
been carried out the forced rolling
model test for many types of ship
form from the viewpoint of practical
applications. Some deta on roll
damping coefficient a56 are shown in
Figure 8, comparing the cases with
and without advance speed. These are
the results for ship models of a
single screw container ship A, a ~
twin screw container ship B and a
triple screw ferry boat C.

Comparing 253 with each other at the
peint of the natural rolling period,
as: O,3~O.L1- for these ship models,
it is found that the increment of.
‘$33 due to advance speed at ship
models B and C are larger than that
of ship model A. This fact was also
confirmed by N coefficient obtained
from free rolling tests. That is,
the ratio N,g with advance speed to
N,9° without one is 2.5.03.0 for
ship model B and l.5¢v1,8 for ship
model A. The,reason.why’a35 of ship
model B with advance speed increases
remarkably with increasing frequency
may be that she has comparatively
large propeller bossing and fillet
at both sides of the stern and they
induce non-steady lift due to period-
ical change of attack angle of water
gdow and, thus, it contributes to
ass '
Coefficient'a38 of a tanker model is
shown in Figure 9, in which the ef-
fect of motion frequency, advance
speed and rolling amplitude are re-
presented.’ The effect of advance
speed on £33 is not so large because
of the camparatively low advance
speed, but the effect of rolling amp-
litude is large. Coefficient ass»
increases in proportion to rolling
amplitude at 3 = 0.73, corresponding
to the natural rolling-period, and
the non-linearity in rolling ampli-
tude is obviously found. .
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Observing these data, it is pointed~
out that further investigation should
be carried out:

1) to separate the damping due to
wave-making and the viscous
damping in the roll damping
term,, I

2)- to investigate the origin of
increase of roll damping due-
to advance speed with increasing
frequency, ‘

3) to introduce the appendage
effect in the prediction method.

In order to develop more rational and
practical prediction method based on
the strip method, it.will be essential
to conduct basic investigations as
those mentioned above.

A. EFFECT OF WAVE HEIGHT ON ROLLING
MOTION

The strip method, which has been widely
used as an approximation expedient
to predict ship motions and wave loads,
is based on the calculation of linear-
ized hydrodynamic force, therefore,
the applicability has mainly been con-
firmed for the case where wave height
is comparatively small. The long term
predictions of the ship motions and
the wave loads have been carried out
using the data obtained by the strip
method according to the linear super-
position principle. \

In order to keep sufficiently safe
even in the extreme sea conditions a
ship will encounter in her life, it is
necessary to improve the reliability
of long term prediction. In fact,
the ship motions and the wave loads
in rough sea are calculated using their
response function by linear extra-
polation of which validity has not
yet been well clarified. The first
step of the improvement of reliability
may be theoretical or experimental
investigations into the response func-
tion taking account of the non-linear
effect due to wave height and the
speed drop in the extreme sea con-
ditions. In the case of severe sea ,
such as where the wave height exceeds
15m, shipment of water will'be ob-
served even on a very large tanker
and in such a case it is supposed that
the ship motions are large and sub-
stantial amount of speed drop may be
observed due to the resistance in-
crease in waves; consequently there
will be the non-linearity of wave
height in the ship motions.

"Model experiments, therefore, were

conducted for differing the wave
height, including very high ones,
on the tanker model mentioned in
Section 3. Figure lO_shows the
rolling amplitude for wave length
to model length ratio and wave
height together with the amplitude
of relative motion at weather side
of S.S.8% for wave height. Non-
linearity in rolling amplitude is
observed with increasing wave height
and shipment of water occurs at the
condition where the amplitude of
relative motion ;,',A exceeds 5.146
cm. In this condition considerable
non-linearity appears in the rel-
ative motion and also the hydro-
dynamic pressure.

The response amplitude of ship
motions in severe waves can thus
be obtained by experiment. It is
difficult, however, to evaluate
theoretically the correct value of~
long term prediction by use of the
non-linear response function. iln
fact, the long term prediction for
the range of large wave heights
would be overestimated when the S
response function for the range of
small wave heights was used in the
calculation, so far as the method
is based on the linear superposition
principle. From the viewpoint of I
practical use, therefore, there-must
be some convenient method which can
correctly present the way to the
practical‘long term prediction for
the range of large wave heights.
One of the possible approaches mayf
be obtained from the consideration
of the maximum amplitude of roll
and the non-linearity of the response
func on.

5. CONCLUDING REMARKS

As a step to the improvement of
the calculation method of lateral
ship motions in waves, experimental
confirmation was made by three kinds
of tests together with supplementary
experiments to clarify the rolling
motion in rough seas. From these
investigations, the following con-
clusions are obtained.

1) The experimental values show
fairly good agreement with

.the calculated ones for waves
with various incident angles,
and the present prediction
method is found generally
applicable to the prediction
of the ship motion.

2) To obtain more reasonable .)
prediction of the roll damping
term, it is pointed out that
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some proper method should be
developed for the approximation
of the effect of viscous damp-
ing, advance speed, bilge keel
and motion frequency.

3) For the improvement of the
prediction method, it is con-
sidered essential to continue
experimental studies on the com~
ponents of the equations of ship

T motions and the present approach
is one of the most effective
means for pointing out the im-
portant factors to be improved.
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1

Tablet Principal particulars of the tested model

Ship ' ZIOKDW-[tanker] N

Scale g 1/103.3
Lpp 3.000 '7" 0 -
B 0.4719 "“ |
<1 a 0.1028 "‘ I 0
Aa 220.0 ‘<9 1
Cb 0.8521

L.C.B. 46.53 °/.
_lTKM_ A ,0.19_17 'T‘_ y

0~_1_ _ _ 0._0s97"j _
T¢ 1.40 Sec

 Kyy / L 0.232
I _

Kxx/B J 0.311

Appendages Bilge keels , Rudder
' ~

' Tanker c  
° Position of pressure transducers  1~ S

0 '0 axi for forced rolling  
'  and
K wave exciting moment
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EXPERIMENTAL TECHNIQUE FOR STUDYING STABILITY

OF SHIPS ACHIEVED IN SHIP RESEARCH INSTITUTE

.

by-

S YOSHIFUMI TAKAISHI

Ship Dynamics Division, Ship Research Institute, Tokyo,

Japan

SUMMARY A

To investigate the stability of ships
operating under strong effects of
wind and waves, such as in the case
of a small fishing boat resisting a
storm. The aerodynamic forces acting
on the ship structure above water
line, as well as the hydrodynamic
forces acting on the ship hull, have
been estimated by experiments at
the towing tank which is equipped
with a wind blower.

This paper describes the experimental
techniques of this facility and some
examples of applications of the test
results, i.e. the directional stab-
ility of a ship in strong wind con-.
sidering the effects of a sea anchor
and the transverse stability of a
ship drifting and oscillating under
combined effects of waves and wind
accompanied with gust. ‘

1.- ~INTRODUCTION

To maintain safety in extremely strong
wind and waves, ships must have the
ability to preserve stability against
the effects of external forces induced
by wind and waves. The responses of
a ship resisting wind and waves can
be represented schematically as in
Figure 1. The responses affecting
rthe transverse stability are largely
governed by the ship's heading against
wind and waves. The ship will steer
to hold her bow as close as possible
to wind direction in order to keep
the transverse stability. The ability
to keep the bow close to the wind is
called the directional stability or
the directional controllability and
may be considered as the first

gateway to safety. This ability-
depends mainly upon rudder and
propeller or sea anchor if used.
The directional stability can be
estimated by considering the equil-
ibrium between external forces and
the controllable forces of the ship.
The transverse stability can be
estimated by considering the
dynamical responses of the Ship"
induced by the dynamical forces
of wind and waves which are super-
posed on the statical forces.

To solve the equations of equilibrium
of'motions, the aerc-dynamic forces '
acting on the ship body above water
line should be estimated for various
conditions of wind on the ship
together with the hydrodynamic
forces acting on the ship hull under
water line which are induced by
.drifting of the ship. 1

.

The first part of this paper will
describe the experimental equipment
and techniques for measuring these
aero- and hydrodynamic forces act-
ing on the model ship in the towing
tank. The second part will show an
example concerned with the transverse
stability under the combined effects
of waves and wind with gust.

2. MEASUREMENT OF THE AERO- AND
‘ HYDRODYNAHIC FORCES

Experimental Eguipment Since the
aero- and hydrodynamic forces acting
on the ship body are largely influ-
enced by the viscosity of fluid, the
model experiments have been carried‘
out for practical use in the various
fields of engineering, (1). The
hydrodynamic forces acting on the
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ship hull can be measured_by oblique
towing of the model ship in the
conventional towing tank. The aero-
dynamic forces are usually measured
by wind tunnel tests which not only
require skilled techniques but also
laborious and expensive procedures
for testing ship body which has.a
free surface corresponding to the
loading condition. (To overcome this
difficulty a wind blower has been
installed on an experimental model
basin at Ship Research Institute.

The basin (3om long, em wide and 2.5m
deep) is equipped with a wind blower
in addition to.a towing carriage and
a wave maker as shown in Figure 2.
The wind blower is cross-flow type
with the nozzle 3m wide and 0.Q5m
high and generates comparatively
uniform air flow above the water sur-
face.. The blower is driven by an AC
induction motor with an electric
coupling for velocity regulation.
The velocity of the air flow is
6-17.5 m/sec. The blower is settled
on its own carriage which is connect-
ed to the towing carriage so as to
follow the drifting model if necessary.
The blower and the velocity distrib-
utions are shown in Figure 3 and
Figure h, respectively.

The model ship to be tested was 2m
long and it and the superstructure
was made as similar to an actual ship
as possible. The model is attached
to a dynamometer on the towing carriage
through a connecting rod which receives
forces to be measured. The dynamometer
has four sensing elements for three
components of forces in the horizon-
tal plane and the rolling moment.
Pitching and heaving motion are not
restricted and are measured by the
potentiometers. The dynamometer and
the model can rotate in the horizon-
tal plane around the vertical axis
of the model so that the angle between~
wind direction and the longitudinal~
axis of the model is easily changed
from 0 to 360 degrees. The connect-
ing rod between model and dynamometer
faces the air flow which induces the
additional force to be subtracted
from the total forces measured. The
mutual aerodynamic interactions be-
tween rod and model as well as the
interference by waves and flow of
water surface according to air flow
are ignored.

The merits of this equipment are as
follows:-_ 1 ,

a) The aero- and hydrodynamic forces
- can be measured by using the

same model ship and the same
dynamometer. Y‘

Takaishi

l

b) The draft, trim and heel of the
~ model can be easily changed.

c) The relative direction of wind
or drifting can be easily changed.

d) ~ Dynamic forces by waves or gust
can be measured under various
conditions of the restriction of_
the motions.

e) Dynamic responses of the model
under simultaneous actions of
waves and wind accompanied with
gust can be simulated, if all
(restrictions for force measure-
ments are loosened.

It is observed that the cross-flow
type blower is suitable for generat-
ing uniform air flow throughout
the entire range of the nozzle. The
velocity gradient of the air flow
on the water surface depends upon
the height of the lower end of the
nozzle. It suggests that the velocity
gradient of natural wind at sea can
be reproduced in the tank. '

Test Results The wind forces as
well as the hydrodynamic forces were
measured for various vessels in this
tank, (2). The results are shown
here only for three Japanese fishing
boats which will be dealt with in A
the next-chapter. The forces and l
moments are defined in Figure 5 and
represented by the non-dimensional
coefficients as in Equation (1).

cg, = R,/( £1 U212) Cg! =-. R5/(lg-Q, U23)NH“

1 M/Qcn,_ = M4/(E fa UZBL) cm“ .-.- 1 2 “BM
_ Epo_U

01., = L./( [3, ) S = L5/(-fmvgs)mu» <w m 0 FU2 wle

»> M_ L “ _._____£2__.CM“, - Flu:/(ZXDV SL) Ci*’lRw " %y‘V,2,S€T9_)

.- w e y

1 .2 2 Z0,, = D/<5-fw*f la) K-r = T/(BUN DP‘)

CR = I;\R/('32-'j7u;VN21)2AR8) 1 (1)

The dimensions of the tested ships
are shown in Table l, and the results
are shown in Figures 6 and 7. The
wind forces of ship B are also '
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measured by the wind tunnel test
using a mirror imaged model for com-
parison. Both results agree rather
well with each other. with some
slight fluctuations in the centre of
force. t

~

3. CALCULATION OF THE DIRECTIONAL»
STABILITY OF SHIPS WITH SEA
ANCHOR
0

The equilibrium equations of the .
forces and moments in three directions
in the horizontal plane can be rep-
resented as in Equation (2). c

-L1 - Rx + T'+ D cosfi = O

-L93 R34-FR-¢Dsin,B=O (2)

-Mm ‘I Ma + + 8111/8 = O

or as the nonedimensional formulas (3).
1

-3“ -'(C1Cnx - C§§)E -"1 cos“: 0

-CL8 + (C1Cgg’ + Cr§)£ -Q1 513$: 0

"'CMu- (clam. -74R c,.S)£ + 77.'>}_|incl= 0

I x (3)

where

D “K A\ ‘r
¢t =-%§T1" C‘»r =~§5'Cn5Q P N

"Oei3°Mm

<:|c1 C13@=< Y @=( >‘
Kg==LR/I,

(4)

Assuming that ck, “E and 77 are variables
and. 8 and-Q or N are given as the
controllable quantities, Equation (3)
can be solved numerically by applying
the experimental values for the coeff-
icients which are shown in the previous
section. The calculated results are
presented in Figure 8 for the relative

3.

direction of the wind. Consequently,
a simplified formula has been derived
for estimating the necessary size
of a sea anchor which will keep the
shipis bow within a certain heading
angle to the wind, that is:-

Ab = "(ks/c,,){0.oo55(9o-p) + Efia/L}

(5)

where

k = 1.9 for ships A and B, 1.5 for
gship C '

CD is the drag coefficient of the
sea anchor, and

cbca is the horizontal distance
between the centres of the
area B and A A

I " ’

N. - EXPERIMENTS ON THE TRANSVERSE
STABILITY \

A concept of the dynamical stability
of ships in waves and wind accompanied
with gust has been adopted for the
criteria of the transverse stability ~
of ships in Japan. Watanabe and
‘others have described this concept
as follows (see (h)):-

"Let us assume that, as shown
in Figure 9, a ship is listed
68 under the statical transverse
heeling moment (due mainly to
steady wind), and rolls 6° and
6; from side to side about 68,
and then the ship is subjected '
to a gust when the ship is at the
maximum angle of roll 6° wind-
ward. In order that the ship
does not capsize,

Area ABC > Area BFGD or

Area AK'C.> Area K'FG'

Let area AK'C = b, and area
K'FG' = 3., and c = b/a (6)

4

It follows that this C must be
greater than unit, if the ship
is not to capsize."

In the application of this concept
for general use, the wind forces and
ship responses should be practically
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determined for all sorts of ships.
Some simplified formulas have beenw
given in Reference (M) for passenger
ships. _ J

The experimental equipment described
in this paper can be applied to est-
imating the forces as well as to '
simulating the responses to such a
stability concept. ‘Figure l0 shows
a record of simulation of the trans-
verse stability of a ship in wind and
waves. The ship is oscillated by
waves having a period synchronous with
that of the rolling and is listed by
a steady wind. The gust is supplied
by suddenly opening the screen mesh
covering the nozzle of the blower at
the moment that the ship rolls maxi-
mum to windward.

The ship inclined leeward and the
maximum.angle of heel reached approx-
imately the estimated value by the
stability criteria but did not cap-
size. '

Figure ll shows an experiment of the
statical stability of the model in
strong wind with and without the
effects of shipping water on deck as
well as drifting by wind.

5. CONCLUDING REMARKS

In this paper, the experiments on
the stability of ships carried out
at Ship Research Institute are pres-
ented. These experiments were
originated by the research which was
carried out on the occasion of the
large scale sea disaster involving
modern Japanese bonito pole fishing
boats and which was caused by a
typhoon in October, 1965, in the
Mariana Islands. Seven ships among
ten sank and 209 human lives were
lost. It has been deduced that the
main cause of the capsize or founder-
ing of the ships was that they had
lost their controllability due to
the extremely strong wind which
exceeded 70 m/sec and were inclined
so heavily by the wind and the add-
itional effects of shipping water on
deck that the end of the bridge of
the ships'reached wave surface, and
the ships then foundered‘by flooding.

After this urgent research, the re-
search projects concerned with the.
stability of fishing boats in rough
weather and the guidance of applic-
ations of sea anchor for improving
the directional stability were per-
formed by the comittees organised
at the Japan Association for Prevent-
ing Marine Accidents.

‘ _ ‘ .

Takaishi

In the author's opinion, future
research activities should include
stability experiments in irregular
waves, in heavy following or quart
ing seas, as well as in shortcrest
seas or in multi-directional waves

6. 'REFERENCES

1) Takaishi, Y. and Tsuji, T.

"A new method of model test
about wind forces affecting
the manoeuvrability of ship"

Proceedings, 12th I.T.T.C.,
Rome, 1969

2) A Tsuji, T. and others

"Model test about wind forces
acting on the ships"

Report of Ship Research Insti
Vol. 7. No. 5, 1970I

1

3) Takaishi, Y.
"On the effectiveness of sea
anchor upon the steering
ability of fishing boats"

Report of Ship Research Institute,
Vol. 7. No. 3, 1970 .

h) Watanabe, Y. and others

er-
ed

tute,

"A proposed standard of stab-
ility for passenger ships"

Journal of Zosen Kiokai (The
Society of Naval Architects of
Japan), Vol. 99, 1956

Q



AD V
D

FR
Lx

L3
M.
1-1.,
N
P
R1
Rs
tr V
U
v

¢o..

cs

k

1R

\ 1 a

lb

1;
_a A--*-d" ""

5;

7 8,

K
> Ab

P
Pa

Pu

M.

Takaishi 5,

LIST OF SYMBOLS

Area of sea-anchor

Drag of sea-anchor _

Transverse rudder force

Longitudinal water forces

Transverse water force

Wind moment

Water moment

Number of revolutions of propeller

Pitch of propeller

Longitudinal wind force

Transverse wind force

Thrust of propeller~

Velocity of wind

Velocity of drifting ship.

Position of the centre of area of ship's profile ~
above the water-line .

Position of the centre of area of ship's profile“
under the water-line e

Constant -

Distance of the rudder from the midship A .

Distance of the centre of wind force from the midship

Distance of the centre of drifting force from the
midship

Distance of the towing point of sea-anchor from the
midship

Drift angle of ship

Towing angle of sea-anchor

Rudder angle

Distance between the centres of wind and water force

A at O( and (p= 90 degrees

Relative wind-direction

Density of air

Density of water
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Table 1 Dlmenslons of the tested ships
ITEMS SHIP-A SHIP-B . SHIP-C

LENGTH Ber P P
BREADTH MLD
DRAFT FORE
DRAFT‘AFT
DRAFT MEAN
DBP VOLUME
PROJECTED AREA
(ABOVE WATEL LINE)

FRONT VIEW
PROFILE

(UNDER WATER LINE)
PROFILE

DIA OF PROPELLER
PITCH RATIO OF PROP
RUDDERHAREA
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272
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90.2
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1.6-1
0.56
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29 . 500 I

(Inn
21$ 1
33%
ZJW

ms

I

3-1.3 '
100.0

ub

81.8 *
1.74
0.56
° 08an 9 ‘ I

29 . 000

6 . 360
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shlppln water
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sea anchon Shlp body+prop£+rudder flooding

Flg 1 Responses concerning stability of ship
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A SCALE MODEL INVESTIGATION QF THE INTACT STABILITY

. . OF TOWING AND FISHING VESSELS

by

EUGENE R, MILLER, Jr.
Hydronautics Incorporated, Laurel, Maryland, USA

SUMMARY

A scale model investigation of the
intact stability of towing and fish-
ing vessels is described, The program
was based on four models of typical s
U,S, towing and fishing vessels, The
tests included tripping of towing
vessels in calm water and towing and
free route operation in head and
following seas and in beam seas at
zero speed, The objective, rationale-
and background of the test program
are described. The test program are
described, The test equipment, test
procedures, and model dimensions and
stability characteristics are given
in detail, Selected results from the
model tests are presented, y

1, INTRODUCTION

Each year there are a number of
casualties in the U.S. towing and
fishing vessel fleets which can be'
attributed to a lack of sufficient
intact stability. In general, these
casualties are of two types, The
first is the towing vessel tripping
casualty in which the towing vessel
is capsized by the towline forces
generated by its own actions or the
actions of its tow, The second is the
seakeeping casualty in which the
vessel is capsized by wave induced
forces,

The United States Coast Guard is
currently sponsoring a major research
programs aimed at developing better
intact stability criteria with the
objective of reducing the number of
stability related casualties, This
programme includes studies on the
capsizing of cargo liners in follow-
ing seas, the analytical calculation

of capsizing in following seas, the
capsizing of deck cargo barges in
beam seas and the development of
stability criteria for towing and
fishing vessels, The program to
develop improved stability criteria
for towing and fishing vessels is
being carried out for the Coast Guard
by Hydronautics Incorporated with
major subcontract support by Nickum
and Spaulding Associates,' This
programme is divided into three i
major tasks, The first is programme
formulation which includes a liter-
ature survey, a census of the U,S,
towing and fishing vessel fleets,
detailed stability calculations on
some 51 representative towing and
fishing vessels and the formulation
of a model test programme, The
results of this task are reported in
(1), The second task, which has
just been completed, is an extensive
model test program to investigate
capsizing due to tripping and wave
action, The third task, which is
now in progress, is an evaluation
study leading to the formulation of
improved criteria based on the result
of the first two tasks,

This paper presents a limited report
on the model test programme which
was conducted as the second task of
the total project, The objectives
and scope of the test programme are
briefly discussed and followed by_a
description of the test equipment,
the test procedures and the models,
The results of the seakoeping and
tripping tests are then presented in
general terms and followed by con- .
clusions and recommendations, .

. Q
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2, OBJECTIVES AND SCOPE OF THE
TEST PROGRAMME

The objectives of the model test
programme were to define the nature
of the capsizing phenomena and to
obtain quantitative data for a range
of vessel characteristics, stability
levels and environmental conditions-_
for use in the formulation of improv-
ed criteria, The test programs in-
cluded four models, an ocean tug"
§Model T-Zhg, an offshore supply boat
Model S-Oh , a U.S. West Coast

fishing vessel (Model F-34) and a_
harbour tug (Model T-14),. A number
of different types of tests were
conducted with one or more of the
models, _Tripping tests included:

a) Tripping due to actions of the ‘
towing vessel, i,e,, self-
tripping,

b) Tripping due to actions of the
tow, i,e,, tow tripping.

Seakeeping tests included the follow-
ing:

a) Free running in regular following
wavese '

b) Towing in regular following waves,

c) Free running and towing in reg-
ular head waves, -

d) Zero speed in regular beam waves,‘

No tests were conducted in irregular
waves, i

3.‘ TEST EQUIPMENT AND PROCEDURES
Facilities, Models and Instrumentation

The model tests were carried out in the
Hydronautics Ship Model Basin, HSMB,
in the period between May and September
of 197h. The HSMB is 308 rt long,
24 ft wide and l2 ft deep with a wedge
type wavemaker at one end and a beach
at the other, The wavemaker, which
has an electric hydraulic drive sys-
tem, can generate both regular and
irregular waves, It has sufficient
power to generate breaking regular
waves with lengths between about 3 and
20 ft, The tests were conducted with
the large (No, 1) towing carriage,
This carriage is about 40 ft long
with an open bay type construction,
The speed is variable between 0 and
20 ft/sec in either direction, The
carriage provided a platform for all
of the power supply, recording and
photographic equipment,

The four models were constructed with

wood hulls and with aluminium decks
and bulwarks, The model lengths ranged
between 6,9 and 10,2 ft, Each of the
models was self-propelled and remote-
ly controlled, The power and control
signals were transmitted to the models,
and instrumentation readings were
returned from the models through an
umbilical cable system, rThe propeller
RPM and rudder angle were continuously
variable within the range of the
equipment,l The rudders turned at a_
constant rate which was selected to ~
represent typical full scale conditions,
The model rudder angle was controlled '
by the test engineer on the towing
carriage, Figure 1 presents a typical
arrangement drawing for one of the
models, A

Table 1 presents a list of the measure-
ments made, the type of sensor used
and the location of the sensor,

Time histories of all these data,
except propeller RPM, were recorded
on magnetic tape, Final time histories
of each run were then recorded oni
paper strip charts from the magnetic
tape, In addition, all of the runs
were recorded on video tape, Time
sequenced still photographs and motion
pictures were taken of selected runs,

Test Procedures I

During the test programme, six different
types of tests were carried out on one
or more of the models, The procedures
used are described in the following
paragraphs: I

Self-Tripping This test was intend-
ed to simulate the case in which a
towing vessel trips itself by use of
power and rudder action, The test was
conducted in calm water at zero carriage
speed with the model pulling against
a towline which was attached to the
carriage, The bollard pull or prop-
eller RPM was set and the model was
oriented by use of the rudders with_
the towline leading over the stern or
the aft quarter, The maximum possible
change in rudder angle was then intro-
duced causing the model to pivot under
the towline and to "walk" across the
tank with the towline leading over the
beam, The model either reached a
steady heel angle or capsized in a A
short time,

I

Tow Tripping This test was intend-
ed to simulate the case in which a
towing vessel is capsized by the
actions of its tow, Two conditions
were investigated, The first was a
pure tow tripping in which the model
was at rest with the towline leading
directly over the beam to the towing
carriage, The carriage was then

in
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accelerated slowly to a predetermined
speed and the model was pulled side-
ways, iThe model would reach a steady
heel angle or capsize, In variations
of this procedure, power and rudder
actions were applied to the model,
as the carriage started to move, in
an attempt to swing the stern under ~
the towline, The second condition
was a combination of self-tripping
and tow-tripping, This test was
conducted with the model and towing
carriage underway at a speed-length
ratio of about 0,5, with the model
pulling against the towline which
was attached to a winch fixed on the
towing carriage, The winch could
haul in the towline at a predeter-
mined speed, The model was oriented,
using its rudders, with the towline
leading over the aft quarter to the
winch on_the carriage,_ This sim-
ulated a towing vessel with its tow
yawed off to one side, The towline
was then hauled in at a known speed
using the winch, This simulated the
tow shearing off further to one side,
In both types of tow-tripping tests
the spring constant of the towline
was adjusted to a realistic value,

Free Runnigg in Followigg Waves
Seakeeping tests were conducted with
the model free running in regular
following waves, These tests were
conducted with the model under the
open bay of the carriage, Safety_
lines were attached to the model to
restrain it before the start and
at the end of each run or to right
it after a capsize had occurred,
The wavemaker controls were set and
the test runs were started, from the
wavemaker end of the tank, after the
first several waves had passed,
The carriage was accelerated slowly
up to a constant speed and the F
safety lines were slacked off, The
average speed of the model was
adjusted to the carriage Sp§Bd by
adjusting propeller RPM, The model
was steered by the test engineer on
the towing carriage, This required
considerable skill in steep follow-
ing waves, Fortunately the models
were ruggedly built, Tests were
made with the model running straight
down the tank or zig-zagging tot
simulate quartering seas, The run
continued until the model capsized
or the end of the tank was reached,

Towing in Following Haves A test
procedure similar to the free run-
ning case was used for towing in
following waves except that the
towline from the model was attached
to the carriage, The propeller
RPM was held constant at a value which
would produce the properly scaled

3,.

bollard pull in calm water, The
spring constant of the model towline
was adjusted to a reasonable value,

Free Running in Head Waves L

The same procedures were used in
these tests as were used in the
following wave tests, However, the
tests were started from the beach
end of the tank, '

Zero Speed in Regglar Beam Waves
These tests were conducted with the
model at zero speed and oriented beam
to the waves, The position of the
carriage was adjusted to stay over
the model as it drifted down the
tank due to the action of the waves,
The run was continued until it was
clear that the model would not cap-
size or until capsize occurred, s

la. DESCRIPTION OF MODELS
The models used in the test programme
were selected from the sample of 51 .
vessels compiled in Task l of the
study, The vessels chosen for mod-
elling were representative of typical
vessel types and hull form proportions
found in the fleet, They represent
fairly modern vessels in that all
were built between 1966 and 1969.
The characteristics of the models
and prototype vessels are given in
Tables 2, 3, h, and 5, The stability
characteristics of the models for
typical test conditions are given in
Figures 2, 3, h, and 5, These fig-
ures also include a profile sketch
of each model showing the load water-
lines and the extent of superstruct-
ure included on the model, All of
the models were fitted with bulwarks
which contained freeing ports equal
to the IMCO recomended area,

\ .

5, RESULTS OF SEAKEEPING TESTS ‘

Selected results of the seakeeping
tests are presented and discussed
in the following paragraphs:-

Free Running in Following Waves
Tests were conducted in following
regular waves with the models running
free, Typically, tests were conduct-
ed with two values of GM for each'
displacement, In general, the GM's
were chosen so that in one case the
model would be near to capsizing
only in the most extreme conditions
and in the other capsizing would
occur in more moderate conditions,
Typical test results are presented
in Figures 6, 7, 8, and 9 in The
form of boundaries for wave con-
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ditions which caused capsize, _No ,
data are presented for Model T-l4. -
since it would not capsize in follow-
ing seas for the two GM.conditions _
tested, ' t*=
In all cases, the capsize and extreme
rolls were due either to,a direct_
loss of stability with the model it -
poised on the wave crest or to unstable
rolling with a period twice the wave
encounter period, These phenomena
have been described in detail in Ref-
erence 2, In order to capsize by_-.
these methods, it was necessary to
have both a long encounter period and
a long effective roll period, In no
case was a model capsized in follow-
ing waves while running free at a low
speed length ratio, It was necessary
to have waves long enough (X/Lfl>l¢5)
and the model speed high enough
(V»{L¢°l) for the model to surf for
some time with the wave crest-near‘
amidship,. Because of this, running in
.direct following seas was more hazard-
ous than zig-zagging or running.in
quartering seas, 4 _

~For capsize-to occur, it was also ;
necessary to have the apparent stab-
ility reduced and roll period increas-
ed by water on deck, It is of interest
to compare the case of Model S-Q4,,
load I-C, with Model T-l@,_load I-B,
For these conditions, the two models
have very similar curves of GZ/B vs
heel angle with a range of stability
‘of about R2 degrees, Model S-Oh, as
shown in Figure 7, would capsize
easily but Model T-lh would not cap-
size for any of the wave conditions,
The difference was that S-Oh shipped
large amounts of water and T-lh did
not, In several cases, tests were
run with the freeing port area
doubled, but this had no significant
Gffe¢to. i

It is also of interest to note that
in no case did a model capsize by
breaching, All of the models were
sufficiently controllable to avoid
serious broaching even in the steepest
following seas at high speeds,

Towigg in Following Waves Tests *.
were conducted in following regular-
waves with the models towing at-a
speed length ratio of 0,5, The~pro-
peller RPM was set to produce the .
estimated scale bollard thrust of the
prototype, In the case of F-3h, a
bollard thrust typical of a towing
vessel of the same size was selected,
The stability levels were the same as
were used in the free running tests,
The test results for Model.S-Oh and
F-34 are presented in Figures l0 and 2
'll, Model T-lh would not capsize ,

towing in following seas for the two
GM values tested, Only limited
following seas towing tests were con-
ducted with Model T-2h in load con-
dition I-A, In this case, with a
wave length/model length of 2.1 and
a wave height/model length of 0,225
the model did not capsize,

The capsize mechanism which occurred
while towing in following seas, was
completely different from that which
occurred while free running at high
speed in following waves,' In the
towing case, water tended to pile up
on deck from waves coming over the
stern and sides, This caused a slowly
increasing heel which would reach an
equilibrium value or result in cap-
size, The towline was an important
contributing factor since it would
cause an initial heel and roll moment
when lead over the aft quarter, Also,
the towline seemed to reduce the
surging of the model and, possibly,
the pitching, This tended to promote
the buildup of water on deck, It
may be noted that capsize when towing.
occurred in shorter waves than cap-
size when running free at higher
speeds, This was because water piled
up on deck when the encounter period
was short and relative motions were
were large, It should also be noted
that capsize will not occur running
free at the same speed and in the same
wave conditions which would cause a .
capsize when towing, However, for
gach model a stability condition
which would result in a capsize when
free running at high speed would also
result in a capsize when towing at
low speeds, The converse was also
true, i,e,, a stability condition
which would not result in a capsize
when free-running at high speed would
not result in a capsize when towing,

,

Beam Seas Limited beam sea tests
were conducted at zero speed and in
certain cases capsize did occur,
These capsize cases included Model
T-2h at load I-B and Model F-3n at
load 3-B, The capsize mechanism was
the pile up of water on deck in short
steep waves which broke on deck, This
resulted inra slowly increasing heel
into the waves with little rolling,
Eight to twelve wave encounters were
required for a capsize, Model T-2h
would capsize only if it were held
beam to the sea with the safety lines
since it had a strong tendency to
head bow into the waves,

»Model S-Oh in load condition I-C ,
would assume a large steady heel into
the waves in some beam sea conditions
but it did not capsize, Variations
in the freeing port area were tried
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on_hodels,F-§h_and S-O4._ In each
¢§§6Yfhe_ff§éing'port area was in-
creased to twice the IMCO required
value. In both cases'the‘larger
fiaeeiss Part eree.sed¢ it easier for
water to get on'deck and, if any-
'thing, made the steady heel larger
or caused a capsize to occur sooner.

Head sass-" Head sea tests were con-
dusted With Mqdel T-lh running free
and”towing. "The results are presented
in Figure 12. Although this model in
load_conditiqn_I-B would not capsize
in followingIor beam seas,_eapsize
in head seas was possible. “The cap-
size mechanism was the rapid_buildup
of water on deck due to waees break-
in€ QVQI the bow or forward quarter
in rapid succession. 'This would
result_in a rapidly increasing heel
ah€1§,WhiQQ ¢°UlQ_r§Sult in a capsize.
In'thef6ases in whichfa capsize
occurred as many as 30 to 50 waves
were encountered although the final
large increase in heel which result-
ed in ahcapsise would occur in about‘
*hiee.Were éfiébun#ére>'7Ifi‘eenera1.
the towline would assist in the cap-
_siseHby_providing an initial.heel I
sna"r¢11'momsat; However, for the
shortest waves the towline tended to
right the model. In many respects
the capsize mechanism in head seas
is similar to the capsize mechanism '
when towing in following waves and
when in beam seas.

A limited number of head sea tests
were conducted with Model T-2% in
load I-A.and Model S-Oh in load I-C.
Inithese cases there was no tendency»
toycapsize.

6. RESULTS OF TRIPPING TESTS

The general results of the tripping
tests are presented in Table 6. The
data for the self tripping tests apply
to_the case of a rapid application
of maximum rudder angle (about #5
degrees) under bollard conditions.
Table 6 lists the loading condition,
incidence of capsize, and the scaled
bollard thrust for the capsize con-
dition. In the event that no capsize
occurred, the maxium scaled bollard
thrust that could be generated by
the model propulsion system is given.
The installed horsepower assuming 75
HP per ton of bollard thrust, is also
given.v '

Models T-2h, load I-A, F-34, load 3-A
and T-lh, load I-B, exactly satisfy
the Murphy criteria (3) used in the
past by the U.S. Coast Guard as a
measure of the GM required to prevent
self tripping. The prototype powers

4

used in evaluating the Murphy cri-
teria are 5635 SHP for T-24, 1200 SHP
for F-3h and 1960 SHP for T-lh. ~
For this test, F-3h was treated as
a towing vessel with the fleet
average power for this size vessel.
It is evident that power in excess
of the actual installed power is
required to cause a self tripping
capsize. However, the margin is t
small for Model F-3h.

The results of the tow-tripping tests
conducted by pulling the models lat-
erally from rest are also presented
in Table 6. In all cases capsize
would occur and the required speeds ~
are listed. These data apply to
the conditions with the tow post
at the nominal design position. Some
tests were conducted with the tow
posts_moved aft. This showed that,
with the tow post further aft, a tow-
induced tripping capsize could be
prevented.

Some tests were conducted in which
power and rudder action were used to
swing the stern under the towline.
In all cases this did not prevent a
capsize and, even, seemed to cause
a capsize more quickly.

The author knows of only one criter-
ion for the initial stability of
towing vessels which is intended to
prevent a tow induced tripping cap-
size.n This criteria,-proposed in
Norway by Getz and Bakke (Q), is
based on the assumption that a tow-
'ing vessel should be able to resist
a lateral towing speed between Q
and 5 knots. This assumption may
be compared with the actual lateral
towing speed required to capsize
the models in this study. With a
GM defined by the Murphy criteria
(3), F-3h will not satisfy a A knot
requirement and T-lh will not sat-
isfy a 5 knot requirement. A great
deal of quantitative model data now
exists in the time history records
concerning the forces acting onia
towing vessel during a tripping
capsize. An analysis of these data
is beyond the scope of this paper.

7. CONCLUDING REMARKS

The model test programme described
has provided considerable insight
into the various capsize phenomena
which can occur with towing and
fishing vessels. It has also pro-
vided a base of qualitative and
quantitative data for use in the
development and evaluation of im-
proved intact stability criteria
for these types of vessels. y
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Efforts are now underway in Task 3
of this study to develop improved
criteria using the detailed test
data and other tools developed as
part of the U.S. Coast Guard re-
search on vessel stability.

A number of specific conclusions
can be drawn from the test results
presented. They inc1ude:- -

a) Some towing and fishing vessels
with stability levels which
may realistically occur are
vulnerable to a capsize by wave
induced forces. The offshore
supply boat type is a partic-
ular example.

If b) Capsize when running free in
following seas will occur only

r if the speed length ratio is
high, i.e., about l.

c) Vessels which tow at sea will
require more stability than
those which do not.

d) The pile up of water on dock
is a primary or contributing
factor in all of the seakeeping
capsizes observed in the test
programme. This is a dynamic
phenomena and is not simply
eliminated by lowering bulwark
Iheights or increasing freeing

y port area. Any improved intact
stability criteria should rec-
ognise this phenomenon and,.
as a result, include freeboard
requirements as well as some
direct measure of the stability.

e) Tho current criteria which are
intended to prevent self trip-
ping capsizes of towing vessels
may be conservative for this
type of casualty but may not be
conservative for the tow induced

"‘ tripping capsize.*' im_'**_~‘h "
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~ Table 1
 Instrumentation List

- T V 1'.i
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~ .

Measurement ~ ‘Sensor Location
I r  ‘  

' |
.‘ ,v

Roll Angle I GYRO Model

Pitch Angle GYRO Model

Wave Height ‘Capacitance Wave Probe Towing Carriage
\

Rudder Angle Potentiometer Rudder Actuator in Model

Towline Tension 2-inch Variable Reluctance Model
Block Gage

Towllne Angle Relative to Model Potentiometer . Towing Bit on Model

Towing Carriage Speed Carriage Control System Towing Carriage

Relative Motion Between Model Capacitance Wave Probe Model
and Wave at Midships '

Propeller RPM 7 Magnetic Tachometer Model M »

Towline Haul in Speed nPulse Counter » Towing Carriage
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A Table 2 Table B
Characteristics of Model T-2M Characteristics of Model F-3h

Scale Ratio

Properties at IMCO Standard Draft
LWL, ft

seem at Section of Max Area, rt
Displacement Tons/lbs
HEP .

Depth, ft
Draft, ft

C8
C2
Cw
L/B
B/T
Propeller Dia ft
Total Rudder Area rt’

‘Load Condition l
Displacement Tons/lbs
Trim, ft

Draft, ft
Minimum Freeboard, ft

116.02
31.508

8n1.3
5,750

18.671
15.871

10.00

89.12

88h.89
1.859

16.286
1.435

r

0.5069
0.6182
0.8229

3.678
1.988

£955 Prototype Model
0

Vésfiel Type Atlantic Coast Twin Screw Ocean Tug, 1969
Hull Form Round Bilge with Ship Stern

l7-39 A

6.67
1.81

358.3

1.07
0.91

0-575
0.299

376-9
0.106
0-935
0.083

Table 3

. Characteristics of Model S-O4

Item Prototype Model

8Vessel iype Pacific Coast Sin le Screw Crab Boat, 1969
Hull Form Single Chine Hull with Transom Stern
Scale Ratio .
Properties at Lcad Condition l

twL, rt
Beam, ft 25.71
Displacement Tons/lbs 367
Trim, ft _ 1.50
Depth, ft 14.18

Draft, ft 12.80
1.38Minimum Freeboard, ft

86.65

CB

CP

Cw
L/B

B/T .

Propeller Dia ft 6.25
Total Rudder Area rt’ 32.8
Properties at Load Condition 2 '
Displacement Tons/lbs A 267.2 _
Trim, ft _l.35

Draft, rt . 10.81
Minimum Freeboard, ft 2.96

0.850

-0.662

0.825

3-37
2.01

11,16

7.76
2.30

660.9
0.10
1.27‘

' 1.15
0.12

0.560

0.263

030.6
0.121
0-969
0.265

Table 5

Scale Ratio
Properties at IMCO Standard Draft
LWL, ft ‘

1Beam at Section of Max Area, ft
Displacement Tons/lbs
ggp .

nepcn, rt”
Draft, rt
CB
CP
CW

1L/B
B/T
Propeller Dia ft
Total Rudder Area ft?

Load Condition 1

Displacement Tons/lbs '
Trim, ft
Draft, ft

Minimum Freeboard, ft

Item 1 Prototzpe

171.07
38.00

1529.0

15.00

12.75

8.00
82.5

1507

1.19

12.11

1.83

O.6fl58

0-7277

0.8685
0.502
2.980

Model

Vessel Type Gulf Coast Twin Screw Supply Vessel, 1959
Hull Form 2 Chine Hull with Transom Stern

17.A7_

9-79
2.18

632.52

0.859

0.730

0.457

0.270

633.1
0.068
0.693
0.105

Characteristics of Model T-l4

ModelItem Prototzpe

Vessel Type Pacific Coast Twin Screw Harbor Tug, 1966
Hull Form 2 Chine Hull with Transom Stern
Scale Ratio-
Properties at IMCO Standard Draft
LWL, ft ‘

Beam at Section of Max Area ft
Displacement Tons/lbs
BHP _
Depth, ft

Draft, rt
CB

CB
CW

L/B -
B/T
Propeller Dia ft
Total Rudder Area ft’
Load Condition 1

Displacement Tons/lbs
Trim, ft
Draft, ft A
Minimum Freeboard, ft

85.62
28.H6

375-9
2,000

12.96
11.02

T-25
80.58

308.1
0.0
9.76
2.922

0.390

0.592

O.79h

3.01

2.58

12

7.135
2.371

087.3

1.08_
0.918

0.605

0-559

399-3
0.0

0.813
0.233

1
fl

TA
‘
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Model Load Condition I

T-20

s-00
F-30

T—l4

' Table 6

-i ' I ' '3 i-— inn-r'  ~ ‘"' 1 ii-1

Full Scale Tripping Characteristics

Tons

Bollard
Thrust Approximate

psize Tons SHP

1-A

l—C

2—B

1-A

3-A

3—B

1-B

889.9
889.9
630
1507
367

308

70
l7
00
96

357 1-97

. |

' Self Tripping 7
_ 1 17. .._... ..1 ... _l

Displ GM -
ft . Ca

|
30 , Yes

No

No
No

Yes

Yes

No

-- 413' ii _‘ 1 I 1 1

99
112

120

78

17
10

33

Tow Tripping
_1_ I. . ._ _ _ . 1.3

Model - Load Condition ‘
Displ
Tons

eways ow ng Speed
A Capsize ‘ at Capsize, Knots

7,025
8,000
9,000
5,850
1,392

800

2.075

T-29

s-00
F-30

T-10

J i J 1' _ I '

1-A
1-0
2-B
1-A
3-A
3-B
1-B

889.9
889.9

630

1507
357
367

308

3
5
2

6

1

2

.30 _
7 I

Yes

Yes
Yes

Yes

Yes
Yes

Yes

¢

‘ _

' r _ _

GM | I Sid T 1
ft I

82 7‘
7-0 ,

0.75

39TI’d
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g§:' SAFETY OF A VESSEL IN BEAM SEA

J. DUDZIAK

by '

Ship Research Institute,
Gdansk Technical University, Poland.

l. INTRODUCTION .

' To estimate ship safety in
waves, as many conditions as are
likely to be encountered in ser-
vice must be taken into consider-
ation. In heavy seas all ships,
in particular, the small and med-
ium sized should try and avoid
running in quartering, following
and beam waves which may endanger
their safety. But it can happen,
due to damage of the rudder or
Ipropulsion system that the master
loses_control of the ship and she
begins to drift in beam waves.
Such a situation causes heavy rol-
ling motions, at least, around a
certain mean value of the roll
angle due to the wind forces act-
ing on the ship. For ships with a
low freeboard this phenomenon is
generally combined with the ship-
ping of water on the deck which
can be particularly dangerous.
(It is rather difficult to des-
cribe and investigate such a case
by means of mathematical methods.
Therefore in the Ship Research
Institute of the Gdansk Technical
University a programme of experi-
ments for studying this phenomenon
was planned and model tests were
carried out both in regular and
irregular waves. The tests in
regular waves were conducted in the
model tank, and tests with irregu-
lar waves in a lake-under the ac- -
tion of natural wind waves. In the
present paper the model test results
of the behaviour of low freeboard
fishing vessels in regular waves are
presented.  

, »

O '.

1

2. MODELS‘-PARTICULARS AND TEST
PROGRAMME _

Two models were tested, one
of a side trawler (model A) and the
second of a stern cutter (mqdel-B).
The models‘ particulars are given’
iJ1Table 1. Figure (1) shows the
body and profile plans of the mo-
dels. Those parts.of the models
above the water were made according
to the full scale form of the hull'
with the forecastle and the poop,
deckhouses and bulwarks with freeing
ports. . ".t ‘ .

The tests were made for-a-con-
stant displacement. On both models
the ordinate of the centre of gra-
vity KG was changed to obtain the»
near critical or lower values of
the parameters characterizing the
righting arm curves. sf , I

Besides this the tests with,
model A were carried out in the fol-
lowing conditions: ' _

(a) For two freeboard heights:'
(b) With and without bulwark (the'

freeing ports were open or
closed): I _-- '

(c) For two lengths of the deck-
house. -'

r.

For the tests in regular waves
the wave parameters were varied
within the following ranges: = .

wave length X = 0.75 to h,50 m

wave height 3“; h to 1:2‘(10) cm
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The following quantities were
measured:

(i) Wave parameters,
(ii) Rolling angles,
iii) Heaving and swaying accelera-

tions,
(iv) Relative water motions on the

' windward and leeward sides
amidships.

The models‘ parameters varied
during the tests are given in Table 2.
Figures (2) and (3) show the righting
arm curves of the models tested.

3. MODEL BEHAVIOUR IN REGULAR WAVES
1

The experiment was carried out in
such a way that an approximate con-A
stant wave height was maintained as
the wave length was varied. Behaviour I
of the model at a given construction
condition (freeboard height, bulwark,
length of the deckhouse) and given
loading conditions (ordinate of the,
centre of gravity) depended on the
length and height of the wave. It
will be illustrated in details by-
means of tests with model A provided
with the low freeboard (F = 22.5 mm),
bulwark with freeing ports and long
deckhouse.

In Figures (4) and (5) are shown
the tests results of the amplitudes of
the relative motions of water at amid-
ships of the windward side for two
pgsitions of the centre of gravity :
KG = l47.0 mm and KG‘= 157.0 mm. The
amplitude curves show two distinct
maxima: the first one near the rol-
ling natural frequency and the second ~
one near the heaving natural frequency.
Also at frequencies higher than the
rolling natural frequency, an addi-
tional magnification appears. It is
QbseIVed.bOth on the windward and lee-
ward sides and always at the same wave
frequency although it is independent
.of the KG value. In the case of
RE = 147 mm the magnification appears
at frequencies a little higher than
the natural frequency. It is not very
prominent for low wave heights although
it increases with increasing wave
height.

' At first it gives a distinct
additional maximum (SW-= 8 cm) and
further, begins to exceed the maxi-
mum caused by rolling motions

= 10 and 12 cm) When KG = 157(S . , mm
thg additional magnification appears
at frequencies-much higher than the
natural rolling frequencies and does
not reach very significant values.

Dudziak‘

When the wave frequency is
approaching the heaving natural fre-
quency, the relative motion ampli-
tude quickly increases. Due to this
the deck is seriously flooded over-
the edge of the bulwark. The amount
of water on the deck and the fre-
quency of its shipping are so high
that it cannot flow down off the
deck and remains first of all be-
tween the bulwark and the deckhouse
on the windward side. It creates a
heeling moment on the windward side
which causes motions of the model
near the angle called the "pseudo-
static angle of heel". The pseudo-
static angle of heel exists for
sufficiently high wave frequencies.
The frequency changes with wave
height and the ordinate of the A ’
centre of gravity as other construc-
tion parameters remain constant.
Above the limit frequency as the
frequency increases the pseudosta-
tic angle of heel rapidly increases.
approaching a limit which depends
first of all on the model stability
and to a lesser extent on the wave
height.

I In particular experiments the
fixed pseudostatic heeling angle
appears relatively sogg:~ after two
waves in the case of KG = 157 m,
and_§our to five waves in the case
of KG = 147 mm. The maximum values
of the pseudostatic angle of heel,
even when there is sufficient sta-
bility (when KG = 147 mm),are so
high that they constitute a serious
danger to the ship's safety. Roll-
ing motions of the model for this
range of frequency, at which the
pseudostatic angle of heel appears,
are usually very low. Only in the
case of RC = 157 m, at the lower
range of the frequencies at which
the pseudostatic angle of heel begin
to appear,were intense rolling mo-
tions corresponding to subharmonic
resonance observed. _

Further increases of the ordi-
nate of the centre of gravity
(RE = l68 mm) caused the model to
capsize even in waves which at lower
values of RE only induced a pseudo-
static angle of heel. Capsizing of
the.model which had poor stability
was always connected with the pre-
sence of the water on the deck and
capsizing occurred quickly,after the
encounter of two waves on the wind-
ward_side.

On the basis of the experi- \
ments carried out it was possible to
establish for the model considered
the dangerous range of beam waves.
It is shown in Figure (6). '
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Effects of Bulwark
To explain the role of the bul-

wark in establishing the pseudosta-
tic angle of heel additional tests,
were conducted with the model having
the same freeboard and the deckhouse
but without bulwark. Figure (7)
shows the relation between ampli-
tudes of relative motions at the '
windward side and the wave frequen-'
cy for two different wave heights
at K5 = 147 m. In comparison with
the curves for the model with the
bulwark there is no maximum in the
vicinity of the rolling natural fre-
quency. This is connected with the
increased damping caused by submer-
gence of the deck edge. With KG
RE = 147 mm the pseudostatic angles
of heel were not observed. ~It can
be concluded that they are to a _
large extent caused by the bulwark.
The tests made on the model without
the bulwark at RE = 168.5 mm show
that waves,which in the case of the
model with the bulwark,caused the
model to capsize now induced only a
pseudostatic angle of heel depen-
dent on the wave height (approxi-
mately linear). In this case the
bulwark was a cause in the capsiz-
ing of the model.

Description of the above pheno-
mena by means of approximate theory
is rather difficult. The magnitudes
of pseudostatic angles of heel can-
not be directly related to the sta-
tic heeling angle, which appears
when the freeing ports are closed
and the deck well is filled with
water. In Table 3 the maximum)
values of pseudostatic angles of
heel and the maximum values of
static heeling angles caused by
water on the deck are given. The
pseudostatic angles of heel cannot
be explained by rolling in the
nonlinear part of the righting arm
curves because rolling motions at
the maximum angles of heel are
rather small. 4

Effects of Freeboard .
\

Similar experiments at diffe-
rent RE values with and without the
bulwark were carried out on the mo-
del with the increased freeboard
(F = 42.5 m). The purpose of the
experiments was to explain the infl-
ence of freeboard on model behaviour
in beam waves. As it was expected
the range of the dangerous waves,
causing large pseudostatic angles
of heel and capsizing the model,
decreased to a large extent (see
Figure (6), in such a way that the

I

3

dangerous wave length also de-
creased. In the case of very poor
stability (KG = 168 mm) and without
bulwark the pseudostatic angles of
heel, which with the model of low
freeboard (F = 22.5 mm) reached
maximum values of the order of
30 deg., with the higher freeboard
(F = 42.5 mm) were rather small and
did not exceed 6 deg. It is shown
in Figure (8). In developing fur-
ther this phenomenon by changing the
location of the centre of gravity
the pseudostatic angles of heel or
capsizing of model always appeared
on the windward wide. w

Effects of Deckhouse Length

Because, in the experiments
carried out, the influence of water
between the deckhouse and the bul-
wark on the pseudostatic angles of
heel and on the capsizing of the
model was significant, additiQn—
al experiments were carried out with
the shorter deckhouse and low free-
board and bulwark. The experiment
showed that in the condition of in-
tense deck flooding the influence of
the deckhouse length is significant.
It was observed for the case of a
shorter deckhouse and sufficient
stability (KG = 146.4 mm) that in
spite of intense flooding and large
amount of water on the deck, there
were no pseudostatic angles of heel
on the windward side and only small
angles on the leeward side. 'This
situation was also observed at
smaller stability (KG = 158.0 mm).
The comparison of the pseudostatic
angles of heel of the models with
long and short deckhouses is shown
in Figure (9). At very poor sta-
bility (RG = 163 mm and KG = l68.5mm)
the model capsized due to flooding,
but the mechanism of capsizing was
different to that of the model hav-.
ing a longer deckhouse. Waves of
higher frequencies than the heaving
natural frequency caused the model
to capsize always on the leeward 7
side and they were higher than waves
capsizing the model with long deck-
house.i But waves of frequency below
the heaving natural frequency caused
the model to capsize on the windward
side in spite of the fact that at
lower wave heights small pseudo- .
static angles of heel appeared on the
leeward side, (see Figure (10).)-

‘@The tests with the model B were
carried out in a narrower range.
This model in comparison with the
model A had different forms of trans-
verse sections ("broken frames") and

Q, .
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a different form for the above water
part of the hull (long forecastle).
It was observed that this form of
transverse sections effectively pro-
tected the deck against flooding,
(see Figure (ll), even for very steep
waves ( .= 1-0 m.'5w = 16 cm). The .
model was not flooded over the bulwark
edge but only through the bulwark
openings. Such small amounts of wa-
ter on the deck without a deckhouse
did not have much effect on the mo-
del behaviour and even at poor sta-
bility (KE = l83 m) the model did
not capsize. It capsized only under
additional external impulse.

LU IONS4. CONC S

The experiments carried out
demonstrated the complexity of the
phenomena associated with the be-
haviour of low-freeboard models in
regular beam waves, with intense
flooding over the bulwark edge.

The phenomena which appeared
with intense flooding can be des-
cribed with sufficient accuracy by 
means of theoretical methods taking
into account the nonlinear damping
moments of the rolling motions and
the wave caused by relative motions
of the ship (in particular heaving
and swaying motions). Once the deck
experiences intense flooding, the
pseudostatic angles of heel appear or
the model capsizes. These phenomena
cannot be described by known mathe-
matical models. The_proper mathema-
tical model should take into account
such elements as the bulwark and
eventually the deckhouse. '

The experiments showed that the
intense flooding of the deck in beam
waves appears at frequencies higher
than the natural rolling frequency of
the ship. The flooding depends on,
among other things, the form of the
transverse sections. ‘The bulwark as
long as it protects the deck against
flooding increases the safety of the
ship. But when water is shipped on -
the deck with high frequency over the
bulwark it traps water on the deck and
endangers the safety of the ship. In
the condition of intense flooding the
bulwark and deckhouse together reduces
further the ship's safety. Therefore
the long deckhouse on the main deck
with low freeboard should be avoided
and the ships should be provided with
superstructures.

*3
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g
2.154

0.360

0.198/0.218

76.0

0.560

0.800

0.177

o.o22s/o.o42s_-
0.044

,‘KG'=l4-7.0mm '1'€é'=147.o ‘KG--14-7.0 ‘R'c§=14s.4mm
mm mm I

l : 25 kl : l4

1.158

0.393

0.214

41.7

0.485

0.777

0.191

0.0410

0.065

“ freeing ports ./ b lwark ;wark freeingil gm
open closed u L .; _ ports open

I TABLE 2'

 “ML B
, deckhouse, long l/L = 0.42 short l/L=0.22

with
bulwark

T<T;"=0 . l58xmn

y22.5 =l57.0mm ~ =l68.5 =l58.0m ~., =O.l73mm
~ mm 41.0

=l68.5m =l63.0m =0.l83mm

=l68 Smm

'KG=l49.5mm l“1'<'f;'=-149. 5 *K€=1ea.s
,- m i» mm

42., =l59.5mml

I =l68.3mm *
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TABLE 3
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_ Model with bulwark Model without.bulwark
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- s

RE; mm 147 ' 157 147

Max pseudo- M  
static angles 15/17*
of heel

Max static L ' ~
heelingangles 7'5 A '

\

* with open and closed freeing ports
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AN ANALYTICAL STUDY OF THE MECHANISM

or CAPSIZING

J.F. WELLICOME

Department of Aeronautics and Astronautics,

University of Southampton, U.K.

1. INTRODUCTION

A ship can capsize either as a result
of same accident. such as a shift of
cargo or flooding following structur-
al damage,_or it can occur as a con-
sequence of the ship's roll response
to extreme sea conditions. Pre-
venting the first kind of capsize is
largely a matter of providing a
sufficient margin of statical sta-
bility to cover all reasonably for-
seeable damage situations and this
aspect of stability is fairly well
understood by Naval Architects. As
yet the mechanisms which lead to a
capsize due to wave action alone are
not well understood and there is
still a lack of either an adequate
analytic model or of adequate experi-
mental information upon which to base
criteria for judging the survivabil-
ity of a particular design of ship
"from this view point.

~ -¢
. '.

‘This paper describes some rather
limited investigations of the pro-
blem of ship response to extreme wave
conditions carried out at Southampton
under the author's supervision. The
investigations concerned comprised
the solution of a plausible equation
for the roll motion, using an analogu
computer and a digital computer to
provide time histories of roll, and
the comparison of such solutions with

~an approximate analytic one. The
broad conclusions from these com-
parisons were that the analytic solu-
tion gave a very good estimate of the
steady state response to wave excita-
tion in roll, but that it failed to
describe the situations in which the
computed solutions produced a capsize

1

This paper discusses the formulation
of the equation of motion used to
describe a rolling motion in these
studies. The approximate analysis
of the steady state response to

K .

\

e

O

-

regular wave excitation using per-
turbation methods is given together
with a similar treatment of the
variational equations defining the
stability of this steady state
response and the comparison of these
analytical solutions with those de-
rived from the computer studies.

\

2. FORMULATION OF THE EQUATION OF
MOTION FOR ROLLING. ~

Of the six modes of motion for a
ship, the rolling motion is the most
difficult to model mathematically.
Like the pitch and heave modes the
major part of the forcing function
and the hull stiffness is due to
buoyancy forces acting on the hull,
but unfortunately in the case of
rolling the relation between the
righting moment due to buoyancy is
far from being a linear function of
roll angle. Indeed any study of
capsize must acknowledge that at a
certain roll angle the static sta-
bility will vanish. .The damping
moments acting on the hull are also
non-linear especially at low forward
speeds since a large part of the
damping comes from the formation of
eddies behind bilge keels and hard
bilge corners. Moments caused by
these eddy formations will be pro-
portional to the square of the roll
velocity.

It would seem natural to express
the moments acting on the hull as
functions of roll angle relative
to the wave surface (¢(t),) and the
relative roll velocity @b(t)) etc.
rather than as functions of absol-
ute motion measured from the verti-
cal (9(t)). These are related to.
the wave slope @K(t)) by the
equation.

a=¢+s T
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Thus the roll restoring moment may be
written as Mflé) and the roll damping
moment as D(¢). There will also be..
a virtual inertia term of the form If.
In choosing to represent the moments
in this way it is assumed that buoy-
ancy forces act perpendicular to the
constant pressure free surface and
that wave orbit velocities are small
compared to the fluid velocities
generated by the rolling hull. Both
assumptions are reasonable for long '
waves.

The equation of motion now takes the
form , mt..- M<¢>-aw-I5
wheremkz is the roll inertia of the
hull. ,

O0 " 5; '

Thus, since’ 9:-'¢+@‘ 2

(mkz + I)5+Df‘¢)‘|’M(~¢’ =-"Mk °‘ .(2.1)

This equation describes the relative
roll motion ,5 . By choosing differ-
ent functions D and M a wide range
of roll characteristics can be re-
produced. The simplest model which
contains the essential non-linear"
features mentioned so far would take
the form -

5+-k,$ +'k3¥’éi +“-€¢ ‘$355’ -'7; < 2. 2)
This form includes a linear damping
term h¢ nationally associated with
waves produced by the,h ll, a quad-
ratic damping term /{¢¢l;l - nationally
associated with eddy making and a
static restoring moment of cubic form
which vanis es at

I Jo:-' -row»/la
It is comon in the literature on
rolling to meet a similar equation to
describe the absolute roll motion
which takes the form:

0' 0 O 9 3 U u

9.;k,9+!.<z9I6§+w:@-26-=w§3 (2.3)
Although these two equations are of
similar form they are by no means
equivalent, as a straight forward
substitution will show. There is
room for discussion as to which of
these two equations best represents
the physical process of rolling and
although the author has a preference
for the relative roll equation (2.2)
it is possible to see aspects of the
physical problem that may be more
suitably expressed in terms of the
absolute motion. -

So far the discussion has been formu-
lated in a way which implies that the
parameters involved could be regarded
as constant (at any rate at a fixed

r

encounter frequency) as would normally
be the case in, for instance, pitch and
heave motions. However, this would
imply the neglecting of important e
coupling effects between roll and the
other modes of motion, notably heave
and sway.

The heave coupling effeht is interest-
ing in that it can lead directly to
unstable rolling in head and following
seas in which direct roll excitation
by the waves is absent. The effect
arises because of changes in the
height of the transverse metacentre
associated with changes of draught.

In the usual notation of hydrostatics:
KM: |<a+ I1/v 3

I a d I  
GM = GM.» + +8-;'-_(-';;)lz (2.4)

where z is the instantaneous heave
relative to the wave surface. Since
the linear stiffness term is directly
proportional to the GM the effect of '
the heave coupling implied by equation
(7.4) can be introduced by modifying
(2.2) to read 5 "

5—l-itsé-4-31¢?‘¢l4“gU"'PP“))¢"“¢: -2“ (2-5)
In this form an estimate of the time
dependent stiffness term 40,113 PH)
can be obtained by considering the
heave response of the hull and the
corresponding changes in both dis-
placed volume V and transverse second
moment of waterplane area IT. '

A final physical effect to be taken
into account is the difference be-
tween the pressure distribution within
a wave and that which would be expected
on a hydrostatic basis. Because the
disturbance caused by the wave decays
exponentially with depth the effective
wave slope measured, for example, in l
terms of the pressure changes occurr-
ing at the mean draught of the hull
is somewhat less than the wave surface
slope at the free surface, especially
in the case of waves of shorter lengths.
This can be taken into account in an '
equation of the form of (2.5) iffi.
is regarded as being the effective wave
slope and Q as the roll motion rela-
tive to the effective wave slope.
The relation between effective and
true wave slopes will be detailed when
considering.the formulation of the
wave spectrum used in predicting
motions in an irregular sea.

GENERAL COMMENTS ON STEADY STATE
RESPONSES OF NON—LINEAR SYSTEMS

with a non-linear system such as that
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represented by equation (2,5) the
response of the system to a periodic
wave excitation can be expected to
be some form of periodic roll motion.
It is a characteristic of such a
system however that it can have
several possible steady state
responses to the same basic wave
excitation. For instance, taking .
the case k,=l<‘=9 and Fr: Oin equation
(1,5) , the roll equation reduces to

1' 5 00 ' -

¢..,.,,.:j'¢-9¢ .-=-he (3.1)

0n substituting a response ¢; ALos to‘!
we have 3 H
(“&i.“fi%ACh@uflL"3/RCb;iQt:Ijya

3 -2,

so that ...7§g:<.J:-'H3"%3’g’)AC““"K‘

__ ..'.. 3 A3C0: 34-Qt .
4’ 2..whence _ I 7-_ J, 1 3A A Caswf

_,,(aA”/_—.,~5..§'7s) Co: 3.01’ < 3 . 2 >
This effective wave slope would
produce the response ¢: ACAM-0:1
Now in the particular case where

,, 4,97’... .2. 3/S290 equation (32)
3 14 ;

reduces to 64: 3-?:,=" Cfiwand
in this case the roll response at
frequency W would be taking place
in response to a regular wave at an
encounter frequence of aw. This
kind of response is called a sub-
harmonic response and is a kind of
response not met with in a linear
system. In this case the hull is
rolling with a frequency w which is
close to its own natural roll fre-
quency in response to the relatively
high wave encounter frequency of 3w.
Effective wave slopes at this fre-
quency are in most cases small.

A second particular case arises when
the roll amplitude A is small so
that the term proportional to Cos2hd$'

is small and the roll response
at frequency as is a result of a
nearly regular wave excitation at
that frequency. In this case we
have .

figfig cQ.§3b4§t:%J;‘kb9§ I591’; QA

Thus the amplitude of the roll re-
sponce for a given maximum wave
Tslope ao is found from the cubic
equation I

L 1' __
_2,3A‘54-¢4;'~»J¢>A“*"%“=’ °‘a"O (3.3)
4 .

3

It follows from equation (2.3) that
there can be three possible ampli-
tudes of roll motion at the given
encounter frequency for any given
wave slope. Appendix I develops "
an analysis of the roll response in
regular waves from (2.5) for the case
where the response is at encounter
frequency and Figure (l) shows the
form of the response curves obtained
from this solution together with a
subharmonic response curve. The
existence of three solutions at low
frequencies can clearly be seen.
Again this situation is not met in a
linear system in which there is only
one response to a given excitation.

s

4. THE STABILITY OF STEADY STATE'
MOTIONS -

It is necessary to consider the sta-
bility of each steady state motion in
a truly dynamic sense. This can be
done by considering what happens in
circumstances where the motion is
slightly disturbed from the steady
state either because the roll ampli-
tude or the phase difference between
the roll motion and the wave is
different from the steady state value.
If in the subsequent motion the"*
differences between the actual motion
and the steady state become smaller
then the steady state is clearly
dynamically stable, whereas if in the
subsequent motion the differences
increase and the actual solution
departs.further and further from the
steady state then this steady state
is unstable. This view of dynamical
stability is one which is probably
unfamiliar to most Naval Architects.

Let us suppose that the actual
response in roll is

--~-¢--7-{'43) ff.‘/"_Q'_)..---. h____ ______ _~_y__g
where f(t) is a steady state response
andflV(t) is a small disturbance to the
steady state. We need only consider
what happens whentfl is sufficiently
small for- terms in 901 etc.
to be neglected. Then we have to the
lowest order of approximation' '

&>)é:!=-45/it -.2li'l\P
and $5: + 3+3yz+'

Substituting into equation (2.5) we
have
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(4.1)

but since f(t) is actually a solution
to equation (2.5) we find that
equation (4.1) reduces to the
equation '

2)‘! -0-(Ir,-A-214;)-Z117-7|) 4&4’: ('"'J3?w)

-3a‘[w.]4/‘O I (4.2)

Equation (3.2) is called the varia-
tional equation f r the stability
of the solution Qf= f(t). If on
solving this variational equation
it is found that the disturbance
¢ (t) grows with time then f(t)
ls an unstable solution. If

f(t) approaches zero as time passes
or simply approaches a steady state
solution, so that a mmall'distur-
bance remains small, then f(t)
is a stable solution.

In the particular case where k Ski: P-1 Q

and 2 A

equation (4.2) reduces to.

‘~/"_;.(w.§'- 3a A‘C¢:.24.:t)\//= 0

or, since Coszwfi 5' ff ‘Mt 5051401)

.,f,+£nz_B4;a,2u,t)¢v=¢ (4.3)

Z-where n2: ow}-' 5-9'4
and ll: -—-} 3 A2
Equation (3.3) is known as the
Mathieu equation. This equation
has a large number of unstable
solutions centred about encounter
frequencies T

/
h3¢f72:%4tI];’,/""""

. . . etc. These instabilities
are discussed in most textbooks
or non-linear oscillations and
Figure (2), reproduced from-one
such source, shows the regions
in which particular combinations

Wellicome

of wand? result in an unstable
motion.

Each region of instability of the
Mathieu equation exhibits the same
general characteristic. Within an
unstable region the response y/Lt)
contains terms with frequencies
related to the encounter frequency.
For example, in the first unstable
region Q contains terms with fre-
quencies ak 200,. 5’:-U etc .
whilst in the second region yV
contains terms with frequencies

4-J,3uL 5'44 , etc.

The amplitudes of these var-
ious harmonic terms grow exponen-
tially with time except on the
boundaries of the unstable regions
where the solution containing these
frequencies becomes a steady state
motion of fixed amplitude. Outside
the unstable regions y? contains
frequencies which are not harmonic-
ally related and the motion is
steady state but not periodic.
Evidently if Wt) is initially small
it cannot grow except within the
unstable regions.

Appendix II discusses the derviatio
of boundary curves along which
the variational equation (4.2)
exhibits steady state solutions
consisting of harmonics of the
exciting frequency“) . These
boundary curves divide the roll
response diagram into regions of
stable and unstable steady state
response as shown in Figure (3).
In this diagram boundary curves are
shown for the first two regions
of instability. It seems likely
that the boundary curves for higher
order of instability lie within
the unstable region defined by
these first two boundary curves.
The analysis of Appendix II is
restricted to the case where the
roll response corresponds to that
met in regular or nearly regular
waves. < .

|

5. COMMENTS ON THE OCCURRENCE
P ROF CA SIZING IN EGULAR WAVES

It is possible to speculate on the
existence of two distinct situation
which could lead to'a capsize in
regular waves. Normally, if for
any particular effective wave ‘
slope and frequency of encounter
there exists at least one stable
steady state motion it is reason-
able to suppose that the roll
motion would settle down to that
motion and no capsize would occur.
On the other hand if none of the

I1

S
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possible steady state motions is
stable then a capsize is the only
possible roll response. This is
the first possible mechanism for
icapsizing. The second possible
situation in which a capsize can
occur can best be vizualized
by referring to Figure (4). Sup-
pose the hull is rolling at point
P close to the point of vertical
tangency of the response curve.
Next suppose that the effective
wave slope increases slightly
so that the response curve moves
to the left of P. It is now neces-
sary for the roll amplitude to
increase to correspond to point
Q. Point Q itself will represent
a stable steady state. but it is I
possible that in the transitional
period roll angles will be achieved
in excess of the steady state_roll
at Q so that a capsize could occur
in this transitional period if
the overshoot is large enough.
It should be noted that this second
mechanism.has nothing directlfi
connecting it to the stability H
of the steady state motions at P '“
and Q in the sense described in -I
the last section.

To sum up, capsizing can occur

a) If a combination of wave
slope and encounter frequ-
ency is met at which all
the possible steady state
motions are unstable, or

b) In a transitional situation
between a low amplitude
respnse mode and a high
amplitude response mode both
of which may be stable steady
state modes.

In the next section it will be seen
that in the experiments with the
analogue computer it was possible
to simulate both types of capsize.

6. . ANALOGUE COMPUTER SIMULATION
5 OF ROLLING

The paper so far has been con-
cerned with a theoretical des-
cription of_roll behaviour and
of possible capsize mechanisms.
This section describes some ana-
logue computer studies of the
rolling behaviour of a ship,
particularly in large wave slopes,
on the assumption that equation .
(2.5) provides a reasonable mathe-
matical model of the process. In
the analogue studies the effect
of heave coupling was ignored
(i.e. it was assumed that p = o
in equation (2.5). The stiffness

5

and damping parameters were chosen
to be reasonably representative
of the results of ship model ex-
periments on roll behaviour and
one set of parameters was adhered
to throughout as follows:- i

A -1
'<,= 1/30 =5‘-A

, ~l

k;: £q9 - ‘rad:

wag

1

3 5 9,15 fads; >4-'2'

These parameters correspond to a
ship with a natural roll period
of 12.6 secs and a range of sta-
bility of l radian (57.30). The
levels of damping result in a roll
amplification factor.(roll amp- .
litude/wave slope) of 7 in waves
of 5° wave slope.

The purposes of the exercise were
three-fold:-

i) To compare the lowest order
approximate analytic solution
(as described in Appendix I)‘

"with observed roll responses
obtained from the analogue si_ mu
lation. '

ii) To investigate the conditions
under which capsize occurred
in regular waves.

iii) To compare results in regular
waves with results obtained
in a simulated irregular
sea representative of severe
storm conditions.

6.b) REGULAR WAVE ANALOGUE RESULTS

The predicted and measured roll
responses in regular waves are
compared in Figures (5) and (6).
The curves drawn are those derived
from equation (A8) of Appendix I.
whilst the data spots are analogue
computer measurements. The agree-
ment between the two is remarkable
good even in wave slopes of nearly
30° - a slope beyond anything
likely in the real world at sea.
Looking at Figure (6) it can be
seen that a number of points have
been obtained along the upper re-
sponse curve at frequencies where
the upper and lower response curves
overlap. These points were obtained
by a combination of techniques
such as starting the simulation
with a high initial roll angle,
starting at a frequency outside



..>_..._@....__.

.

\

1

11
\.i

it
X.

8

ii

3

[1

Z"

....._......_--
'-5-*5"~.~11
1

-

.

.l‘»
'1 Zul-;.§,=+
- 1

6

the overlap region or starting -
with a high wave slope and gradually
reducing the wave slope to the re-
quired value. Whichever technique ~
was employed in a particular instance,
there tended to be large transient
motions whilst bringing the model
to the desired combination of wave
slope and encounter frequency values.
These transient motions were controlled
by using a comparator switch to raise
the level of damping by a factor of
lOO whenever the absolute roll angle
exceeded a preset value. '

Despite the use of the comparator,
it became increasingly more difficult
to establish a steady state response
at large values of wave slope and
eventually it proved impossible to do
so at frequencies which lay outside»
the regions of instability derived in
the appendix II. Figure (6) has
superimposed on it the analytical
stability boundaries derived from
equations (A17) and (A19) of appendix
II and also a tentative boundary
along which the analogue simulation
appeared to become unstable. The
simulator boundary and the analytic
boundaries are markedly different
in character. The nature of the capsize
which occurred from a point along
the upper boundary is illustrated
in Figure (7) which shows a regular
roll motion about a steadily increasing
mean roll angle up until point x
at which the comparator switched
in to prevent a run away increase of
roll angle and a saturation of the
operational amplifiers in the
computer.

An examination of the disturbance
yv as derived from the varia-

tional equation (4.2) shows that
entering one of the analytic regions
of instability would result in a
build up of roll motion about a
"zero mean. Thus, not only does
the analysis not indicate the
correct region of capsize but it
also fails to predict the way in '
which the capsize takes place.
There would appear to be some
omission in the analysis of a
fairly fundamental nature.

Figure (8) is an extract from
Figure (6) illustrating the gap
in which the analogue computer re-
sponse shows no steady state re-
sponse. This gap first appears in
wave slopes of 0.28 radians.

Trials were conducted to examine
the transient motion which took
place following a shift of excita-
tion frequency to cause a jump from
the lower response curve to the

Wellicome

to the upper response curve. A
typical transient response is shown
in Figure (9). It can be seen
that an overshoot occurs with
the roll motion temporarily ex-
ceeding the final steady response.
With wave slopes above O.l5 radians
(3-5°) this overshoot was suffi- -
cient to cause capsize. a

.

6.b) ANALOGUE SIMULATION OF IRREGU-
LAR WAVE RESPONSES

Having demonstrated the capsize
mechanisms for regular waves the
analogue simulation was rebuilt
to include a seven component rep-
resentation of the Pierson-Moskovitz
wave spectrum for a significant
wave height of l6.2m. To develop
such a sea would require a 50 kt ,
wind to blow for 48 hours over a
fetch of lOOOkm. This sea represents
quite severe conditions which
observer data suggests might occur
once per year in the North Atlantic
area. The particular wave periods
chosen for the irregular wave
implied a repetition of the wave
record approximately every 2O rolls.
An overall gain control was used
to multiply the wave slopes by a
factor referred to in Figure (10)
as the sea attenuation factor.
Circuits were provided to generate
values of rms roll by integration -
over a preset period (1000 secs.)

The wave slope used throughout was
the effective wave slope obtained
by multiplying each frequency -
component by the factor
.. £1

e 12 where av = frequency
of component wave

and T‘ = ship draught
(taken as 6.0m).

This same relationship was also
built into the regular wave simula-
tion. The response curves of Figure
(6) are for constant effective
wave slope and the rms wave slopes
of Figure (10) refer to effective
wave slope also. An analytical
relation between rms roll angle
(Fro ) and rms wave slope (UL )
can be obtained by the method given
by Vassilopoulos (Reference (1)).
This method assumes that the roll
response is a narrow band-pass I
process and this is true of the
absolute motion only. However,
if the absolute motion is narrow
band in character the rms absolute
roll angle GEN is related toravd

by and equation of the form
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sea by writing

15¢: = 471‘ .3‘ Pm. Z5»P“""*) *°"~“”‘“a""m0 P n
A predicted curve of rms roll
angle derived on this basis and
plotted in Figure (10) produces
moderately good agreement with
the measured rms response up to
the point at which the analogue I
simulated a capsize. In irregular
waves the analogue produced a H
capsize when the rms wave slope
reached O.l4 rads corresponding
to a significant wave slope of
0.28 rads. It is interesting that
this significant wave slope agrees
exactly with the effective wave
slope at which instability first
occurs in the regular wave case. _

7. THE EFFECT OF HEAVE COUPLING
ON CAPSIZE

Equation (2.5) gives the roll
equation in the form

§3'.;‘$.u,¢:$|+».fi(:+pPci>)¢.a¢l--‘/\?l

1
where the term 4-0915?“) represents
the heave coupling effect. Returning
to basic principles the complete \
linear stiffness term can be written
as

9);. Altw§(l+{3PLt))¢= 2-21 '1“)

where z(t) is the heave motion
relative to the wave which arises
as a response to the wave ,g(t'). By
computing the heave response in
regular waves in the normal way
we can determine P(t) for the
regular wave case as

..§pP¢.¢>=a'.§ s'£1.ocs¢ot.s+s)

corresponding to a wave slope of

an -.= R’ Lo: iwtt 8)
20 is the heave response per unit
wave slope and ‘Q5 is the phase of
z relative_to<x. Using the principle
of linear superposition we can ~
extend these equations to an irregular

corresponding to a wave slope of

age) = Z35 1.0. tent +9»). n ,

In the above equationsi-»>= =~-~>
The effect of heave coupling in
this form was investigated on a
digital computer using a step-by
-step method to integrate the“
equation of roll response. The
numerical method used was the
Gill version of the Runge-Kutta x
technique.

There were two reasons for transferlng
the calculations to a digital com-
puter at this stage. In the first
place the analogue computer which
was available did not have enough
operational amplifiers and in the
second place it gave a chance to
check the accuracy of the analogue
simulation. Broadly speaking the
two types of solution were in
agreement in predicting a capsize
outside the limits of the unstable
regions defined ln the perturbation
analysis of appendices I and II.
There were, however, differences
in the frequencies at which capsize
occurred in a given wave slope and
the digital model capsized more
abruptly with less tendency for a
drift of mean roll angle prior to
the actual capsize. '

Returning to the heave coupling
effect, Figure (Ll) shows the
relation between rms roll angle
and rms wave slope for a range of
values. Clearly in an actual case
the rate of change of GM with ~
draught (ggfl) may be either positive
or negative. On Figure (l.l) curves
are drawn corresponding to a value
of 5 calculated for a typical
cargo vessel in beam seas and to
values of P of i l0 times this
calculated value. There is also
a curve corresponding to § = o
which should compare directly with
Figure (10) derived from the ana-
logue simulator, since the same set
of wave components.were used in
each case. In fact the detailed
shape of the curve is distinctly
different near the point of capsize
and the digital model capsized
in a slightly lower rms wave slope.

\
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It is interesting to note that
heave coupling does influence the
point of capsize, but not by a i
very large amount in view of the
large range of B values chosen in
Figure (11). -

' .

8. COMENTS AND CONCLUSIONS

The material covered in this paper
is based_on work done by a number
of students as final year project
investigations. It is inevitable
in these circumstances that the
work is incomplete in a number
of ways. In particular there is
a need to compare carefully the
analogue and digital computer
simulations with a view to resolving
the differences between them. There
is also a need for a much more
careful investigation of the
stability boundaries in regular
waves. with this reservation in
mind the following points emerge
from these investigations.

a) The perturbation analysis
technique has been shown
to give an extremely accu-
rate prediction of the non-

. linear roll response in regu-
lar waves.

b) The related equivalent
linearization technique for
predicting roll variance in
irregular waves is also good,
although it is not as accurate
as the prediction of regular

3 sea response.

c) In regular waves the analogue
exhibits a gap between the
stable parts of the roll ~
response curves above a cer-
tain critical wave slope
in which no stable response
occurs. The value of this
critical wave slope compares
well with the significant
wave slope at which capsize
occurs in irregular waves.

d) Where slight changes are
occurring in effective wave
slope or encounter frequency
in nearly regular waves tran-
sition from a low amplitude ‘
response to a high amplitude
response can occur and this -

5 provides an alternative cap-
" size mechanism in nearly

regular waves which has nothing

Wellicome

e)

\

f)

9.
1)

2)

The investigations of the
stability of the steady state
roll motion via the variational
method of Appendix II does not
account for the instability
found in the analogue simula-
tion. On an intuitive basis
the analogue result sees
more reasonable than the
analytical, which predicts
stable rolling with relative
motions in excess of the angle
of vanishing static stability.
If the analogue result is indeed
correct then there is something
fundamental missing in the
application of conventional
variational analyses to the
prediction of capsize as
outlined in this paper.

It would be nice to be able to
demonstrate for a particular
ship that for the anticipated
characteristics of Gz curve
and roll damping factors the
rms wave slope that causes
a capsize is so large that
it would be met sufficiently
rarely to be considered accept-
able from a safety angle. To
be met perhaps once in lOO
ship years for instance. There
could be argument,about choice
of wave spectrum and level
of probability that would be
acceptable, of course, but
in principle this would provide
a single rational criterion
to judge whether the intact
ship has adequate stability.
However, at this stage, it is
the author's opinion that the
conditions leading to a capsize
are not well enough understood
to formulate regulations in
these terms.
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3APPENDIX’ I : STEADY STATE RESPONSE terms in f I O -
— PERTURBATION ANALYSIS .

The following analysis of roll
response will be restricted to
the case where heave coupling
is absent (i.e.t€ = O) and for
_the case where e wave excita-
tion is of the form - -

Q.-<,G=s(wt§é)so that the equation
for the relative roll motion is

' 2Zw$éi;€i¢I(+~%¢4~»-“**“‘*"
- , (Al)

- ~ " as

The»essence of the perturbation
method is to assume that the
parameters in (Al) are of the
order of mangitude of a small
quantity €. Thus we grits 8,083;
#4215; 3:5; dais
we next assume that the solution -
can be expanded in a series of
suocasively smaller terms accor--
ding to the scheme:

¢.¢.+m+e~%*~~
and that ' - '

3
w..wf-,5 fig!‘-952%-Ql “kt” (A2)

we can now expand the non-linear
terms in equation (Al) as power
series in 5, the first few terms
of which are

(4)).4,(&,(¢@1é|%,~f<s¥)%‘+1(j_E:i)~ ~
¢1€*e‘i+§=‘(€iiii>(~ '

(where 5g Q l according
ea fii,;ZQ

If §e”now"expect the expansion
scheme to hold for all small values
of £ we can form a sequence of
equations between the coefficients
of an on the LHS equation (Al)
and the coefficients of 5“ on
the RHS as follows: U

09

, terms hnfif; 45i~1?#;="

terms in E". lé+(3¢‘=“-"7)=c@i”t.*S)

-|i;é°"k_¢ $‘l&g)'iwl$Q+‘§¢‘£ ‘

terms in 52);. ¢a+w‘¢Z:'.-k,¢f"2k3_l¢§l

.5-W‘¢“‘)’W1,¢“)'35¢:é|. . (

15%“

i.....=-~.~.+~~
In principle each one of these
equations can be solved in turn
to provide progressively more accu-
rate approximations to the‘solu-
tion of equation (Al).

Looking first at the terms in ‘
g" , Q; will contain a parti-
cular solution corresponding to
each term on the RHS of this equation.i
We need a solution to the_equation ~

J4 ‘ ,

z +u.>z§i QJAA UM-@t*5)
The solutio concerned is T

92!-uigA§L\jfl2uflH§fi\UNflV'5)
This is a term'whose amplitude is
increasing linearly with time t
and thus cannot form part of a
steady state solution. Such a tsnm '
in the solution is called a 'secular'
term and care must be taken to
remove terms in Coswt and Sinwt
from the RES of each equation in
turn by proper choice of the quan-
tities W; / W; , any etc so as
to avoid the appearance of secular ~
terms in the solution. In fact the
apparently superfluous introduction
of these coefficients in equation
(A2) was made expressly for this
purpose. °

The solution to our sequence of
equations (A3) now proceeds asp
follows:

Q9: A £4944-?t (A4)

“"i"“;’., ,§;,;..i =.‘4’33@€os2»¢i
and Q I , A3“? (§'m/,4f \$iHwtl¢.l¢)- -' ’
which can be expanded as a Fourier
series to give
' . I I ‘ ' ll 0¢J¢J,_§&;f-($,.a-é- snail -3-:9»!-3 ' )

we now find that the equation de-
fining becomes A

&‘..34i=..§7\§ C0.6LU9t"’5)4'iAk1“’ °"‘“’t .

H +§53A"“;'<$,mwt_é_ 5in3”t,$il.5§in§u9L...')

' If

,,W,A(.mw$+2-Z-f

A5)



..}
i

\
‘

I
I

-

-;;.'-‘*'!"'.3'?.".7.‘J'.t"z~'¢:\".-'?:~..—:---

_-_-grtftl

F

lO-

n

On expanding Cosflvt +5) g C06 wt, C935
.. gimst smut

the coefficients of Coswt and Sinwt
in (A5) are respectively 5

. __ 3'“w*AsCvs8+w1 A *1‘; ‘A
T 1and i ., B“:-A1“-'_,,,;M ms-.-M¢.->+ 3,,

Both these coefficients must be
set to zero to avoid the appearance
of secular tenns in ¢, and this
provides equations for W; and for
the phase angle 5 between wave
slope and roll response.

. 1 2.2-s 5-=.---- g 5..E.‘: Jin u?'Az[,A ‘W4’ 511' A“, (As)
.- "' 3

and (A7)

The remaining terms in equation (A5)
now yield the result

ZZZ I¢&,,g¢'g,$%%___P’E san3~s-333 5m5w'£,,.)
-=3

~+§$—Q.s5ii

It ca be seen that the solution
for 3 will contain a sequence
of terms which are odd order har-
monies ofuut. The expression for

¢, will contain a complemen-
tary solution &fi9;€@A&£+I=-Qéinaaflfi
and the coefficientspq,pzand mg
will need to be chosen so that
there are no secular terms in @2-
Although in principle we can pro-
ceed to find. Q] , and then in turn
,6; ,¢3 etc, in fact the algebra
rapidly becomes too complex to
handle. As it happens, the solution
we have obtained for Q9 is of
itself an extremely good approxi-
mation to the exact solution to
equation (Al) as can be seen by
coparison with the analogue com-
puter solution (see fig (5) and
fig (6) and there is little to
be gained in proceeding further.

The solution thus far is

gégggfig/Q\cQ5‘@§t)

with Sin §3 o A2-“ii

and' - -
= I ._ . 3 5

w‘-wi= N/.='1A*[,“’1"°‘@‘°”**1+"M.]

( .

Wellicome

On eliminating the phase angle 5
we find the following relation
between roll amplitude A, encoun-
ter frequency Ad and wave slope A

1 2,
°Q:- |

@261as iéj.u::,'+§4aAz)‘+ K4-*"‘n'3% '§.A"‘”(g3

It can be seen that on reducing
the problem to a linear case by
setting k2'= a = O we obtain the
solution A '

4%

EP

§/wz"_““%z,"2+ k‘z"T,_, (A9
This is an exact solution to the
linear problem as obtained by ord-
inary methods. T
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APPENDIX II : STABILITY OF STEADY'.
STATE RESPONSE

The perturbation analysis method
discussed in some detail in Appen-
dix I can be used to find a stable
state solution to the variational
equation (4.2). It is possible to
obtain the first order stability
boundary to equation (Al) without
difficulty as, in order to retain
terms of order , the variational
equation only requires the approxi-
mation ¢g% . However, in order
to obtain the second order boundary,
it becomes necessary to retain terms

w‘3\do,1

‘ 5(A13)

Equation (A3) can be compared
with equation (A8) of
Appendix I to see that there
is agreement with the regular
wave solution to this order
of approximation.

With this solution for ¢ the
variational equation correspon-
ding to equation (A10) '
becomes I

dz . 2'
of orderfz and it then becomes ‘L )(+!4» (Mg-53¢ )'P=-'9
necessary to use the approximation
¢s? ‘P £¢| . Moreover it

is a so necessary to carry through
two stages of the perturbation solu- ‘
tion for the disturbance Q of
equation (4.2). Algebraically this
becomes very complex. In order to
make the problem more manageable
two simplifications will be intro-
duced:

i) The quadratic damping term
4 gagzgfi will be replaced

- by a_ c ic term k3¢5 t0 BVOJ-d
the need for Fourier expansions.

ii) The effective wave slope will
be allowed to be slightly
irregular so that the exact
solution to the steady state
roll response is ¢‘.._-Acamf .

Thus, the stability analysis will
relate to the roll equation

$+kné+g3¢3'I‘3¢'a¢3= F“) (A10)
where F(t) is chosen so that

Straightforward substitution yields
the result

5%) eiA&H>g'-‘*5’-%Aa‘) foam? 3
2. 1- t_."§..§-CasfivtaAwLk‘4,% A £349 J sieves) 4

i + A3543‘-93 56:1 341$ .1+ y \

Provided the roll amplitude A is small
F(t) corresponds to a nearly regular
wave oz = go Cos(;Q1, -9- 3 ) where

7\w2'sgC0aS=-,Az3) (All)

and %u§'%Sifl5=A»°@‘v+% Azkswz) (A12)  
A These equations provide a steady

state response equation

and on substituting ¢=ACO.+~¢t
we have

if/+(k.-rr*-r¢@1*"U ‘(J
4. (u;§'.- O -0 Coal:-lit) ¢='- 0

(A14)

where 4'; 3) 1, .
H:% and 02-21 3A

We now require to investigate
the steady state solutions of equa-
tion (Al4) for the sequence of
cases 402 6¢§1%6Ug 1 ' we '
etc. In this paper wg will only
deal with the first two cases.

First order Stability Boundary

In terms of a small quantity e
we are looking for a steady state
solution to (A14) such that

I A A 1.

and

(p=%+ ii}-Q-r£‘%/2'-~
and it_will be assumed that R)?-'55

Pf-‘H’ 1 S’: £5
so that these parameters are them-
selves small. We now obtain a
sequence of equations

£Q{

5'; 12-+w‘% = (W, +7 +;'£os-Zwt) 5%

_ ‘k, ‘F -
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5‘ ;' ({,'Jz+ W14/is (W; 4:5 4-:7 Cos 1. WT 4/,

Li‘, 4,;-( --I-4 $1

etc. 1 _

Solving these equations in turn we
have

(L2 5/3&5 (wt-I-3“) u

a5é‘Z»»=~e =/BM +§+*@~1~*>‘e“‘**’
+2u,ék'_fl1-}'¢Cas2w'()x s*a~4u»’¢+X‘)

On substituting _

C“24,1 £&;.d’l+?):"-2" {C0s(_uJt-3‘)

-+ C09 (3!-st -93)}  
andmmnm,@>..;-1. mow)

+ Sin (Sufi -a-3):}
It can be seen that to avoid secular
terma in $4/\§h and 1? must be
chosen so that

o e (W, +3) Cats->t+‘5‘) +2‘-$C¢=¢L@-Qt" 9)

.,,,.(~,.;>§;.m¢+v>+<g-F 5@~W*"")
This is equivalent to the two equa-
tions

(w,.%§)¢s@.s¢»<,.§-F>='@»*=v
and A
-(W, +3? :7-)5in$i-rwi k, +3(- 50:39-‘= 0
Thus for a steady state motion to
exist WE require

Lflckg
‘ffifllpzz-—-————3-"

§ + M- <.\ (A15)
and

(W4‘P; £w:4"‘f3)+#'-’1z"v*1?’ ;“)U‘:4'

(A16)
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Carrying the analysis to higher,
orders would provide further equa-
tions defining W2. W3 etc. If we
only retain the terms of order E
that we have evaluated so far we
can unite

' 1. 2.
£\%/gs w-We - .

and on substituting into equation
(A/16) we have

1 1
(J. 4.u§’+% 5A‘) (w‘I- M30 -+ 2 3”‘ 3

f 1 5 A13‘) -' O. 1 ' ,¢ .-

(A17)

Equation (A17) defines a boundary
curvezn = f (A, kl. k3,lDQ) delinea
ing the first region of instability
for equation (A14).

when damping is zero (kl = k3 = o)
these boundary curves are given
simply by

1. 2-
e9z29u§ ""Z'3A

. 1, " 2-
and éayas “Q9 ¢%%23!§

These two curves pass through the
peaks of the response curves and
through the points of vertical
tangency as can be seen from figure
(6). Damping coefficients which
are typical of ship roll damping
values do_not cause the stability
boundary to be significantly differ
end from these limiting curves
except for the region where the

. undamped curves approach the fre-
quency axis at w = wo.

Second Order Stability Boundary

At this stage we seek a steady
1 state solution to (A14) such that

4,jg~$+aw,¢ mg, ,. . ,
1-

5L/5¢/0-4-é¢f+:.¢Z,,,, ‘-
It will be assumed that 9: 5 0

and

2 =-K4‘;-§ $4; and yazi H
so that the perturbation scheme
now becomes
£0‘ ;%‘+‘+ufi%,="

2' : LL..+@§¢1=(w,+o+vw.2.Jf)\V@' I

t-
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51, Lp.4w‘%g (w,..§:.*6cszs1) W,
_ U‘, 4,; 4 F. Cfltiuflt) $9 4' W2. W9

The solution sequence is

4/Q = /;c@.(;z..»r-14‘)
To avoid secu_J_.'ar terms in ¢/| we
require WM Q 3 Q so that

qz4%4%g?¢a:4?%=¥}fl@Mhnr)+cG§$}

N ‘E1Hfiz.

aw U ,$

41. 1% =°°”‘““"*”’* 1%]qv 0159

4» C fie L143‘? "U
To avoid secular terms in ¢£ there
must be no terms of frequency Zap
in -the equation for N//3, . On sub-
stituting for W, and I,//9 we find
the required conditionzis

123‘ Q i',+§‘)+g£..-:’_Cu3Ca&Zu5t-15.“? es» t ;
+1 wLk'fld§;,.,(wf4.f)§Ffllc0s(Z4-9 4'?)-'0

P O

This equation is equivalent to the
two conditions

\s/as» %E$)C§s3‘ =4-14-9 UV’ 954??" 0

and
:77’ )' '1‘ _)C0&§:0"<}ML,zig%3§€fl?+4L‘;44‘ i

hence
A 2wLk,+ F)

EN‘? mg?”Y W as _,_
1 4-w‘

and =2. "Z 4 ... Z
<vw1¢4%‘2%i)(v,&~Z-333+ M9;/111+}-*):Q ( A13)

The stability boundary of this second
order region becomes

4w‘=w:'+fW:4iiW:.= ‘"3,’ 94”’ gw‘
or .

1
4w?-gwg’-%$A2+i W; (A19)

13

The undamped case kl = k3 = o
again yields simple roots of'
equation (A18) of the form

_ 2. 1+
£=w:_s;’3_",__‘L‘-i;L‘i-

1 4-e nezw‘
and

®~I ts 9a‘/V’.4 av ..lwi-*'j,‘;g',,,1-"“' sz..»+
Thus the undamped stability
boundaries are

g 1Af§2. 93
A¥M§3b@6z;I%%éLA‘¢ —==—-“'F.as F.£-

and \

2, 5 2- 4531A‘-#-2 ___ A_,
4102.4-490 la flgzw-k

~

The effect of damping on these
boundaries is small except where
the curves approach the frequency
axis atcm = flflb. The stability

2
boundary defined by equations
(A18) and (A19) is shown on
Figure (6).
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A STUDY OF THE STABILITY OF THE MEAN AND VARIANCE

OF ROLLING MOTION IN RANDOM WAVES

»

. M. R. HADDARA
Suez Canal Authority
United Arab Republic

SUMMARY .

The Fokker-Planck equation of the
rolling motion of a ship moving in
random oblique waves is derived.
This is a partial differential
equation which describes the con-
ditional probability density func-
tion of the ship motion. The wave
excitation is assumed to be white
noise and the ship is allowed to
have a time varying restoring
moment.

The Fokker-Planck equation is used
to obtain the ordinary differential
equations which govern the be-
haviour of the motion's mean and
variance as functions of time. The
stability of the solutions of these
equations is then investigated
using an analytical technique.

Results obtained for the cases of
following and quartering seas in-
dicate the existence of certain in-
stabilities. The conditions under
which such instabilities occur are
obtained. '

l. INTRODUCTION

Ship hull nonlinearities and trans-
verse stability variations have been
known to affect the rolling motion
stability in regular waves. It was
believed that this type of instab-
ility is not of particular con-
sequence in a real irregular sea.
However, it has been shown in Ref-
erence [1] that ships in a random
seaway may experience unstable roll-
ing motion caused by hull nonlinear-
ities. The question of the effect
of transverse stability variations
is still open.

Few techniques are available for the
calculation of the-nonlinear station-
ary response of ships in random waves.
Among these, one finds, the pertur-
bation methods, [21, the equivalent
linearization methods, [3], and the
Fokker-Planck equation method, [O].
Although the last technique is best.
suited to the study of transient res-
pponse of random processes, it is very
difficult to apply in practice. A
modification to this method has been
presented in a previous work, [5],
and used to calculate the stationary
response of nonlinear roll. Compar-
ison with the results obtained using
the existing methods shows that the
modified technique has the advantage
of being both highly accurate and
flexible. ‘ I

The object of this work is twofold.
First, to illustrate the use of the
modified technique to study the stab-
ility of ship motion in random seas.
Second, to discuss the effect of
transverse stability variations on
rolling motion stability. L

The approach consists of deriving the
Fokker-Planck equation which governs
the conditional probability density
function of rolling motion in random
oblique seas. This equation is
used to derive the differential
equations which describe the pro-
pagation of the roll motion mean and
variance. Stability of these equations
is then investigated. The results of
this investigation indicate that ships
may experience unstable roll in a
quartering sea. Conditions under
which this unstable motion occurs are
derived and the instability causing
mechanism is explained.
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2 . ‘ EQUATION or MOTION
Consider a ship travelling with a con-
stant average forward velocity in an
oblique sea. The forward velocity
of the ship makes an angle o< , with
the general direction of wave propa-
gation. Assuming that the ship is
allowed only to roll, one can use the
laws of rigid body dynamics to write Y
the equation of motion in the follow-
ing form:-  

5+ 2fniaf+ n2 56 {1 + Q(t)} = K(t)
.i (1)

where

5' is the angle of roll,
f is the nonpdimensional damping

coefficient, '

n is the natural frequency,
Q(t) is the time variations in the

transverse stability of the
ship,

K(t) is the wave exciting moment,
t is the time.

A dot over the variable indicate dif-K
ferentiation with respect to time. "

The sea is considered to consist of
an infinite sum of sinusoidal waves
‘which have closely spaced frequencies
and uniformly distributed random phases.
The wave excitation moment is then, a
random process. This process is
assumed to have a uniform spectral
density (white noise). The use of such
an ideal process greatly simplifies
the analysis, yet it provides physic-
ally meaningful results. This is ren—
dered possible by the highly resonant
nature of rolling motion. v

This assumption of wave exciting
moment may be formulated as follows:-

<K(t)> = 09

<K(tl)K(t2)> = R5(tl =- t2) (2)

where <t >> means the ensemble aver»
age, R is the exciting moment variance
and ‘§ is the Dirac delta function.
Furthermore, we are going to assume
that the exciting moment is a gaussian
process.

The dependence of the restoration on
time reflects the influence which
the wave motion has on the righting
moment of a ship in an oblique sea. '
The restoring moment in roll is known,

‘ .
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to be a nonlinear function of roll-
ing angle. Here, we are going to Y
consider only the case in which the
restoring moment is a linear func-
tion of the angle. This way we can
study the effect of the transverse
stability variations alone. The
analysis can be easily extended to
cover the nonlinear case. We can
thus, rewrite equation (l) as‘

5 + Zfn n2,€5 {l +2? Ai

sin(£lJit + ei) = K(t) (3)

where

E is a small parameter andl&Y<l.
A1 is the amplitude of the ith

- component of the transverse
stability variation.

Using the following transformation:-

Y1 = 6 9 A

Y2 = ! q

and substituting into equation (3),
we obtain

yl = yz A

yz = - Zjn yz - nzyl {l +2.5-Ai

0

sin (wit + 91)} + K(t) (u)~

3¢ FOKKER-PLANCK EQUATION

Consider the Brownian motion ofia
particle in a field of force, in
which the force is not only propqr-
tional to the displacement of the
particle but also varies with time
as given by equation (3). The motion
of this particle can be described
by equations exactly similar to (Q).
It is well known that Browniany
motion can be idealised as a Markov
processt ' _

A vector stochastic process Y(t), is
said to be Markov if the conditional
probability density function that Y
lies in the interval (Yn, Yn + dYn)
at time tn, given that Y is equal
to Y1 at tl, Y2 at time t2, .,..
and Y at time t (where t >n-l n-l n
tn_l ....>>t1) depends only on the
value of Y at time tn_l. Thus, for
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a Markov process, we have

Pn(Yn’tn'Yl’tl;Y2’t2; "' ;Yn-l’tn-1) =

P2(Yn’tn’Yn-l’tn-1) (5)

0

where P2(Y2,t2/Yl,tl) dY is the probab-

Y2,Y + dY2) at time t given that
Y = Y1 at time tl. Then the condition

ility that Y lies in the interval
2 2 ' '

al probability density function P2,

completely describes a Markov process.
The dimension of the process is deter-
mined by the number of the components
of the process Y(t). The conditional
probability density function of a
Markov process satisfies a partial dif-
ferential equation which is called the
Fokker-Planck equation.

We derive now the Fokker-Planck "
equation for the rolling motion of a
ship which is described by the dif-
ferential equations (#). The approach
which we are going to follow, consists
in treating ship motion as a limiting Y
case to discrete random walk in two
dimensions. The one dimensional ver-
sion of this approach was used by
Kac, [6], in treating the problem of
a particle in a field of constant
force and an elastically bound part- C.
icle. Qriginally, the approach was
suggested by Smoluchoski.

Consider a particle which can move in
a plane (yl,y2), under the action of
two forces, fl and f2 in the_yl and
ya directions respectively. These
forces are expressed as follows:-

fi = Cihi (yl9Y29t)9 Jfag

where hi(yl,y2,t), i = 1,2, are nor-
malised functions of the position of
the particle in the plane and Ci,
i = 1,2 are constants. The motion of
the particle consists of a series of'
steps, such that it can move either
to the right, to the left, forward or
backward each step. The step lengths
are dl and d2 in the yl and ya dir-
ections respectively and the step
duration is T.

Instead of the probability density
P2(y1,y2;t|ylo,y20) we consider the
discrete probability density
P(mldl,m2d2;sT\ild1,i2d2) which is

3.

\

the probability that the particle is
at the point (mldl,m2d2) at time ST,
given that it was at point (i1d1;i2d2)
at time zero. We write Smoluchwski
equation for the two-dimensional case
as follows:-

P{sldl,m2d2; (e+1)T\ildl,i2d2} e

Z1 . .kl’k2 P(k1dl,k2d2,eTlildl,i2d2)

xP(m1dl,m2d2;T\kldl,k2d2) (6)

The transition probability '
p(mldl,m2d2;T\kldl,k2d2) is given by

P(ml,m2;l|kl,k2) =

t{1 + h,(k1,k,)} 2(m1,kl) 5(m2,k2-1)
+ %{1 + nl(kl,k2)} 5(m1,kl-1) 5(m2,k2)

+ %{1 - n2(kl,k2j§ 5(ml,kl) 5(m2,k2+l)

+ %{1 - hl(kl,k2)} 5(m1,kl+l) 5(m2,k2)

where we have.dropped dl,d2;T.

Substituting into equation (6), we
obtain

P(ml,m2;s+l \il,i2)

I

= { (l+h2)'P(ml,m2+l;s |il,i2) ‘

+ % (1-h2)P(ml,m2-l;s ]il,i2)

+ e (l-hi) P(ml-1,m2;s lil,ié)
t % (l+hl) P(ml+l,m2;s 'il,i2)

Since the probability density func-
tion, P, has continuous derivatives,
we can expand the terms.according to
Taylor's theorem. By retaining terms
up to first order on the left hand
side and up to second order to the
right hand side and taking the limits
8.5

'r -9- 0, dl;d2 -—> 0, (di//2T)

= <AYi> ; (fig/P-T) =<A Y§>
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q A __ -. = V — 2(dlhl / 2T) = (Avyl) . (d2h2 / 2T) — V1 2 “1“1 ,2 12 "1 “Z

<A Y2)‘ . Y./'2 - 2u2u2

We have I = - hjnV2-2n2(Vl2-uluz)(1+E2%AiBin@”it+9i)

Q! ~<:\¢>/I-'
/"8 %N

P) +

+ [2331-y-2 + nzyl {l + E Z Ai8in((9Ji‘b+Gi)}]P
BY2 i

\ 2
+ % Rlgug (7)

Y2 ~ _ -

This is the required Fokker-Planck
equation. The solution of this equation
subject to the initial condition

P(Y1.Y2;t/Yl0.Y2Q) =

£(yl"ylQ) 5(y2"'Y20) as t '—'> O9

yields the conditional probability
density function which describes the
random process (yl,y2).

Instead of actually solving equation
(7), we are going to use it in deriv-
ing the ordinary differential equations
which govern the behaviour of the mean
and variance of the process as func-
tions of time.

Expected Value Eguations:-

We multiply the two sides of equation
(7) by yl and integrate the equation
with respect to yi and y2 from -as to
a>. We then, repeat the same process
using yz, and obtain

1.11-‘L12

u2= - < Zjn yz + nzyl {l +£ZlAisin

(wit + ei)}> ' (8)

Variance gguations:-q

We repeat the same process described
in obtaining equations (8) using

2 2

(yl - u1)(y2 - uz) instead of the
variables yl and y2. We then have

+ §jn ug + R
.

O . .

Y1g*u1u2 ' “1“z

= Vg*“§ ' gin V12 * gjf “1“2

+ n2 (ui _ vl)(1 +€2iAisin(“&t + oi)
1 .

In deriving equations (8) and (9)
have used the following boundary con-
ditions:- ~

'y'i=(D Yi‘-=@

P = y€P = Y *
yi=-Q Yi=—CD

P. W ~<|°’P-"d

y'i=@ 0

Y1:-Q

A. STABILITY ANALYSIS q
In the previous section, we derived
the equations which govern the behaviour
of the expected values of the roll angle
and velocity. These are two coupled
linear differential equations with time
dependent coefficients. The literature
on such equations is abundant. One of
the methods which can be used to study
the stability of these equations, was
introduced by Struble [7]. The method
has been extended to the case of
n-coupled equations by Hsu [8]. The
method combines the slowly varying
parameters technique and the classical
perturbation method. Hsu's analysis is
quite suitable for our purpose.

Before we start our stability invest-
igation, we would like to rewrite
equations (8) in the following form:

'L1l=U.2 ‘

- 2
'l.12+I111l
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= -E(b u2'+ nzul ig. Aisinfiwit + 91)

Y <10)  
where we have made the substitution

Eb = o

This is justified, since it has been
shown experimentally that linear rolling
damping is a small quanitity.

We now consider a solution to equations
(l0) in the following form:-

ul = C(t) cos nt + D(t) sin nt +2%gF1m

uz = -n C(t) sin nt + n D(t)cos nt fz§?im

(ll)

where C(t) and D(t) are slowly varying
parameters with time. Substituting (ll)
into (10), we get .

C cos nt + D sin nt = O (12)

and '

o 4 '

- n C sin nt + n D cos nt + E(§l +-nzxl)

=£nb (C sin nt -D cos nt)

- '5-n2Z(C'cos nt + D sin nt) X
i

(Bicosfilit + Eisin wit) (13)

where we have made the substitution
- \

O

Ai sin (wit + Gi)

= B. (cos w.t + E. sin@.ti i i i

In deriving equation (13), we have ret- i
ained terms up to first order in £ .
Using trigonometric identities, we can
rewrite equation (13) as

- n sin nt + n D cos nt + €(§§:l-x-nzxl)

= €n b (C sin nt - D cos nt)

5.

.. .;_&n22;_{Ilicos(n +<sJi)t + I2icos(n -.0\Ji)t
i

+ I3isin(n +<nJi)t + Ihisin(n -(uJi)t)

(11+)

where

Ili = C Bi - D Bi

I21 = C Bi + D Ei

\

I3i=DBi+CEi

Two cases should be considered. The
non-resonance case, in which 2n is not
nearly equal to any of the @i's. The
resonance case, in which 2n is nearly
equal to one of the ¢a)i's, say ‘"3.
However, it has been shown that only
the resonance case is of significance
[1] . Thus, we are going to treat “only
the resonance case. In this case we
divide equation (la) into two equations
as follows:- q '

-nCsinnt+n1E)cosnt

=Enb (C sinnt-Dcos nt)

\ 2 .- -Q-in {I28 cos. (n - Ws)t

+ Ihs sin (n _<us)t} ' (15)

and

QC

= i§s(Ili cos(n +@i.)t. + I2icos(n -@i)t

+ I31 sin(n +@i)t 4- Ihi sin(n - wi)t) I

+ I15 cos(n +_(n)s)17 + I3ssin(n +Ws)‘t

(16)

X1 + nzxl 1

"lulu

I:;_qi._
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The division has been made so that
equation (16) would be free of secular
terms. Thus, the stability of
equations (10) is solely determined
by the behaviour of the slowly varying
parameters C and D as functions of
time. If these variables grow up
with time, then solutions of (10) are
(unstable. If they decay with time,
then solutions of (10) are stable.

Let

g = z n.+‘%. and nt =/Q

Then equation (15) becomes'
t

' I O

- C sin,5+ D cos,8=

Eb{C sin,6— D cos

Q

Haddara

O

. We consider solutions for equations
(20) and (21) in the following form:-

F =Fo exp (qt -1-

.

G = Go exp (qt - -f>;)\t)

' , Substituting into (20) and (21), we.
set . '

q2 + Ebq + H/\2 +F-2192 - 11:52!’-€) = 0

I

This quadratic equation could be
solved for the possible values of the
exponent, q. These are the values
for which there exist nontrivial
solutions for equations (20) and (21).
We can now write down the conditions
necessary for equation (10) to have
a stable solution. ‘This is given as
follows:- "

.. -Q-E.n2{I2scos (fl+)\t) - Ihssin I

I (17)

We can use equations (12) and (17) and
the assumptions underlying the method
of slowly varying parameters to obtain
the following two equations:-

C = -%2b C - %£n2(I2ssin)t + Iuacos}t)

(18)
' 2D = -%£b D - %En (lzseeekt + Ihssin)¢)

(19)

Using the change of variables

we get

G = - %Eb G

+ tinz F(Es - a BS) exp(-ski) (20)
1.-"=-tabs

+ -2;&n2 G-(Es + ,5 BS) exp(-,5), t)' (21)

for )\ = O, if As (2b the solution is
stable

if A ) 2b the solution iss unstable

(22)

We have thus related the magnitude of
the amplitude of the resonant component
of the transverse stability variation
to the magnitude of the linear damping
coefficient. The consideration of
linear'damping only does not limit the
applicability of the method. One can
calculate the equivalent damping co-
efficient and add it to the linear
damping coefficient. One can also ex-
tend the procedure to cover the case
of nonlinear damping. i

5. DISCUSSION

We have presented in the previous sec-
tions an analytical technique for the
study of ship motion mean and variance
stability in random seas. The example
of rolling has been chosen to illus-
trate the procedure. The study of
rolling in oblique random seas ind-
icates that under certain conditions
the ship will possess unstable motion.
This does not necessarily mean that the
ship will capsize. However, excessive
rolling should be expected. This is
caused by parametric resonance, which
occurs when the ship resonates with a
wave whose frequency is double the
natural frequency of the ship. If the
random sea does not possess any,
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significant energy at such a frequency,
then there is no danger of unstable
rolling. We would like to show that
ordinary ships may travel in random 1
seas which possess significant energy
at frequencies equal to double the
natural frequencies for such ships.

Consider the Pierson-Moskowitz spec-
trum, one can easily show that max-
imum energy is always centred about
a frequency, 6_h given by

§= 2.277/,/1-1

where H is the wave significant height
in feet. Then, the worst condition
would be when the ship's natural
frequency satisfies the following
relation:-

2n=6‘m+6":Ucos°</g

However, the conditions would still be
unfavourable when

. 1 '
2 n = l.26"'m + (1.2 6_m) U cos °</g

(23)

because even at this frequency the
waves would still have about eighty
percent of its maximum energy.

The natural frequency of the ship in
rolling can be expressed as

n = 03/ VIKI-

where C3 is a constant and L is the
ship length.. The wave significant
height can also be related to the i
ship's length as

I-1=/-41.

Substituting into equation (23), we get

U / ./g L

= (,uJE/ 7.L+65 ....<)(2e3 - 2.732/¢/7)
¢

(21+)

Equation (2#) has been plotted for an

7.

example ship, whose description is
given in Table I. The curves shown in
figure (2), indicate that unstable
motion is expected when

/A = .028, ta = 120°, and

Fr = 0]-5 i

A condition like this can be easily
met. ,

stability calculations have also been
carried out for the above mentioned

‘ship. A Pierson-Moskowitz spectrum Y
of 3.05 ms. significant height was
used. The spectrum of the variations
in the transverse stability is shown
in Figure (1-a), for a resonant case.)
It has been found that if this ship
travels without bilge keels under the
conditions indicated she will suffer
unstable motion. The addition of
bilge keels will cause this instability
to disappear. ‘

We have also performed the calculations
for a non-resonant condition at a
wave significant height of h.6l ms.
The results appear in Figure (1-b).
Comparison between these two curves
shows that variations in the trans-
verse stability are more severe in
a quartering sea than in a following
sea. This is a result of resonance.

A final work remains to be said about ~
the use of Pierson Moskowitz spectrum
in performing the numerical calcul-
ation, while we have built the math-“
ematical model on a white noise spec-
trum. It is felt that this is just-
ified because of the narrow-band
characteristics of rolling motion.

6. CONCLUSIONS

_,._Ne_thus came to the following con-
clusions:- “ ‘

l)_ The procedure presented in this
work is extremely flexible. It
can be used in the calculation
of the stationary ship motion
as well as in investigating the
stability of the motion. Linear
and nonlinear motions could be
treated.~ Variations in the
transverse stability of the ship
can also be accommodated.

2) Transverse stability variations
may be more significant in a
quartering sea than in a follow- .
ing sea. It thus seems appro-

Y priate to direct more efforts‘
towards the study of rolling
motion in oblique seas.
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LIST OF SYMBOLS

Amplitude of the ith component of the transverse stability
variation

s A *

Amplitude of the ith component of sea wave

Damping coefficient

Slowly varying parameters with time ,

Displacements of a particle in Brownian motion

Forces acting on a particle in Brownian motion

Acceleration due to gravity

Normalized functions of the position of a particle in
Brownian motion

Wave significant height

Wave exciting moment

Ship length

Integers .

Ship's natural frequency in roll

Conditional probability density function _

Pressure distribution in ith.wave '

Time variations in the transverse stability of the ship

Stability index 1

Variance of wave exciting moment

Wave spectral density

Time

Forward velocity of the ship

Mean value of the roll angle and velocity respectively 1

Variance of roll angle and velocity respectively

Roll angle and velocity respectively _

Vector random process ‘

Ship's heading -

Phase angle of ith wave

Dirac delta function

Small parameter

Ratio of wave significant height to ship length

Frequency of encounter with the ith wave component

Roll angle
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Velocity potential

Water~density I

Frequency of the ith wave component

Phase angle of the ith component of the transverse
stability variation

Non-dimensional damping coefficient

TQBLE I

Example Ship Particulars

Length - 108

Beam 16

Draft 6.19

Metacentric height 0,35

Displacement- 7667.

Natural frequency in roll .3#

Damping coefficient (without bilge keels) f .005

Damping coefficient (with bilge keels) j .03

ms

ms

ms

ms

t

rad./sec.
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APPENDIX A

We shall calculate the wave moment
acting on a ship travelling with a
constant average forward velocity in
random oblique waves. We are going
to use the following assumptions:-

1) The random wave consists of a
large number of infinitesimal
deep water waves which have
closely spaced frequencies and
uniformly distributed phase
angle 0

2) The
’ the

the

3) The
A) The

1

pressure distribution in
wave is not affected bye -
presence of the ship. 4

fluid is inviscid.

flow is irrotational.

Consequently, second and higher order
terms in wave amplitude and ship
motion are neglected with the exception
of second order terms in which linear
coupling between rolling angle and
wave amplitude existse These are the
terms which reflect the effect of
wave motion on the transverse stab-
ility of the ship. We could havei
adopted a formal second order theory.
This, however, would have obscured
the phenomenon which we would like to
study.

Consider the three sets of coordinate
axes given byz-

1*".-

a) xyz, fixed in space.

b) £§2, moving with the average
motion of the ship such that
oxy lies in the undisturbed
free surface when the ship
stops.

c) xyz, fixed in the ship such
that the origin coincides
with the ship's centre of
gravity.

It_can be easily shown that the systems
Sxyi and oxyz are related through the
following relations: t

x = (x + Ut)cos°<- (y -¢z) sino<

y = (x + Ut)sin0<+ (y -',dz) cos°<

5 = (¢ Y + z - Z0) (A-1)

where

U is the constant forward velocity of
" the ship -

1

T ll.

z is the vertical distance between the
O ship's centre of gravity and the

undisturbed water surface.
it

oi is the angle between ox and ox.

Since only first order terms in the
wave amplitude will contribute to the
wave moment, then one can use the
principle of superposition to calculate
this moment.‘ In what follows, we are
going to calculate the wave moment
corresponding to one wave only.

The velocity potential for the ith i
component of the wave takes the form[91 "  
§i (i.§,£,€)

a - T1 ... _
= - gg:-5 exp (-V-kiz)cos(kix +6'it _

‘ (A-2)

where

éi is the velocity potential

ai is the amplitude of the ith
component

61 is the frequency of the ith
component

B-1 is the phase angle of the ith
component '

Using Bernoulli's law, we get the
pressure distribution in the wave as

3 nu -1

Pi(x1Y9z2t)

= Pgz - Qgai exp(-ki§_)sin(kii +5‘it +b'i)

a(A-3)

The equation of the free surface of the
wave can be obtained as

‘ , .

zwi = ai sin (xiii +61: +‘6i) (A-1+)

Substituting (A-1) into (A-3) and (A-4)
we get

Pi(xsY1Z:t) = €s(Z—Z0 + flv)

-Qg aiMi¢z exp(-kiz + kizo)

cos(Lix - Miy + wit +Xi)
'-»-4."...

5

5a

-....4.......-.....-

ag,..‘.-_.-.-.-=-.*_~.‘_'-..;-'......-._-__,,,___,_,-H;

.1

:1::!!i-zz-:-_-.~...
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..Qg a_i(1-ki¢y)exp(-kiz + kizo) RM = "' A GM ¢ {l " (ai/VGM)

SiI1(LiI - Miy -I-jtdit -txi) I [Iil cos (wit +’xi)

(A__5) w + 3:12 sin (wit + ‘6i)]} + Ei(t) (LA-8)

and where ~

* a T Ls is the ship displacement

zwi = 2° b ¢Y + ai_ <7 i is the immersed volume-of the
_ * ship - '

' L. --M +(d.t +'K. A-6 T
s1n( ix iv 1 1) ( ) ~ Ei(t) is the wave exciting moment

h _ k is the wave number and ' __i%r ‘ _ *w ere 1 Iil - {y Mi(l Zkiz)

Li = ki °°s‘x exp(-kiz + kizo) sin Lax sin Miy

M =1<. sin“3 1 ,_ - + (k z + 1:2 yz - M‘? zz) exp(-k.z + k.zv i i 1 - i i o
¢ 1

mi = 51 "' U L1 sin Li x cos I-Iiy} dz dy dz

- 2 2 2 2"I12 =[[[{(kiz + ki y - Miz)

RM = lflffiz pi cos(§,y} '
s exp(-kiz + kizo) cos Iix cos Miy

The roll moment is given by

.. ypi ¢°s(5‘,z)} dz dx + y Mi(l - zkiz) exp(-kiz + kizc)

where _ - cos Lix sin Miy} dx dy dz

3 is the outward normal to the wetted I '
surface of the ship T Summing the individual components, we

" A get the total rolling moment as
S is the wetted surface of the ship T

Using Gauss's theorem, we can rewrite TRM =
the moment as  T

RM = //'5" dz dy dz 4 + Iizsin (wit + Ki)}] + Ei(t)

(A-7) T '
This expression could be written in
the following form:-

N
=>*‘°.’,,,sue

I ~<
c>>
0"e NP‘

where V-is the volume enclosed by the
wetted hull and the waterplane. How-
ever, contributions from the waterplane TRM =
integral is zero because water pressure '
there is zero.

-AGM p [1 +8 Z Aisin(Wit + ei)] + K(t
Substituting (A-5) into (A-7) and using where i
(A-6), T 1: " _ T _ L as 4 s -1 q

we~ ge £Ar':q'9|qVI£-=|"'Iiz ,.9;='8';+t8" I41/1;; (A-9)
\

\

, l -AGM ¢\:1 - Z. (ai/VGM) {Iil¢<>e(<=1it + Ki)
1
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ON CAPSIZING OF SHIPS IN REGULAR AND IRREGULAR SEAS

by

- W. ABICHT

University of Hamburg, Germany

\

1. INTRODUCTION

Prediction of safety of intact ships
in the natural sea is still a problem.
Existing stability criteria are not
completely dependable because for
reasons of practicability too many
influences are neglected. From casual-
ties and model experiments it is known
that ships ma capsize (e.g. in a
following sea? even though conrentional
stability requirements are fulfilled.
Up to now such cases have been rare;
but an uncritical application of these
criteria to modern and unusual types
of vessels may prove to be disastrous.

Before trying to get a better standard
of valuation for Judging the safety ’
of a ship in waves, those parameters
which govern the degree of excitation
should be pointed out. Therefore a
short survey of the theory of rolling
in regular and irregular waves will
be given.in the following two chapters.
The special conditions in which a ship
may capsize by rolling can than be
derived. It would be a great step
forward if these influences (among
others the shape of the hull, the loc-
ation of the superstructures, the
natural period of roll, the Froude
number, and the sea spectrum) were al-
ready taken into account in the early
stage of design. In particular,
special attention should be paid to
this point in case anti-rolling devices
are not provided. T

By this procedure, it can often be
found out whether a ship will be ene
dangered by rolling or not and, if nec-
essary, a modification to the projected
lines or other particulars of influence
should be made in order to reduce the
probability of capsizing. In some

cases, however, it will be difficult
to assess the excitation by the
parameters mentioned above and
a closer consideration of the rolling
forced by the sea becomes indispens-'
able. Therefore the last section
deals with some ideas how a criterion
can be set up taking into regard all
important forces and moments involved
in rolling and expressing the danger
of capsizing by a single numerical
value.

2. ROLLING IN BEAM SEAS

The calculation of the rolling motion
in regular and irregular waves is
generally known provided that the
usual simplifications are made. It
may be allowed to recall the treat-
ment to our mind.

Rolling in Regglar Transverse Waves
The slope of the wave causes an in-
clining moment whose value varies
at a harmonic function according
to the different positions of the
ship in the travelling wave. The
equation of the forced motion is:-

2 .
'r'-9-3 + R-g-g + A-n(¢)

at
0

i

=A-GM-on -cosw 1:M ‘w_

where

T‘ = mss moment of inertia (added
moment of inertia of entrained
liquid included) *

Q = angle of inclination , A

I

E

\
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R ::

[5 =

h(¢)=

éii =

damping coefficient (resistance
to rolling is assumed to vary
linearly with the angular
velocity) 4

displacement

righting arm (a function of the
angle of heel)

metacentric height

qm = maximum wave slope

ww = circular frequency of wave

This equation can be solved nearly
with mathematical exactness if the
righting arm curve can be expressed
‘by the function

h(¢) = éfi-(¢ + CQB)

The statical stability curves of many
ships correspond with this function
even up to greater angles of inclin-
ation. ‘From the "wall-side formula"
it-can be derived that Q_depends on
the metacentric radius BM and the
metacentric height GM:-

c = 11-(551/cii) - 1/6 '
‘ .

Substituting for T‘ the value (A/g)-k
for R the value 2(A/g)-K-102-w¢, and

2 2for éfi the value k! 4u¢/g (where k"=
radius of gyration of mass, K =
dimensionless damping constant, and
aw = circular frequency of unresisted
free rolling) we obtain the differen-
tial equations-

$-<¢ + c¢3> 4e fit; + .E

2 ,
2—%-+ 234»
dt

=0-Yél '°(MCO8‘-I-"'3
W

From the theory of unresisted rolling
in still water it is know
circular frequency of roll is only
constant 1:" the amplitude of roll em
is very small. Approximatly the
ratio of the frequency at greater
angles of roll to that at small '
angles is:-

E.== /1 + f C-$5.

If we replace the termtué-(¢ + C¢3)
' 2by the termtn '¢ we get a new diff--

erential equation whose solution is
almost the same as that of the
original equation. After transient
motions have died out the oscill-
ation is harmonic:-

§= QM-cos(wwt - E)‘

with e

¢m= t

“rdJ——____<1+ Mi-w~:1 2* + ~Kt"::"r
and

itan£ ==

-*=1<‘[f.‘,-‘J
l + % C~¢i - [ ] 215E;
Typical curves of amplitudes of roll
versus frequency of excitation are
shown in Figure l. Q‘ C > 0_ (or if
a wall-sided vessel G144 3 BM) the
maximum amplitude of resisted roll-
ing - depending on the amount of
damping - will be reached at a ratio
we/wt; >1 and if c<o(e-.1» GM>3 BM)
at a__:§_'atio_:’w/L“‘¢»< 1. Only if Cz0’
(or GM=:3 BM) resonance is to be
expected at “Q/“¢==l. The validity
of this theory was demonstrated and
proven by ex eriments by Wendel,
Reference (l§e

Apart from the arrangement of anti-
rolling devices there is only little
possibility of reduction of roll in
beam seas after the ship is built.
The best method, of course, is to
avoid resonant frequencies at all.
If the amplitude of roll should
not exceed a given value the range
of the ratios ww/uh which should ‘
not be attained can be calculated.
As can be seen from Figure l the
width of this range depends on the
shape of the rightin arm curve
(C) O, C = 0 or C<10§ and the damp-
ing constant K. The practical res-
ult of such a consideration is that
according to the maximum wave steep-
ness (H/K)P1'and the maximum wave
length KM‘ a certain range of values
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GM must be avoided. For example,
the metacentric height ofaa ship
with a linear restoring moment

G = 0) navigating in an area with
{H/),)M _-5 1/I40 End AM-5 60 m must be
smaller than GM = 0696 m if an
amplitude of to = 6 shall not be
exceeded (B = l0 mg Figure 2).

Fortunately, in practice the amp-
litudes of roll are generally smaller
than the values calculated by the -
linear theory. This is not only a
result of the nonlinear restoring -
moment. It must also be noted that
the actual excitation is less severe
because the natural seaway is always
irregular. Another reason is the
fact that the resistance to rolling
is not only a function of d¢/dt -A
and as sometimes stated also of
(d¢/dt)2 - but also varies with the
angle of roll. A typical curve of
the damping constant K versus angle
of ro1l_¢ is shown in Figure 3
(Reference (2)). As we can see the
damping coefficient increases con-
siderably at large angles of roll.
On the other hand in the range of
actual damping coefficients the
maximum amplitude of forced rolling
decreases rapidly when the damping
grows (from Figure 1). Hence, the
angles the ship will take in beam
seas are of limited magnitude and
the danger of capsizing is much
lower than may be assumed if these
effects are not taken into consider-
ation. This statement is proved by
the results of capsizing statistics.
In an investigation of the causes
of the capsizing of 31 German ships
it was found that no ship capsized
solely by rolling in beam seas.
Rolling in a following or quartering
sea, however, turned out to be the
only cause for the loss of four ships
(Table 5 of Reference (3)).
Rolling in Irregular Beam Seas
Though, as a rule, the probability of
capsizing in beam seas is smaller
than in following seas the important
points concerning the method of get-
ting statistical information about
the rolling motion shall be mentioned
briefly. y

As we know from the linear theory
there is a direct proportionality
between the amplitude of roll ¢,,and
the amplitude of the regular trans-
verse wave $4“ The ratio of these
amplitudes can be determined for every
ship as a function of the wave~frequency V
u>and is called "frequency response
function”.

“'¢i,s(“’) i= if ,

3.

Similar to the representation of the
irregular seaway itself by a super-
position of regular harmonic waves
with different amplitudes, frequens
cies, and random phase lags, the
response of a ship to an irregular
seaway can be represented by the
sum of its responses to the several
sinusoidal component waves. There-
fore, we only have to multiply the
ordinates of the sea spectrum S-5(u)
by the square of the corresponding
ordinates of the frequency response
function in order to obtain the roll
amplitude spectrum:- ‘

8,0-»> = ~c§,=;<~> - S5 <o>
I

From the roll spectrum we can get
the same sort of statistical inform-
ation as from the sea spectrum. Just
as the wave amplitudes do, the amp-
litudes of roll closely follow a
Rayleigh distribution. This enables
us to calculate, for instance, the
average roll amplitude, the average
of the_l/3 greatest roll amplitudes,
the average of the l/10 greatest roll
amplitudes, etc. _

In this way we can compare the roll-
ing motions of different ships in
different beam seas in an early
stage of design and, as a result of
this, it is seen how rolling can be
reduced by appropriate design mod-
ifications.

3. ROLLING IN FOLLOWING SEAS

Because of the absence of a heeling
moment it was assumed for a long
time that rolling in beam seas must
be heavier than in following seas.
Excitation caused by the changing
shape of the submerged part of the
vessel and its influence on the
restoring moment was disregarded
until Grim pointed out in 1952 that
resonance may occur also in long-
itudinal waves (Reference (2)). It
is a remarkable fact that in spite
of the capsizing of several ships A
in following seas the theory of this
kind of excitation was not applied
earlier to ship motion.

H. ROLLING IN REGULAR LONGITUDINAL
WAVES OF FOLLOWING SEAS

In longitudinal waves the righting-
arm curve oscillates between two
extremes: a lower curve in the
vicinity of the situation "crest
amidships" and.a higher curve in the
vicinity of the situation "trough



'-L‘ -
.1 .
I4‘I‘,
ts

I

1 I

n
I
.
i|

> \

.
I

'.
I

a,r

\ <, »
uIJ01

W
s

I
I

I
‘. 1‘-

‘ v
i

‘;_ 1
! I

'3

L2‘ '
M

‘+

I

I

wM
\.

i;

w

v
1

l -

.
1 I

H

E 1xi .
C |
M f

-..t..._.‘,%'='I....__‘‘F':."::."_'..Il=“=='wv7¢‘:__A,
vi1»

..-_A_,.___..._-.._..a9!
‘fl
ii
‘L
fl

9 !*1  J: l
‘ .

.
H; '

‘H. V
1 2
‘, I

Ly L
in

._
-
1

v

4, Abicht

amidships". The period of fluct-
uation is equal to the period of
encounter TE = Zfifwa = A/c-V
(ship overtaken by the wave;
c = wave velocity, V = speed of
ship). If the time-dependent res- ~
toring moment varies linearly with
the angle of inclination the equation
of motion can be solved:-

T| + R.gE

atz at

4- A-(film +5151-sinmEt)~¢ = O

where cum is the mean value and Sen
the amplitude of the harmonicly
varying metacentric height." Assum-
ing that the mean radius of gyration
of mass equals the radius of gyr-
ation in still water the differential
equation can be written as follows:-

~‘°.it-‘ii +21:-w
dtz

+-mi (1 + §%% -sinu%t)f+ = O

In order to get the solution the
transformation '

+-= ¢l'°-Km¢t

must be made. We then obtain a
Mathieu differential equation:-

+ u$(l - K2 + gag sinuat)-¢1
dtz m E '
Q

N
-9-I-|

= O

.

I

For the Judgement of safety in long-'
itudinal waves it is sufficient to
know whether the solutions are stable
or unstable because without an exter-
nal exciting moment a sudden rise
of the rolling motion is only possible
in the case of instability. The stab-
ility of the motion depends on three
factors: the tuning factorJ\= u%/w¢

rI| '1

I].

:‘m§
-o

!

the metacentric height ratio 5é'M/€M,,, ,'
and the damping constant K. In ,
"stability charts" calculated by
Ince and Strutt for unresisted motions
and by Kotowski for resisted motions
the zones of instability are plotted
(Reference (h)). Figure h shows they
corresponding diagrams for resisted
and unresisted rolling in longitudinal
waves. Every point lying beyond thee
limit curves of the hatched areas
represents a dangerous situation of
instability. The range_of_unfavour-
able combinations of sen/om, and_  
ma/we - located in the vicinity of

w¢/QQE 2 OQ5; loo, 105, 20°, ooooeo

expands with increasing amplitude
of metacentric height fluctuation
Séfi and decgeasing average initial
stability GMm.

Apart from the existence of several
resonant frequencies there is another
characteristic feature of motions '
"caused by a time-dependent restoringo
moment (so-called "parametric"
excitation). As can be seen from the
top diagram in Figure # the effect
'of the damping moment is restricted’
to a decrease of the zones of instab-
ility." Unlike the resisted rolling
in transverse waves the amplitude of
roll is not reduced. Of course, this
is only true if the'resistance to
rolling varies linearly with the
angular velocity of roll. Neverthe-
less, it is to be_assumed that this
fact is one of the reasons why more
ships capsized in longitudinal than
in transverse waves.

There are two important consequences
which the designer can draw from the

\

results of this simple linear theory:-

a) At different positions of the
ship in the wave the metacentric

‘heights.andlrightinggarm_curves
should be nearly the same.“ This
can be realized by an adequate
design of shiplines and super- '
structures. Figure 5 shows twof
examples: by the flaring sides I
in the after and forward quarter
of the first vessel the water-
planes in the "crest" and "trough"
condition differ very much and
also cause great differences
between the respective values
GM. This effect will be enlarg-
ed by a small freeboard, deck
sheer, and the arrangement of

' poop and forecastle (further
decrease of the righting arms
in the "crest" condition and in-
crease in the "trough" condition)

, The second vessel, however, is
not endangered by fluctuation
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of stability in lon itudinal
waves. Sél/I and Sh($) are very

‘small because of the parallel
running frames and the arrange-
ment of a bridge (avoidance of h
small levers in the "crest" con-
dition).

b) The metacentric height and the
speed of the ship shall be such
that under normal operating con-
ditions the ratio of frequencies
u¢fisE.amounts to values between
0.5 and 1.0, between 1.0 and 1.5,

. or between 1.5 and 2.0 (greater
values are generally unproblematic
because the zones of instability
vanish rapidly owing to the in-
creasing influence of damping.
See the top diagram in Figure h.)

5¢ ROLLING IN IRREGULAR FOLLOWING
SEAS ' .

The changing righting-arm curves due
to the different wave patterns can
also cause a parametric excitation
in irregular longitudinal waves. The
excitation, however, is less severe
since there are always some components
of the irregular wave whose frequencies
of encounter do not fall into a zone
of instability.

Contrary to the rolling in irregular
beam seas the rolling in irregular
following
imated by
Od.S 0 T118
principle

or head seas cannot be est-
the known statistical meth-
reason for this is that the
of superposition can only

be applied if each of the regular
component waves produces a rolling
motion with an amplitude which is pro-
portional to the amplitude of wave.
But, as explained in Section M, roll-
ing in a longitudinal wave results
from the existence of unstable sol-
utions of the equation of motion and
large angles of roll may be attained
even though the wave height is small
(see Figure h: the sole effect of a
small wave height is a small range ‘
of instability resulting from the__
minor, fluctuation 'of stability S GM).

As a "frequency response function"
cannot be
behaviour

established the rolling
in irregular longitudinal

waves must be assessed by a different
method. In recent years, several
proposals were made on how to estimate
the danger of capsizing in this special
case. Before dealing with this ques-
tion it will be shown that a view of
the degree of excitation can already
be taken by a closer consideration of
those parameters being responsible
for the behaviour in a longitudinal
seaway. In particular, the conditions

5.

in which excitation will be severe,
shall be pointed out. Thus the
designer can find out whether danger-
ous rolling is to be expected or not.

One of the points indicating that
serious rolling may occur is the
narrowness of the sea spectrUm.'
Under unfavourable conditions the
spectrum, referred to a coordinate
system.moving with the ship, becomes
so narrow that there is only one
dominating frequency. In such a case
vthe effect of an irregular sea is
nearly the same as the effect of a
regular sea and the problem can be
treated as shown in Section 4. The
transformation of the sea spectrum
from a fixed to a moving system of
coordinates is necessary because the
ship responds to the seaway with the
frequency of encounter u@. In the
top graph in Figure 6 the correspond-
ing frequencies are plotted:-

a) Following sea (c z V) :-

V _ / .1E-(n)...%r %- gi-JE

b) _Following sea (c A V) :-

1. _ I Zgua_ % + } e glflg

c) Head sea (dotted line) :- .

.1 _ 1 / E

The formula for the conversion of
the spectra can be deduced by taking
into account that corresponding parts
of the spectra contribute equal
amounts to the energy of the seaway:-

- Sm =. S.S(l.-JE) -zws

OI‘

s,<~E> = %—;_-:5; - s,<~»>
The results of the differentiations
are:-

a) Following sea (ch; V) :-
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is. .. ______._1
due H1-41%/-wE_ I

b) Following sea (e 5 v) _

c) Head sea J

9-2. ._, 1

A plot of the factor of conversion
against frequency of encounter is
given in the lower graph in Figure
6. From the curves for following
seas (solid lines) and head seas
(dotted line), it follows that the
shape of the transformed spectra
will differ considerably. If the
ship moves in the direction of the
waves we obtain at frequencies of up
to wE= 0.25 g/V growing spectral
ordinates because of the rising fac-
tor of conversion and the normally
dominating wave velocities of c > V.
If the ship moves head on into the
waves, however, the spectral ordin-
ates will be reduced because the
conversion factor is smaller than
unity. Since the energy of the sea-
way does not change by the trans-
formation the areas of the spectra
are the.same. The consequence is
that in the first-mentioned case
the transformed spectrum is a rather
narrow one (an example is shown in
Figure 7). Therefore, the conclusion
can be drawn that in irregular follow-
ing seas rolling may become nearly '
as severe as in regular longitudinal
waves: It is to be assumed that this
is the main reason why more ships
capsized in following seas than in
head or beam seas.

The narrowest spectrum imaginable will
be attained when the factor du/dwt = on
must just be applied to the maximum
ordinate of the original spectrum. In
fully developed seas the highest spec-
tral density is to be expected in the
region of

‘J E1/3
I-U1:

1 I

where c = 1.258 mi s'1 andx Hi/3 =
average of the 1/3 highest waves (sig-

true if the actual seaway complies
with the formula of Pierson and
Moskowitz, Reference (5):-

A-2 4-s5(u) = E‘-,5-'e" /1,3 .¢..»

whgre a, = Q.78 X112 S-J4 and b = 30136
2 -A "

m 3 o

The corresponding frequency to the
conversion factor of dw/dw, = °°
iscuz = O-5 8/V (from Figure 6).
Hence, in order to avoid a spectrum
of extreme narrowness, it must be
seen that there is an inequality
between ml and U2 :-

-° + 29%
\/H1/3 w

OI‘

V2 =1: $.21!-1 ' H1/3

A plot of unfavourable combinations
of Hi/3 and V is given in Figure 8.
It is of some practical interest that
risk of capsizing in irregular follow-
ing seas may be as great as in reg-
ular longitudinal waves even if the
significant wave height is small.
As can be seen from Figure 8, the
corresponding speed of the ship then
must also be low. Ships operating
under such conditions (e.g. coasters)
are therefore endangered to a greater
extent than ships of higher speed.
A further reduction of safety of
these generally small ships is caus-
ed by the fact that there are more I
short than long waves. Hence, they
will meet wave lengths which are
equal to ship length relatively often.
Since, as a rule, the differences
between the righting-arm curves will
be rather large if/Kr L, there is
a greater probability of these ships
capsizing.

As a result of these considerations,
the conditions for the occurrence of
unfavourable situations can be form-
ulated as follows:- _

a) Provided that there are dif-
ferences between the righting
moments in the crest and

nificant wave height). This is'exactly' trough condition, dangerous~
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L
rolling is to be expected if T4) "-*-" 5' E
the transformed spectrum is
narrow and if the correspond-

1 1 *1 4i-

ing wave length of the pre- Fr0m ~
dominating frequency u:= 0.5
g/Y is more or less equal to
the ship's length. In deep - w¢ = g‘-“E
water:

A = 2'Kg/Lu,‘

11- w= 0.5 g/V we obtain:

/x = 3-rrV2/s

As d== L»we obtain asva criterion
for an unfavourable situation

\/s1r_-v--=\/Eff

or Froude number

F“ 5 0.2

An essential condition for an 7
excitation by a following sea is
the existence of a natural cir-
cular frequency an reaching a
value in the vicigity of integral
multiples of NE/2 (mg = 0.25 g/V
= predominating frequency of
encountexik): If F“ == 0.2 (or V
s. 0.2 gL) following natural

periods of roll should be avoid-
ed: ‘

From

N =.1.w=.9_°..g2E =__°.=2.2a_

follows:

~. r L

As mentioned previously, in
fully developed seas the trans-
formed spectrug will be extreme-
ly narrow if /H1/3 is ab0ut
57.u 1m2m'l or 15.2 m s"2- The
spectral density is then con-
centrated at

0.2
me: = 

q[l5.2 ms H1/3
.°

<10

Na | |-'= 9-£3£‘:§--
\/ E1/3

Unless the differences between
the righting moments are small,
rolling motion may become un-
stable if: ~

yea I |'-'. -.-

\/ H1/3

T4) = 5? = 20m-%s-,/I.-ll/3

' I-1<5 ‘E 2V -°_4\/‘g-L w =,‘,=2.=_6..'L_"-“_~T_§.._ QR

= 0.625 \/E’

follows:

4) L E“ ~/ H1/3

T‘? "’ 51$ = _'"s'_\/_fi1/3 I|"' C) E t;-s

4.--1=2.-_2.*.*.L.*_.1.=.1;'_=='__ OR
wow

E
mT4, '.~.-. 10-\/—1T= w¢ = " /1'-'11/3

From

(.|J¢=LUE

follows:

T‘? = gi-‘ .-.= 6.66111"?-*5. /£11/3

One of these results was already
achieved formerly by Grim.l In
Reference (6) he points out that
in following seas dangerous roll-
ing motions may be built up if
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the Froude number is equal to
F = 0.2 and the natural period
n .

of roll equal to T¢=5',/L/g.
The mode of calculation, however,
was quite different and more com-
plicated.

6. EVALUATION OF SAFETY IN FOLLOWING
SEAS

Since capsizing as a result of rolling
chiefly occurs in following or quarter-
ing seas, it would also be most desir-
able to get statistical information
about the roll amplitudes for these
special sea conditions. But unfortun-
ately, an appropriate method does not
exist. Therefore it is all the more_
important to observe the advice and
relationships demonstrated in Sections
h and 5. In particular, the simple
formulae of Section 5 often clearly
indicate whether changes or modific-
ations of the design are advisable or
not. Hence, for all practical purposes
a closer consideration of rolling is
only necessary if a definite judgement
cannot be given because an application
of the aforementioned formulas leads
to different results.

In recent years several approaches’
were made to gain a better insight in-
to the problem of evaluating the pro-
bability of capsizing in following seas
‘(Reference (7), (8) and (9)). A final
solution, however, could not be found
though some of the experimental and
theoretical results represent remark-
able progross. Among other things,
it was possible to develop new criteria
which are also applicable to those
ships whose degree of safety cannot be
estimated by qualitative considerations.
One of these criteria will be discussed
in the following (Reference (9)).

As pointed out by Grim a long-crested
irregular sea can always be approx-
imated for a short time fit = T and
within a given range of length 8x.= L
by a harmonic standing wave whose A
amplitude 71¢: is re_ndom,_ Reference (6).
This approximation is obtained by twot
steps:

1) Replacement of the irregular wave
pattern by a sine wave within the ex-
tent of the ship's length (top diagram
of Figure 9). Its amplitude7L is det-
ermined by the condition that the sum
of the squared deviations shall be as
small as possible. "The result is an
expression for'q_being similar to that
for the elevation of the sea surface*§
From this the conclusion can be drawn
that the statistical properties of:Q
and -§ are the same. Thus, the dis-

.

tribution of the amplitudes h, must
be normal and for the maximum amp-
litudes QM,” a Rayleigh distribution
can be assumed.

2) Replacement of the record of
successive values 9; , which would
be obtained by determining'n_at dif-
ferent times at the moving location
of the ship's midlength, by a sine
wave (Figure 9, lower diagram).~
This means that the ship can be
imagined for a limited time T to be
in a wave with a harmonicly varying ‘
amplitude ("standing" wave). It can
be shown that by an analogous proced-
ure an expression for the amplitude
vzaaof the standing wave is obtained
which is similar to that of 12, and
'§ and that the normal distribution

must also be valid for Q~_

A rough idea of the degree of ex-
citation can be obtained by calcul-
ating the rolling motions in standing
waves of different heights. As the
righting-arm curves generally do not
follow a linear function, the equation
of motion must be integrated by one
of the-known graphical or numerical
approximation methods. If damping
is neglected the equation is reduced
to

2
1" 15;? -:- A-h(t,t) = 0

OI‘

Zi%= -25-T . h(¢,t)
no '0

A graphical representation of a
typical function h(¢,t) is given in
Figure 10. '

By systematic calculations, the crit-
ical initial angles of inclination
Q0 crit can be determined which should
not be exceeded in a dead centre of
the rolling motion because otherwise
the motion may be built up to amp-
litudes from which the ship cannot
return to an upright position since
water is.running into openings, cargo
is shifting, or because similar
reasons are causing a new state of
static equilibrium. The critical
initial angle of inclination O0 crit
depends on the amplitude Qeeof the
standing wave. As shown in Figure
ll it generally decreases rapidly
with growing wave heights. I

1‘
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Due to the single-valued association
of ¢q grit to‘Q£°it is possible to
extend Grim*s approximation in such
a way that at any time not only the
existence of a fictive amplitude7L¢°
but also the existence of a fictive
angle ¢° Grit can be assumed.
According to the definition of ¢ocrit
the conclusion can.be drawn that cap-
gizing is to be expected as soon as-
a roll amplitude OM is reached which
exceeds the fictive angle ¢° Grit
being present at this very moment.
It depends to a high degree on the
shape of the curve Q0 1 @Q°°)
whether the condition I$Mr > |¢ocrit|
is fulfilled or not. f in Figure ll
the O O cri-1; axis is replaced by a
OH axis we can see that the critical
angle be Grit will more likely be
exceeded in great wave heights than
in small ones. A general calculation.
of'the probability that ¢° Grit will
be exceeded is also possible provided
that the two-dimensional distribution
density of the standing wave amplitudes
vzcaand the roll amplitudes ¢,,can be
set up.

Though the statement is not quite cor-
rect, it shall be assumed that the
random variables qeeand OM are indep-
endent. The distribution density
f(Q==,¢M) can then be obtained by multi-
plying the one-dimensional densities
f('7'Lc~>) and r(4>,,,)=

> 4

r<11;~=,4»,.> = r<¢L~>'t<q>..>  
As pointed out above, the wave ampli-
tudes 4Z~'are distributed according to
the Gaussian law: <

2_ _f.'Z.-z__
' e 2-M01‘.->M“) =

The distribution of the roll amplitudes
Qt‘, however, is uncertain and it can
only be supposed that they will follow
a Rayleigh distribution: - I

f(¢|~1)='%3$-9 2mq¢

.

The resulting two-dimensional density
is:

9¢M)

9.

1 1

= 6-( + )

m°¢g’2KmO%~

where

m°¢ = variance of the amplitudes OM
(in design stage mo¢ can be
obtained by assessing the
significant roll amplitude
on the basis of the known
values of similar ships:

- 1.
1310?:

= variance of the amplitudes 71"
(monfi,can be obtained by con-

, verting the sea spectrumSq
into the corresponding spec-
trum 51!,» and by determining
the area under its graph:

mO'YZ<u

mo4Z~ =of°§'1Z..» (w)d°-')

The ima 'nable combinations of values
Qeaand 3: as a whole can be divided
into two groups, viz. in "safe" and _
"unsafe" combinations. The curve
Q0 crit('?Z~) forms the boundarybetween

these two groups. In aq~-¢,..\-
coordinate system any point lying
under the curve ¢M = ¢°cId¢;represents
a "safe" situation, whereas a point
above this curve indicates that cap-
sizing is to be expected. The know-
ledge of the density function fQQe.,
OM) enables us to calculate the pro-
bability of the occurrence of a "safe"
or "unsafe" couple of amplitudes 7:»
and OM. We only have to draw the
graph of this two-dimensional function
and determine the volume of the space
above the "safe" or "unsafe" region,
Figure 12. The sum of these volumes
must be unity since, according to
supposition, one of these events
occurs. Therefore it will be suff-
icient to determine only the integral
taken over the "unsafe" region. The
calculation of the corresponding pro-
bability P can be carried out with ‘
great accuracy because the volume is
rather small (P-4 < 1).

Though there are still some unsolved
problems the probability P is an
appropriate criterion for evaluating
the danger of capsizing in a follow-
ing sea. It takes into account the
irregularity of the seaway as well as
the parametric excitation. Experiences
in practical application, however,
could only be obtained to a small
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extent. A rough idea of the range of
the probability values P of actual
ships can be obtained by two examples:
a calculation of the capsizing index
P for two small cargo vessels which
capsized in a followingssea, resulted
in P = 10-5 and P = 10' . For the
moment, it may be recommended that
the proposed index P shall not be
greater than about 10-7.

7. CONCLUSIONS t
Though capsizing by rolling does not
occur frequently, it would be a serious
fault if in a new stability standard
the dynamic behaviour of the ship in
a seaway is disregarded or taken into
account in an incorrect manner. Of
course, for reasons of practicability,
simplifications are necessary. One
feasible way would be to prescribe in
a special paragraph of the stability
regulations that in all cases where the
righting moments in the crest and
trough condition differ widely and also
the Froude number and period f roll
(e.g. ax.-F 0.2 and T¢ Q 5 \/L/g) indicate
dangerous rolling, a probability cri-
terion like the proposed capsizing in-
dex P must be applied. On the basis
of this value it can then be seen
whether the risk of capsizing by roll-
ing can be considered as small enough
or not. The main advantage of such a
rule would be that, in order to be
exempted from the application of the
probability criterion, more attention
would be paid to the factors being
responsible for the rolling behaviour
in a following sea. For instance, the-
influences of the shape of the hull
and location of the superstructures,
as demonstrated in Figure 5, would no
longer be disregarded. _

It was pointed out that rolling in beam _
seas is generally less dangerous than
in following seas. Therefore this kind
of excitation may be neglected also in
future stability provisions. This
does not mean that the effect of trans-
verse waves can be ignored in the des--
ign stage. ,For vessels which often
embark passengers or take over cargo
when lying in the_roads, it is partic-
ularly important to avoid troublesome
rolling in beam seas. If the maximum
wave length and the maximum wave steep-
ness are known, which must be expected
in a given sea territory, it is useful

criteria radically. 5in¢e until HQ"
the distribution functions of the
heeling moments are unknown and also
the method of including them in a
comprehensive probability criterion,
and the method of comparing the
righting and heeling moments in the
still water, crest and trough con-
dition should be maintained. A sup-
plementation by adding a rule which
will consider the danger of capsizing
by rolling in waves, however, is
desirable and also possible.
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' D N OF DETERMINING THE PROBABILITY

S S1 OF CAPSIZING IN RANDOM EA

‘ S. KASTNER

Iechnical_University of Hannover,
Germany

1 . INTRODUCTION
In studying the capsizing of a ship in
a random seaway we are faced with an
event which appears rarely and unpre-
dictably but which must be accounted
for in order to survive at sea. Since
1961, model tests have been carried
out on the study of extreme roll and
capsizing under severe irregular sea
conditions, lateron supported by time
domain computer simulation. For ex-
periments, relatively large testing
areas even at model scale are required,
in particular for quartering seas, in
order to gather a sufficient sample
of rare extreme motion records. This
.1ed to open water model tests. 1

Determining the capsizing probability
in random seas requires an enormous
amount of running distance and testing
time, in order to ensure sufficient
statistical precision. This was al-
ready pointed out by Krappinger 1962
at the Symposium on Ship Theory at
the Institut fur Schiffbau in Hamburg.~
He therefore recommended evaluating
capsizing tests in more detail, i.e.
which parameters affect the capsizing
rather than trying to measure the cap-
sizing rate,

However, it is worthwhile to be aware
of the statistical relations involved.
In this paper, we want to evaluate
the classical hypothesis testing in
statistics applied to the random cap-
sizing problem. It may help for the
appropriate design of stochastic ex-
periments of rare events, and of
stochastic calculations as well.
Furthermore, the hypothesis testing
will show the difficulties in setting
up safety standards based on only a
few extreme events. .

/

2. PROBABILITY BACKGROUND FOR
RANDOM EXPERIMENTS

Performance tests with a free running
ship model in an irregular seaway
in open waters, as well as corres- -
pending time domain computations,
carry all signs of a random exper-
iment which can be described by
methods of probability theory and
can be evaluated by means of math-
ematical statistics. Given a ship
model with certain determined para-
meters (i.e. displacement, freeboard,
centre of gravity, speed and wave
heading) because of the randomness'
of the seaway and of the random
initial phase conditions at the
beginning of a model run, we do not
know the outcome of any model run
in advance. Even though we are close
to the point where a capsizing of the
model is very likely to occur, since
we are particularly concerned about
capsizing and will have ballasted
the model appropriately, we will not
be able to predict the outcome of a
particular experiment; that is,
whether on this run the model will
or will not capsize and if so at what
point during the run. On the other
hand, what does a "very likely"
occurrence of an event mean? Math-
ematical statistics provide the tools
to solve this problem and to bring
about a quantitative description of
the possible outcome of this kind of
experiment - see the Appendix for
some definitions.

3. “ PRECISION '

From our random experiments we want
to derive some numerical character-
istics of the samples. By definition,
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we consider a set of k samples of a
random vector 1 with the size N, as
being a random choice out of all poss-
ible events in the sample spacell.
The calculation of functionsgfi) is a
well-known statistical procedhre, gen-
erally called egtiggtigg, providing
the best statistical result from a
given sample. In evaluating the res-
ults of this procedure it is necessary
to comsider the following questions:
is this sample representative of the
population we want to look at? How
precise is the estimation relative
to the true population? We can con-
trol the precision of the estimate,
i.e. how close our estimate is to the
true parameter in the population,
partly through the design of the ex-
periment.

The basic question here is, how many
trials, i.e. model runs and of what
duration, have to be performed, even
if model similarity and accuracy of
the measurements are guaranteed through
appropriate design of the physical
model and the instrumentation. There-
fore we refer to the design of an ex-
periment if we mean the appropriate
choice of the model environment and
the way we are sampling, i.e. how we
choose the samples, here in particular,
for what length of time T we run the
model, and how many runs we perform.

Some questions, undoubtedly, will
arise in planning and performing our
random experiments: 4

i) If we run the model N times and
_ observe capsizing in n'of these

runs, what can we generally say
about safety from capsizing under
the given conditions? '

ii) How many model runs will we need
to conduct in order to allow the
conclusion with a high degree of
certainty that the model or ship
under the given conditions will

7 not be very likely to capsize?
- In other words, under which con-

ditions will we consider the
ship safe from capsizing?

iii) Say we observe a series of cap-
sizings in the course of the 1
experiments which let us in-
tuitively think of an unsafe
ship. Thus it is clear that we
would not recommend the corres-
ponding conditions for a ship, ,
as this would obviously result

T in a large danger from capsizing.
Now we improve the conditions of
the model somewhat by lowering
the centre of gravity of the a
ship model, thus increasing the
righting moment, meanwhile leav-
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ing all other parameters un-
changed. Repeating the same
test series now we might-Still
observe some capsizings, but
not as often as in the series

T before. Obviously the ship
model is safer now, but how
much safer? How can we tell -
when the ship will be safe
enough? We will now go into
more detail to answer these:
relevant qufifitions.

. _ ‘

H. TESTING OF CAPSIZING HYPOTHESIS
FROM RANDOM EXPERIMENTS

Let us consider only two possible out-
comes of one model run of length T,
capsizing or noncapsizing. For cap-
sizing experiments this is the sim-
plest information we can get from the
model runs, without looking into
other statistical events with more
detailed information. Then our exper-
iment can be seen as a binomial trial,
where we shall denote the capsizing
by C and the noncapsizing by NC
(failure of capsising). If we repeat
the model runs N-times under compar-
able conditions independently, we
have performed N binomial trials with
an unknown capsizing probability, say
Q. Thus we have a sample of size N
from the population of all possible
outcomes. '

Note : As we assume independence of‘
all samples, drawn from a population
with finite sample space J1, we sel-
ect the individual sample pointsuQ€fl-
successively at random with replace-
ment. Without replacement the pop-
ulation would clearly be altered by
any drawn sample, thus making them
dependent. Another case would res-
ult, for example, if we consider the
probability of capsizing of a fleet
of say N ships each running under the
same extreme-seaway conditions for T
hours in their lifetime, but after
loss of n ships from capsizing they
will not be replaced, thus leaving
the fleet with size (N-n),
For our capsizing probability model
let us consider a binomial trial with
replacement. It is convenient tn
use the following definition:

If A is any event, the random variable
IA is defined by

\

IA(w) = 1 if w£ 1‘.
 s <1)

= O otherwise
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where IN is called the indicator of
the event A.
t 1 '

Using the indicator function for N
binomial trials, we lct1XLbe the
indicator of the capsizing event,
that is, capsizing on the ith trial.
Then the 1;, L= 1, ..., N are a ,.
sample from the binomial distribution,
which assigns‘ '

probability 6 to 1{_equal 1:

PE#__L= 11: 9 I

and probability (1 - e) to ><;_ equal 0:
P[7(;__= 0] =.- 1 - e =

Then clearly the number of capsizings
occurring in repetitions of the trial
are expressible as the sum

N
no = I 1,; (2)

|-J. I-*

and the relative frequency of capsiz-
ings which occurred is _

>< = n/N = 1/N at <3)
P I-*

This'X is a §g§figient_statistic.
That means we might as well keep this
statistic only, thereby reducing the
data with no loss of information.

It can be shown that X is also the
maximum likelihood estimate (MLE) as
well as the uniformly minimum variance
unbiased estimate (mum) of the un-
known parameter 6, the true probab-
'ility of capsizing. (We generally
denote the unknown parameter by 9, so
in our special case now 6 is the un-
known capsizing probability. The
statistic i in equation (3) is our
estimate of 6). 4

Then the robability of noncapsizing
is (1 - 6?. If Cn is the event, that
in our sample of model runs uq_€JL
exactlycw capsizings have occurred,
the probability of Cn is given.by the
binomial density function

"3
JO

with 04-Sél

where (g) = N!/n!(N-n)!

It is important to understand that
we imagine there is some true 6
involved in the process we are look-
ing at determined by the physical‘
nature of the problem but we are
faced with the uncertainties involv-
ed in the practical estimation of 6.

We want to test the significance of
experimental results for the para-
meter 9. Generally this can be
done by means of a testing hypothesis
at a certain confidence level.

The hypothesis HO in a mathematical
form is

H0 : Given P9 on R for 96-0, and u

given SOCIG, then the true 6

in so _

Which hypothesis we are going to "
test depends on the problem and our
intention. In the case of capsizing
we want to make sure that the ship
is safe. In other words, we want
to be confident that the true pro-
bability of capsizing, 6, is at a
'low level, say in the interval
[0,0.05]. Therefore it is approp-
riate to choose the following hypo-
thesis for the capsizing probability

Ho : the ship is safe, Oé-6é60

versus

H1 : Nthe ship is ngj safe,
H eO4ee1

We will test this hypothesis with
the experimental statistic 5?. We
will attempt to avoid what are known
conventionally at Type I and TypeII
errors.

~

5. TYPE I ERROR‘
»

N n V N_n I We consider the number of capsizings
P(Cn) = (n) 9 (1 - 6) . , n = O,l,..,N unacceptably high if ca capsizings

. I \

(LP)
I .or more occur out of a total of N

trials. In other words, with cu
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capsizings we will accept the hypo-
thesis that the ship is not safe.
So we test how bad things can be.
Where indeed the hypothesis that the
ship is safe_is wrongly rejected we
are committing an -
The test procedure is (introduced by
Neyman and Pearson) : reject the
hypothesis HO if

Pe(reject) éCLfOI‘ all ee 00 (5)

In other words, we use a test in
which the probability of rejection
is gm, where a. is the level of sig;-_
gggigggge, also called confidence
level.

The smallest number Cq yielding a level
d test is called the level ¢ critical
value, which leads to the test of the
form "

Reject no if Re cq (6)

we lmow from equation (3) that?! is
the natural estimate of 6, where 9 is
the true proportion of potential cap-
sizings out of N runs.

We can find ex from tables for the '
binomial cumulative distribution func-
tion: I

cu = B&(N,e0)

= we-sf“ 0)amt: GE \-I

See a graph of B for some parameters
in Figure (2) . -
We may restrict our test to level
Q = .05. Also commonly used is d.= .01
which asks for more precision in the
estimation and therefore will have a
wider confidence range e

°e(. = 0.01 > °q = 0.05 (8)

Fig"-1I'e 3 shows a graph of cdversus N.
»

Resulting c°,of this hypothesis test- .
ing according to Figure 3 (values read
from tables, see Figure 2) yield 90
and N with 1; the next largest

Kastner

natural number to c¢§N h

ggé ) c°:#N (9)

For larger N the binomial distrib-
ution can be approximated by the
normal distribution, which yields
[1] : ~  

<'=q(N;@O)

= N00 + 73- -1-Q 'l(1-a)\/we(')(1-00) (10)

for min {M0, 1~r(1_-e) g 5}

where§ -1 inverse normal cumulative
distribution function. ~ _

The resulting Xé , see Figure 3,
might be interpreted according to 0
equation (6) as follows. If the sum
of capsizings out of N trials 1

N
n = ‘Z ‘X; _is equal to or more than

i=1 ‘
the critical value XL =
reject the hypothesis Hb ._no- Q* F .3O -2

(D

For 60 = .05 we might consider the
hypothesis H0 equivalent to the
statement: the ship is safe. This
means we allow only a small amount,
say 5%, of capsizings in order to
consider the ship as being safe from
capsizing. Thus, for example, if ’
two capsizings occur in only five
runs, we consider the ship unsafe at
the confidence level Q = .05. But
if one capsizing in five occurs, we
have no evidence for rejecting Hb:
‘the ship is safe. ' _

At size 0.01 we require three or more
capsizings out of five in order to
consider the ship unsafe, but we
allow two capsizings out of five runs
and still consider the Ship as being
safe. From that we can see already
that with only five runs the est-
imation of the unknown parameter 9,
the true capsizing probability, is
not very precise. This result leaves
us dissatisfied if we learn that the
there is no evidence to reject 6
being only 0.05, i.e. a very small
probability for capsizing, if we
have a critical capsizing number of
two respectively three out of five
total runs, where we would estimate
a 9 of_.h and .6 respectively.
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Therefore this test shows clearly
that the estimation of 6 using only '
five runs is not very precise, since
from two capsizings we calculate
i = 0.h, but the test shows that even
with this estimate the true 6 might
be as small as 0.05.

The only possible way to improve the
precision in estimating the capsiz-
ing probability is to increase the
number of model runs N. From Figure
3 we see, for example, that for N = 20
the critical number of capsizings goes
down to four for 60 = 0.05 at level
G. =_ 00050

Compared with the five runs above,
now we might estimate n = 3, that is
2 = 3/20 = 0.15 and there would be no
evidence to reject the hypothetical
Go = .O5. S0 i = .15 for N = 20 is
much closer to 0.05 than R = .hO for
N=5o

On the other hand, the result of this
test does not mean that we can accept
the hypothesis the ship.is safe, if I
we cannot reject it. This is obvious
as two or three capsizings out of I
five appears to be rather a high cap-
sizing rate. The test only says
that e.g. with N = 5 trials, i.e.
model runs, we do not have more pre-
cision for estimating the true 6. If
we test for a higher 6, say 6 = h,
then we would expect two capsizings
in five runs on the average.' But there
is no evidence to reject 60': .h if
four capsizings in five runs occur
which wougd let us estimate R = h/5
= .8 for .

If we cannot reject our hypothesis,
though,from lack of more experimental
results we might accept the hypothesis
H0 provisionally. In practice this
is often done, but we should be very
careful about it. ,Experience shows
that Hb is generally accepted when I
N is small and rejected when N is
large. Applied to our capsizing pro-
blem, this says that we are more apt "
to conclude a ship being safe from
capsizing at a small number of model .
runs even if this is not true. This
stresses again the need for a fairly
high number of identically distributed
model runs in order to estimate the
capsizing probability precisely.

6. TYPE II ERROR

So far we have been dealing with the
probability of'a type I error only.
That is the error we commit if we
reject the hypothesis which we should‘
have accepted. Ue have limited the
maximum probability of committing a

5.

type I error by means of the size
to a small amount.

Now let us consider the error type'
II, that is, the error we comit
when we accept the hypothesis if
we should have rejected.

To avoid a type II error, we accept'
the hypcthesis_H0 if

Pe(a_c;cep‘|: HO) Q p for 711.1 (-7v§> 90 (ll)

We have denoted the critical function
of the test by ea. From cu we can
easily calculate the function.fU"of
a test for type II error, called the
power function: E

Bags) = Pe(accept H0) for all e> 00

(12)

We get then for the one sided test
for the probability of capsizing in
N binomial trials

I

/55 <9) = P. see.)
N

= P6 Eiglxpazleqj (13)

N ' . 1= Z 1 (‘S’) Q3 (1-9)“ j
_j:..-X C

ct

= B&[N,6]
» .

For each 6,‘fl5c(6) is just the sum of
the binomial distribution from the
critical number of capsizings,1x%,
divided by the number of trials N.

The power function ,85 gives the pro-
bability of rejecting Hb, if 6 is
indeed larger than 60. With increas-
ing number of trials N the test has
more power (see Figure h through 6
for three different so),
Practically, we want again to have,
as small a probability of comitting
error type II as possible, or a high
probability of not committing an er-
ror type II, in other words, high
power,6. Tie choose again 1-‘B = .0-5 .
flu = 0950 "

D
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The complement of the power function 7
is called the gpprgpiop chapacteristic

0.0. = 1' -165(6) <1“).

It gives the probability of accepting
60 if the true 9 is some 91 according
to equation (ll). For 81 = 90 the
power is smallest or the complementary
0.0. is largest as it obviously should~
be. .

-Let us discuss the power function in-
one example, see Figure H for 80 =
.05. The power, i.e. the PrOb8bilitY
of rejecting is smallest at 9 = BO =
.05. We recall that 90 was set by us
earlier as the limit, that is we
should reject if the true 9> 60.

For 8> 90, by definition we must have
higher probability of rejection, i.e.
higher power. Thus,B5 is an increas-
ing function in 0 and approaches the
ideal value l. As the power increases,
the probability of type II error de-
creases. The most desirable case is
whenlgs approaches l for 6 close to 60
.so we are sure that accepting 60 is a
better estimate than any other 01> 80.

This is the case for large N or in
other words the test has more power '
for larger N.

In other words, the power is a meas-
ure of how likely it is to mistakenly
accept Eb. Thus again, if we want
higher precision for our estimate, we
need to carry out more experiments.

7. POISSON AND EXPONENTIAL
'DISTRIBUTION

The statistical study of the capsiz-
ing phenomenon by applying the dis-
crete binomial distribution alone
does not leave us fully satisfied. We
have treated the capsizing probabil-
ity so far in model runs of duration T
as the probability of only two out-
comes, capsizing or gnot capsizing.
There is no specific referenee.made to
the chosen length of time, T, for the
model run, so the results seem to be
independent of T. However, the length
of time we run a model obviously has
some influence on whether the model
will capsize or not. For example, if
a model run is only one minute ina
stead of seven minutes, and no cap-
sizing occurs in this one minute, this

T vstudy does not tell us anything about

\
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" ya possible outcome in the next six
minutes. Therefore we would like
to know more of the capsizing pro-
bability with respect to time.

Let us think of a model run of length
T as of N independent repetitions of
independent identically distributed
binomial ‘trials in every Ab seconds:

I Ab = T/N

Since we consider extreme large roll
amplitudes which may include cap-
sizing as "rare events", the P?°"
bability p of capsizing in.Ab is very
small. The probability of the number
of successes n in N binomial trials
{Kt} is

t Pu iigl 1L=n/N} = b(n,p),
, .

_ N N N-n- (H) P (1-P) W (15)

For p small, N-><10 , 04/\<m, we get
the Poisson distribution

Pf") = <e""/\“>/(111).. A = Np <17)
If we set the p proportional to the
time interval Ab '

P (at) = gAt eg-§ (18)

with Ab->0 we get fromsequation (17)

P ii-El Xi’ = n‘Ab} = pT(n)

- T a
= , QT:/\ (19)

\

» pT(n) is the probability of n events
occurring during the time interval
[0,T]. ~Now the Poisson distribution
allows us to count rare events on a
time scale. I

Mean and variance of the Poisson dis-
tribution are - -

= Var('X)t = |JT =A - (20)
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anJe can derive the time elapsed until
capsizing from the Poisson distrib-
ution. The probability that no cap-
sizing has occurred in the time inter-
val [O,t] is from equation (19)

Prob {no capsizing in [0,t]}

= Prob {to} =: Pt(O) = e-Ht, 'l7ZO

(21)

The probability of capsizing in the
time interval [O,t] is just the com-
plement p

Prob {capsizing in [o,1=]} = FC(t)

‘=1-e-Ht , 1:>o (22)
I

This is the cumulative distribution
function for the time until capsizing.

We find the probability density function
by differentiating FC(t) p

£C(1;) = He-pt , tgo (23)

This is called the egponential distrib-
ution.

The mean and variance are

E(c) = 1/pc (MILE, but not mmru)

Var (G) = 1443 (ZR)

Therefore the standard deviation is
» ,>4_-_.:-Q.‘-.~ V.-. .._-»-

sc=er#e=1@c=me em
The negative exponential distribution
is like the binomial and Poisson dis-
tribution a one parameter distribution,
for only\one parameter must be deter-
mined from the sample. It has one im-
portant feature, its "lack of memory"?
or "forgetfulness". This is obvious
if we consider the derivation from
both the binomial and Poisson distrib-
ution from which we have seen the time
until the first failure as a summation
of independent discrete time intervals.
In other words, the probability dis-
tribution of the remaining time until
capsizing does not depend on how long '

7.

the model has been running.

Even when there first-seemed to be
some restriction because of the in-
dependence of every time interval,
this distribution function is very
appropriate for long statistical
model runs, where, for instance, the
wave which passed the model some
minutes earlier does not at all
affect the roll of the model caused
by another new wave or a wave group,
but is only statistically related to y
it as a member of an independent
identically distributed sample.

8. 'PROBABILITY OF TIME UNTIL
CAPSIZING \

From the derivation of the probabil-
ity distribution for the time a model
is running until capsizing, we con-
clude that there is no absolute safety
from capsizing for the whole time a
ship is operating at sea under severe
conditions. We can merely say that
a capsizing in any given operation
time T of a ship may not be very like-
ly to occur. To express this more
precisely, we would like to say: make
the capsizing probability in the
whole lifetime of the ship as small
as.possible; try to develop design
principles that allow this goal to be
achieved by means of ensuring suffic-
ient righting arms, taking into ac-
count speed and heading of the ship
in the most severe seaway she will
encounter on her route, and any other
parameter that turns out to be of in-
fluence. Though we are primarily
concerned with the development of
some basic safety criteria for some
classes of endangered ships, like
fast container ships or fishing ves-
sels, we do not want to set up a
special rule for every single ship.
On the other hand, for lack of spec-
ific data of average routes and
operational times, we want to guess
-an average safe operation time, SOT,
in severe weather conditions, in
order to show the basic idea in the
relations involved. Generally, every
ship should be able to withstand
severe seas for some hours at least,
so we choose the following example.

Say for the ship SOTS = 10 hours =

600 minutes. This is at model scale
in our experiments T

\

SOT _ SOTS _ 600 wins,
J - I "'~' _ 0 F

C:/’ ‘. - ,

<

= 109 min:-s (26)
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within the safe" operation time (sor)
we new allow a small probability of
a.= 0.05 for capsizing, that is , only
5% of all potential capsizings may
occur fwithin this time. Then we will
consider the ship as safe from capsiz-
ing.

We see that we need to make basic
assumptions about SOT and G , which
depend on operational conditions of
ships as well as on a compromise for
safety and economic reasons. .One might
consider d.= 0.05 as still being too
large for the sake of safety, so we
might decrease a.and make it equal to
0.01. However, we do not consider the
choice of 4;, or SOT as too important.
Rather we like to stress the equal
treatment of the safety of several
ships on rational grounds. Here we '
want to give just one example under
reasonable assumptions.

From SOT,G», and the probability dis-
tribution in equation (22) we calcul-
ate its parameter.

w

it = (1-0») = = t <2»
Thus we know the capsizing rate we
are willing to allow for the operat-
ing ship

pm = 1/ENC = 3/son: (28)

with sorm = 109 minutes, a. '= 0.05,
we get an average operation time until
capsizing at model scale of tNC : 36.3
minutes. Just one run of this time
length takes about five runs of seven
minutes each, which was the length of
a single run in the l97l testing sea-
son in San Francisco Bay. This, of
course, does not yet yield a statistic
of capsizings, so we have to multiply
by the number of capsizings we want to
measure. Say with only ten runs, which
still leaves us with a low precision
of our estimate, we would have to con-
duct 10 times 36.3 mins = 363 mins =
6 hrs, which is more than fifty model
runs of seven minutes each and this is
only for one model condition and a T
poor statistical precision.

However, obviously we will not run an
almost safe ship model over and over
again in order to measure a capsizing
distribution. More important, this
example shows that with one run of
seven minutes with no capsizing we
can only say there is apparently a
rather small capsizing probability as

Kastner

we cannot estimate its value from a
single run of seven minutes, and we
cannot say the ship at these model
conditions will be safe from capsiz-
ing. s '

We might better conduct-experiments
in conditions where a high capsizing
rate is likely to occur. From that
we may try to extrapolate for the
safe condition.

It should be mentioned that this holds
already for actual severe sea con-
ditions and the ship in her lifetime
will meet these extreme conditions
only occasionally. Thus the probab-
ility of capsizing during the life-
‘time is even smaller.

In this section we have dealt with
only a statistic for determining the
capsizing probability. However, even
though it now appears a tremendous
task to conduct a large enough number

--of experiments, we are still able to
look more specifically intq the model
behaviour during the runs, i.e. how
the roll motion builds up and which
.parameters are involved. Eventually,
using a theoretical model of the
motions, a large statistic may be
obtained better by computation rather
than by experiment. Model tests are
still necessary to find out the basic
pattern of ship behaviour in severe
seaway at the nonlinear range of the
roll motion, as well as for proof of
theory. But our remarks about a
statistical evaluation of the capsiz-

_ ings might help prevent us from draw-
A ing too general a conclusion from

single random experiments concerning’
safety from capsizing.

We cannot use the estimation of the
distribution parameter Tb from the
mean of all times elapsed until cap-
sizing, as not all runs ended up with
capsizing, if we stopped all runs in-
tentionally, say after seven minutes.
Therefore all runs which did not end
up with capsizing must be taken into
account too. Thus we may use the
relation between the binomial and ex-
ponential distribution as described "
earlier. The probability of capsiz-
ing according to the binomial dis-
tribution in equation (3) must be
equal to the probability of capsizing
measured in the time T, therefore .

. T \PT = 1 — eXP ("'

and
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TC = -T/ln(l-PT) (30)

T = 7 mins duration of model testing
in single run e

PT = capsizing probability in time T

0

.

on the basis of 6h runs in 1971. There
were 21 capsizings, therefore an est-
imate of PT is

We can estimate this parameter, Tb,

PT’: n/N = 21/6h = 0.33 = 3

Using this estimate in equation (3)
yields

TC = -7/1n(1-0.33 = -7/-o.uo = l7.5mins
.

Furthermore, with equation (1) we may
find the precision of the estimate and
the confidence region for the time un-
til capsizing in testing with the bi- P
nomial distribution _ I

H0:9O = PT against H1:6l = Pl>PT_

In Figure 7 the corresponding probab-
ility distributions for the time until
capsizing are plotted. We see that on
the average we measure right in the
middle between the safe and unsafe ship,
obviously for practical reasons.

9. DESIGN OF HANDOM EXPE .{E SRII NT

As we have seen in the preceding chap-
ter, random experiments require a lar-
ger number of long time model runs in
order to get sufficient information»
about rare events, such as extreme roll
motion amplitudes in severe seas, and
particularly capsizing.‘ On the other
hand, for each change in the model s
parameter, the performing of another
random experiment might be necessary.
Considering only the most important
parameters we already know of, which
are freeboard, speed, heading, and
centre of gravity, it seems impossible
to carry out with reasonable effort
all combination experiments or cal-
culations in full detail.

It is therefore obvious that this
type of experiment must be especially
carefully designed with respect to

9/

the parameters involved and the model
conditions actually to be tested.

Let us roughly estimate the amount
of parameter combinations we might
need for testing the safety from
capsizing. Experiments with a large
number of parameters whose influence
is to be measured are called factor-
ial. Generally, we get the combin-
ations in Table I.

In this table there are nine para-
meters involved, each having between
two and four levels. Table 2-I gives
about the minimum number of paramet-
ers involved. This leads to a number
of combinations of

i\o I-'M9 = 1 = 23-35-A = 518a
i=1

If there is some nonlinear component
to be estimated, more than three
levels might be advisable. This is
the case for the ship speed where
only three levels might not be suffic
ient, and for the GM where the small
GM- level could be again subdivided
into three more levels. A sufficient
number of levels for speed and GM are
advisable because of the search for
roll resonance and because we would
like to gmeasure some GM- levels in
the close vicinity of a high capsiz-
ing probability. However, we have
to restrict ourselves to a consider-
ably smaller amount of combinations
for testing.

In our planning strategy for the
model experiments we can take advan-
tage of two facts:

i) On the basis of our knowledge
to date, from theory or'similar
earlier experiments, we can

" choose only the parameter com-
binations of special interest.

ii) As the actual test runs are
made with one specific ship
model in a time sequence, we
can use the results of the first
runs for the planning of the"
remaining combinations to be

. tested.

Thus, it is possible to reduce the
required number of test combinations
considerably.

We know from the probability consid-
erations that, e.g. five runs give a
poor precision for estimating the .
capsizing probability. On the other'
hand, we have to limit the total
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number of runs because of the effort
connected with conducting the model
experiments. In choosing five runs
we make sure to get at least a sig-
nificant sample of the motion pattern
involved as this certainly will not
come out sufficiently from just one
single run because of the statistical
fluctuations of many parameters, e.g.
initial phases, waves, heading, etc.

10. CONCLUDING REMARKS
The theoretical probability back-
ground of random time domain capsiz-
ing model tests or computations is
discussed in this paper, together
with an appropriate design of test
parameters. Picking out relatively
short time histories of the ship
motion in question, containing some
extreme roll amplitudes, enables us
to evaluate the motion pattern. But
the question arises how significant
this sample would be for safety from
capsizing. Therefore a method of
statistical hypothesis testing is
being applied. '

In this paper some probability dis-
tributions are used to develop crit-
eria on the statistical significance
of a time domain sample. The binomial
distribution is applied to the ques-
tion: capsizing or not capsizing?
The negative exponential distribution
is applied to the operation time of
a ship until capsizing in a certain
stationary seaway. Both distributions
have one important feature, the lack
of memory or forgetfulness for the
previous history.

The concept of confidence levels is
evaluated. But particular emphasis
is placed on the statistical precision
of the determination of the capsizing
probability, which is mostly over- I
looked in using statistics. Both con-
qfidence level and precision require.
.a large number of samples.

The practical results of this analysis
might be summarized as follows:

i) It can serve as a tool for plan-
ning the amount of experiments
of calculations of rare events
like extreme roll and capsizing
in order to assure accuracy in
a statistical sense. The para-
meter combinations must be care-
fully selected in order to avoid
an intolerable amount of work.

ii) It shows the danger of misjudg-
ing and misinterpreting of single
rare events as being dominant
for the conditions in question.

iii

ll.

1)

2)

3)

1+)

Caution is recommended in con-
sidering safety standards for
ships with respect to capsizing
from scarce statistical infor-
mation. It is not advisable
to determine safety standards
solely on a statistical basis
as the size limited samples of
rare events will barely include
all the information on safety
needed.

REFERENCES

Bickel, P.J.
"Mathematical Statistics"

Holden-Day, San Francisco, 1971

Kastner, S. v '

"Analysis and Evaluation of
Capsizing Experiments in San
Francisco Bay l97l"

Report to US Coast Guard, Dept
of Naval Architecture, Univ of
California, Berkeley, March 1973

Krappinger, 0.

"On Capsizing Criteria"

(in German)

Schiffstechnik 1962, pp. 145/15h
Paulling, J.R., Kastner, S. and
Schaffran, S.D.

"Experimental Studies of Cap-
sizing of Intact Ships in Heavy
Seas"

Technical Report of the Dept of
Naval Architecture, Univ of
California, Berkeley, for US
Coast Guard, Contract DOT-CG-8h,
November 1972 3 7



Kastner . ll.

1_:;|:s'r op SYMBOLS

G Belonging to QU€A: axis belonging to A)

¢_ ‘Inclusion (fi<1B means: 1 is n subset of B, or A
is included in B)

X hr :< given Y

9 Unknown statistical parameter

3 Estimated statistical parameter

Only symbols used in probability theory which are not well-known are shown here.
All other symbols are always explained in the text or can be understood from
the context in which they are used. _

o I l‘_1‘-_3?'_1~.1§£.

Factorial Table for Capsizing Experiments

i parameter ' Rough grouping of the parameter li \

e l freeboard ' ‘ low medium high 3
‘ \

2 ship speed 3 ~ low " medium thigh ' ‘ 3
 

7 ship heading | . ' . (heafl or A || 3 t . rds waves »following . quartering beam some- 1
‘ times) \

GM in still water _
T i ' m r f th . - .4 gzighteiguzznfire O; negative small moderate high Q

cl gravity in ship KG A _ . |

initial list of ‘ L v *
T5 * model in still I zero lOO ‘ ' 7 »

water 7

‘A 6 waves _ | small medium high Q v
 

7 A‘ rudder control 3 low high 1 Q
1 A (autopilot) setting _setting “

8 ' roll damping 7 low medium high 3

9 h transverée radius ‘ low ‘medium high 3of gyration I p |
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APPENDIX i

First we have to define a probability
model for random experiments. We
will generally use the Kolmogorov
probability model. In the notation
we will follow Bickel. We will intro-
duce here only some of the most im-
portant features for better under-
standing of how to handle our problems,
without proof or mathematical complete-
n§$3o 5 _

Definition: »

A random experiment is an experiment
where any outcome would be possible.
In other words, we do not require to
have the same result for every repet-p
ition of the experiment, but we do not
exclude the possibility of some exper-
iments having the same results. The
experiments must be repeatable. We
consider then a

probability; model (J').,O' , P)

where J1 sample space - is the set of
all outcomes of random experiments.

An event is any subset of.fl, denoted
by A, B, etc. One sample point or an
elementary event is any member of<fl>,
denoted by w.

q-sigma field - is the class of events
to which we are able to assign prob-
abilities. A

We assume that all our sets (sample
space.R) are measurable in the sigma
field, generally called borel sets B.

P probability - a function which_ A
assigns to each event in a a non-
negative number such that 0:§P:$l

with the properties

1) Pm.) -.= 1
1;.-1) PE Ai= cf P(A)

1=1 i=l 1
\

where " v
xx
X. A1 = union of the disjoint events

i=1 A i.e. of all events thati'»  
A do not occur simultaneously.

If the outcomes of the experiments
are real numbers, the sample spacetm

' s

of the corresponding probability
model can be thought of as a
Euclidean space, denoted by HR, with
k the dimension of the space, and

1 = (X,,.,,XP) members of the space
v~ . 5 k

R

The interesting quantities in a
probability model are called random
variables, denoted byX., and random
vectors* (denoted bygg ). Thus for
k z l, random vectors 1 are just
random variables >1 . A

Although the sample.space1&»for our
model experiments is very diverse, we
are interested primarily in only
some numerical characteristics of an
elementary event that has occurred._
For example, for safety from capsiz-
ing we might be interested mainly in
the roll motion, or even only whether
capsizing has occurred during this
run. - -

The probability measure of random
vectors in the Euclidean space is
called a probability distribution:

P6A) = /£o0ojb(t1,ooo,tk)dtl 000 dtk

with p the orobabilipy density function.

It is appropriate to describe random
variables purely in terms of their
probability distributions. The study,
of functions 3 of a random vectorgg '
is central to“the theory of probability
and statistics. Such well-known
functions 1 are, for example, the
sample average or the standard dev-
iations of the samples. Generally,
the probability distribution of g(?_<)
is completely determined by that’of
Z through '

P[§@<.>eA1 = P[.=1ég"1<A>]
Figure Al gives a graphical explan-
ation of the relations within the def-
ined probability model. Each space or
field is shown as an area, and the '
derived vectors, probabilities or dis-
tribution parameters are shown on the
connecting lines.

*Strictly speaking, a random vector
is a function which assigns a vec-
tor of real numbers to an event.
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METHOD FOR ESTIMATING “THE SHIP'S STABILITYi__, 

IN IRREGULAR SEAS

I. K. Boroday and E. P. Nikolaev 5
Krylov Ship Research Institute, Leningrad, USSR

l . INTRODUCTION

It has become usual to mention the '
reduction of transverse stability
in the following waves as one of
the factors responsible for a de-
crease in the safety of a ship in
stormy conditions. However, not
all the problems related to stab-
ility of ships in waves_have been
solved so far, while the assumptions
in respect of the conditions under
which stability estimations are
carried out are leading, as a rule,
to an oversimplification of the
phenomenon. For example, the assump-
tion that the speed of a ship is co-
incident with that of a regular
wave and that the length of the
latter is equal to the length of
the ship. I

This paper deals with the results
of studies of the transverse sta— .
bility of ships in waves, the res-
toring moment variations being con-
sidered as a random process with» F
inherent statistical characteristics.
It is from this standpoint that con-
sideration is given to the problem
of a suddenly applied wind load acting
on the vessel and the problem is of
paramount importance for the estima— I
tion of the ship's safety in waves.
In this respect the investigations
described are very close to the
problem of the probability of cap-
sizing of a randomly oscillating
vessel with an invariable statistical
stability curve. This problem was
solved by G.A. Firsoff in 1959 (2).

I

2. EQUATION OE-MOTION -

Let us assume that at a moment t = o

a transverse wind load Qg(t)
is applied to the vessel moving
in waves on an arbitrary course.
Subsequently, in analysing
the behaviour of the vessel
exposed to the wind we shall A
follow the methods described
in References (1), (8).

Using d‘Alembert's principle,
we shall write the equation
of the ship's heeling about
the longitudinal axis GX as

I7ui"I’ImI5+I'IzI*"az*MI‘-"M7"9‘0< 1)  
where - mass moment of

inertia about axis Gx:
P44 — added mass moment

of inertia?
Mal — noninertial hydrody-

' namic moment due to
drifting?

Maz — inertial moment due
to drifting:

Mo - moment of resistance
to side inclinations
of the vessel:

hp — moment of aerodynamic
force P°<( I1) 7

Mg — restoring moment to
be determined with
allowance for the
effect the ship '
speed has on stability

Since moment Mg includes the
wave—induced component (4),
thus in the absence of wind
load Ex(t) Eq.(l) describes the
ship's rolling motion in waves
taking into account the effect of
the waves on stability.

-

I
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The value of moment Mo being small in com-
parison with other components of (l), this
moment need not be taken into account in
the practical estimation of the dynamic
angle of heel as an error tends towards
the side of safety. .__ _

For a restoring moment the following presen-
tation given by (3) holds true:

Mg = r'l;+’»r*h,\,+1"r'1,' (g) F;-' D
where Mg - still water restoring moment:

Mv - component due to ship motion
, in still water: ,

 M - additional restoring moment
in waves.

If yis the resultant of aerodynamic forces
along Z-axis, then we have

MP = ' -3151
In order to define the structure of moments
Mal and Ma2 it is necessary to make an
analysis of the ship's drifting. As is
usually accepted, the effect of velocities
and accelerations of the ship's rolling
oscillatory motions on her transverse move-"
ment will not be taken into consideration,
see (7),(8).

The equation of drifting will be written as

where D = displacement
.@7 = projection of the CG trans-

? "1? verse velocity onto axis
- for a vessel moving in waves:

O

l HG): lateral hydrodynamic force.

For the case when the ship speed U7 is
sufficiently high when compared to the speed
of drifting, we represent_force H(t) as
the sum

H“) =_ ‘/'§24"’Z%°A11/%l3’+ H? (4) r
where /ii is the lateral force due to waves,
while the hydrodynamic characteristics /4;;
and An, as well as the added mass moment
of inertia in (l) are dependent on the
angle of heel Q . Owing to linearity »
of Eq.(3) and taking account of (4) the
velocity 1Z1§- can be written as the sum r
of the velocity of-transverse motions'Q5_
win waves without regard for the force .E%¥
and the speed of driftingflfiq in still '

where (7)
A 1.~J.~l= 7'

/‘:1
' Pa .

<=~1>\v +

j

._- 1-/L (5)
9 ,2;

with {:05 1711 =" 0 , this
solution takes the form

' ‘t-04: vi r
fizé at ;§(,§)/ldfi (9)

vs‘
Relation (9), given the wind load
variation, makes it possible
to calculate the speed of drift-
ing. The resistance coefficient
included in (7) can be repre-
sented as

J.

Q21:-.C,\9' -é-2' _ (10)

where so - area of underbodyy
projected on the
central longitudinal
plan: -

gl - empirical coefficient

In a more general case, when the
ship speed is not too high,
equation (6) can be substituted
for analysis purposes by the
equation  

1 |
1);! 5 , (ll)

The following designations are
used here:

%'

i

2%; J9:Lr
water under the action of aerodynamic load: $1-,1...--1 : G19’ --"' ;

v I. r ’1*7;rZ}=/17»%4-/1?, A <5) '€?‘"‘z2 ll?’/‘2:) <12)
Component Q9. is determined by the methods
of the theory of ship motion in waves: the
velocity 43% is obtained from equation = M _ az c

q , 2 Q + t _Q_' ’ aw 1%  vvgz = /gd) ‘6’ 9- “*1 Z(g*l‘11 <13»-\-, ”Z

sur q

“Q cr:u
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I

whered ,°<2 are the coefficients
obtained by model testing in towing
tanks. Some recommendations with
respect to numerical values of these
coefficients can be found in Ref.(8).

eq. (ll) is a particular case of the
more general Riccati equation, on
solving one can obtain in principle
the speed of drifting~fi%.

When passing from eq. (3) to Eq. (ll)
it is assumed that equation (5) is
equally valid for the case where due
to non-linearity of the equation of
drifting there is no ground for
breaking its velocity into component

1$n and the component determined by
wave-induced swaying. However,
taking into account the semi-empirical I
nature of estimated velocity 'AZn
and the possibility of neglecting the
value ofvqa as one of the second
order smaliness, let us consider
expression (5) to be acceptable..

Thus, with the speed of drifting in
calm.water known, the noninertial
lateral force in the general case
can be represented by the relation

\ I ys.a,q.-@,v.a,v,) -2-/ml <1.>
and its moment by

Ma: =- Q4121’ <15)
whereihgis the Z-coordinate of the:
point of application of Q/2

It should be noted that the hydrodynamic
moment induc by the velocity'%; and
acceleration , g of the ship's
transverse motions in waves is
included as a component in the restoting
moment , Hence, the moment
M32 wig. £2] expressed as L

__ _ ‘ <16)r ”Z3¢.:F1~ “F
Substituting (2), (15), (16) into (l)
we derive the equation of heeling:

(j;“+}*44)'é+M§_+m= Mr: I (17)
where the value of Mg is c _

A I

M/r="'/3 Zn’ Q7 Z4 ‘W’/§4U”Z'm"*’
and this should be considered as a
heeling moment applied to the vessel.

3. APPLICATION OF THE MOTION
EQUATION '

Eq. (17) may serve as the basic one
for solving the problem of the A
dynamic action of wind load on the,

vessel in a seaway. Since no
special assumptions were made
regarding the characteristics of
waves, it is felt that Eq. (17)-
can be extended to cover the
irregular waves as well.

If we assume that the squall-excited
aerodynamic force increases according
to some law from zero.value and then
again decreases gradually to zero, _
the solution of the dynamic heeling
problem may be reduced to the
analysis of asymptotic stability of
the ship's rolling motions in waves.

In the case of irregular seas this
analysis will essentially consist
of defining the time—dependent mean
values of heeling angles and their
dispersion. In ship theory,
however, there is another accepted
approach to the evaluation of the
aftereffects of wind load action.
As the duration of a wind gust is
unlikely to exceed the time interval
within which the vessel inclines to
the lee side for the second time,
the first inclination is considered
to be the most dangerous. Though
one cannot assert that the subsequent
angular oscillations of the vessel
will not exceed the first one in
amplitude, such a situation is
hardly probable.‘ The evaluation
of a ship's safety by analysing the
first inclination can be made in a
simple and most illustrative way
on the basis of expression (17) by
using the equation of actions.

In Eq. (l7) the additional restoring
momentflfl, of a vessel moving in
irregular waves can be described by
the differential law of distribution
assumed as recomended in (4), (6)
in the form of the Gauss law. The
problem of defining relevant statis-
tical characteristics of moment I
viz. variance , mean value as
well as correlation moments presents
no special difficulties, see (4). -
In addition account can also be
taken of the restoring moment
components caused by ship's rolling
and the diffraction of the oncoming
waves, (3). For this purpose,
however, it is necessary to know the
damping coefficients and the added
masses of the inclined ship's
sections, which may sometimes prove
to be difficult due to scant
information about these hydrodynamic
characteristics.

Figs. l and 2 show stability curves
for two fishing vessel models
underway in the following regular
waves, where Pam», Hgmin, are the  
maximum and the minimum values of the
restoring moments. Apart from the
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experimental points, plotted in the_
figures are the results of calculation
based on the distribution law of
hydrostatic pressures in wave, as '
well as those allowing for the Smith
correction and inertifl hydrodynamic
component of moment The value
of the added static moment of the
model, which is required for carrying
out the latter calculation, was
determined by the electrohydro—
dynamical analogy method. In the \
evaluation of the results mentioned
before it should be borne in mind that
the effect of the hydrodynamic components
will probably be more significant
when the vessel is on an oblique course
to the wave.

4. EFFECTS or‘ WIND LOAD  
Let us analyse the effect of a
suddenly applied wind heeling load
on the vessel rolling in irregular
waves. The random values of the
heeling angle and the angular
velocity peculiar to the ship at the
moment of applying Ml‘ will be
denoted by Q/4 and Q” respectively.
It should be emphasized that the z
components of the heeling moment MK
included in (17). given tfie
aerodynamic force, are quite
definite nonrandom values.

We shall now multiply both sides of
the equation (17) bydQ and integrate
these between the limits Q: Qfland
Q1; Qp assuming ‘that for Q: 89.12116
angular velocity Q: 9 Then in 63¢}!
‘particular case i.e. for a particul
r alization of random function #1 Lift}e /

and particular values of Q,-1 and? 8»
the value of the dynamic angle of heel

Sh can be derived from the equation
of actions
H; (ell 9;)--K(g:§)‘gné"= A/4 £99’ 5’) (18)

where I_, ,~/‘Ye; m(@)+-in “F9Rs‘?/"»’:.J[’ * 3
is the action of the restoring moment

’at angles of heel ranging from
‘~10 50} $0 Q”,qw.»9.)= j~,w1d@
" ah

is the action of the heeling moment:
' O9 AL

is the kinetic energy of the rolling
ship at the moment of the action oflflk,

‘ - J?-J'xx.7"f‘4-1-f
The dynamic angle of heel A90
being a random variable, a particular
value of that angle for an kind ofYrealization of the process under study

will not characterize the dynamic
angle completely. However, expres-
sion (l8) enables the probability
characteristics of angle Q9 to be
associated with the regularities of
ship's rolling in waves. Let us for-
mulate the condition which determines
the probability of the dynamic angle

wtermed the probability of exceedance

0; heel exceeding the arbitrary value
55 with the moment/Vg'given. For
each realization the above condition
as based on Eq.(l8), lies the fact
that in the course of dynamic heeling
the work of the heeling moment/9;: will
exceed the differenceflg-/(579fi0n for all
angles of heel ranging from 9” to 5*.
Hence the reqpired probability I

Q
1

-/<<e.>.:,~@.<A.<€.»@1  "9’
for all values of 52 provided that
EH <93 4 6: In expression (l9)

symbol P[....] is used to denote the
probability of satisfying the
condition enclosed in square brackets

9
The combination of values 54 and
Q(]E;‘) for a given heeling load fig
characterizes the effect of its
action. By analogy with the terms
commonly used in the theory of ship
motions the value )can be _

of the dynamic angle of heel. l“

‘The calculation of probability
by Eq. (l9) for any angle Ea does
not differ in the main from the _
calculation of the probability of
ship capsizing, the latter to be
found as the probability of the
validity of inequality

fi=P[Ag@4@’5K‘é")5i5” 94%)]-'( 20 )

for all ez>e, -u l

Further development of relations (19)
and (20) and formulation of a method
for estimating the values of P5”
andJ%5 e described in Ref.(4)?
If ,P§(5#3,:,) is the conditional
probability of capsizing obtained
for fixed values of the initial ,
angle of heel G14 and velocity 9” ,
the total probability will be
determined by the result of
integration 0

Boa Q9 '

€= I jPa(9n,é,)"[{a'wdgda ( 21)
Q. - .

where "7' is the two-dimensional
probability density of values (9 ~
and § assumed in terms of the
Guass law.

Symbol6%H in Eq. (21) designates
the maximum amplitudes of rolling
motion which may occur in irregular
seas of a given intensity. Methods
for the evaluation of maximum
amplitudes of heeling and ways of
correcting the corresponding laws
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of distribution are given in Ref. (5).

For the probability of noncapsizing,
fh the following relation is valid:

_m PH --= /-P. (22)
If in the relations used for the 7 I .
estimation of.fL the value of the (5)
additional restoring moment is
assumed to be equal to zero, one can  
approach the problem of the probability
of capsizing of a rolling vessel with
a fixed curve of static stability
and this problem has been analysed by
G.A. Firsoff. 1 (6)

5. COMPARISON OF THEORY AND
EXPERIMENT

The results of the computer calculation ‘ (7)
made for the curve of exceedance are
given in Figs. (3) and (4) together
with the data obtained in a model tank
from testing a model of a seiner in
two-dimensional irregular head waves'
for two conditions of loading. The (8)
external heeling moment applied to
the model was effected by a sudden '
dropping of a small weight from an
arm extended horizontally outboard for
a significant distance. The calculations
were performed with reference to this
particular heeling moment.

The comparison, using the Kholmogorov l
criterion, between the curves of
exceedance as obtained from experiment
and those calculated showed a good
agreement. This serves to confirm
that the proposed method of determining
the heeling load effect on the vessel
can be accepted for practical evaluation
of ships‘ dynamic stability in irregular
seas.
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THE ULTIMATE HALF ROLL

by

K. KURE and C. J. BANG

Danish Ship Research Laboratory,
Denmark

SUMMARY

Many years of research in the field '
of ship stability in waves, the results
of which have partly appeared in the
IM60 papers PFV X/8/2, PFV IX/7/3, 2
formed the background for studies of
the capsize of a coastal tanker in bal-
last condition, which complied with
the IMCO recommendations for transverse
stability. " " _

Model tests were performed with a four
metre wooden model in a 16 million
litre model basin equipped with a dig-
itally controlled pneumatic wave gener-
ator.

The reconstruction of the capsize in
ballast condition was successful and
was extended to higher GM values than
that recommended by the IMCO regulations.
Fully loaded it was not possible to cap-
size the model when it was even at much
lower GM values than recommended.' Wind
(mean) and gust effects were simulated.
Hard facts regarding the limit GM in
the test environments were obtained.

A deeper analysis was subsequently at-
tempted, with concentration on the ob-
served ultimate half period of roll
which progressed directly into the cap-
size. ~

An energy and moment balance analysis,
using righting levers which varied
during the wave passage, mean wind and
gust moments and non-cancelling wave-
forcing and motion-damping moments, did
not explain the capsize.

The well-established effect of coupling
moments into roll from heave and pitch
and wave passage, described by the
Mathieu type of equations, was not eff-

ective, because of the lack of nec-
essary 2:1 tuning ratio for the wave .
encounter. A

A Faltinsen, Salvesen, Tuck strip
theory computer program using Potash
close-fit hydrodynamic force values
was applied to evaluate the coupling
terms from sway and_yaw. They were
small for the loaded condition and
large for the ballast condition in
which latter case counteracted the
roll motion and the large wave heeling-
moment. The coupling moments were
thus apparently not responsible for
the observed rapid capsize.

However, a hypothesis could be built
up to explain the capsize in terms
of the above causes, by considering
the lagging of the roll motion behind
the other modes in the.(then) ultimate
half-roll cycle of this strongly non-
linear system.

Conclusions and recommendations are
given. T

1. OBSERVATIONS

l.l The Capsize

A small Danish tanker having GZ-curves
complying with the IMCO recommends '
ations capsized some years,ago in the
Baltic Sea near the Swedish island of
Gotland. She was on a ballast journey
and steamed south in,a stern quarter-
ing sea. In between she rolled rather
heavily and suddenly she capsized.‘
The weather had a strength of Beaufort
6-7. Only two persons survived.

The main particulars of the ship are
given in Table 1.
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The loading condition- was later an-
alysed in detail and established to
have been as specified in Table 2.

The characteristics of the GZ curve
are given in Table 3.

The curve itself is shown in Figure l.

The environments are not known very
accurately. The wind force was
stated to be Beaufort 6-7 with A or
5m high waves. For a standard set
of wave data in the Baltic Sea east‘
of lho East longitude, Reference Ll]
gives the following values:

BF 6-2 H1/3 = 3.#m ,

= 6.3mHmax

H. =7 801.111
max

A = 55 mi

It is usually assumed, when more pre-
cise information is lacking, that the
visually observed wave height com- '
pares to the significant height H1/3.
The reported waves are then a
little higher than the average stan-
dard value. The extreme heights of
a seastate are a little less than
double the Hi/3 value.

1.2’ Model Tests

Laboratory attempts to reconstruct
the capsize as soon as possible after
the disaster were made at the Danish
Ship Model Basin. An existing fibre-
glass model was adopted, having more
or less the same main particulars as
the present ship. This model had
earlier been used for the reconstruc-
tion of the sea disaster of the ship
and was an accurate model of that
$hip*o

In the present reconstruction it
capsized immediately and repeatedly
in different weather states.

A one in sixteen scale model was then
built of Obeisha wood in order to
reconstruct the capsize more precisely.“

It appears from Reference [2] that
the IMCO recommendations which in the
present case were not sufficient to
prevent_capsize, were almost entirely
based on loaded ship in contrast to
the present ballasted case. It was
therefore decided that the model
should also be tested in a loaded IMCO

condition in the same seaway as that
of the reconstruction. See Figure 5
and Table A for details.

The main particulars of the model
are given in Table 5. It was built
with poop and forecastle, bulwark,
bilge-keels and stylized deckhouses.
The model was equipped with a pro-
pulsion motor and a model propeller,
a steering gear and a rudder, a gyro-
horizon and a wind moment and gust
simulator. A king post with adjust-
able leaden weights to be fixed in
a range of vertical positions were
installed to be able to adjust the
GM-value easily during the tests.
See Figure 2.

The basic values of displacement and
trim, metacentric height and trans-
verse and longitudinal radii of
gyration were obtained by adding
and displacing leaden weights in the
model during consecutive inclining,
trimming and oscillation tests in
still water and in air suspended on
knife_edges- '

All instrumentation was remote con-
trolled in the final set-up as shown
in Figure 3.

The wind and gust
of a mechanism to
suddenly from the
side of the model

simulator consisted
displace a weight
centreline to the
and to let it stay

at side until it was released. The
magnitude of the weight shift was
selected in advance to comply with
the wind moments apparent at the
instant of capsizing. (They were est-
ablished from existing measurements
on similar ship models in the lab-
oratory's wind tunnels.

The model seastate was generated by
the pneumatic wave-generator at one
end of the 2&0 x 12 m model basin of
5.5 m depth of water. The wave-
generator has been digitally control-
led for more than l0 years and can
generate regular, irregular and tran-
sient waves. Reference 3 .

To facilitate analysis, a wave system
was adopted comprising of a single
representative component and one
additional longer period component
to shape the distribution of peaks. ‘

A sample of the seaways used in shown
in Figure A as measured by the lab-
oratory's admittance type wave probe
and recorded on a chart recorder.

The model tests proper were performed
in the model basin in stern quarter-.
ing seas in the set-up as shown in
Figure 3. Colour film was taken of
all tests and wave surface elevation
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and roll angle were recorded con-
tinuously on a chart recorder.

For the ballast loading condition .
tests were made using the metacentric
heights given as full-scale ship
value in Table 6.

The observed number
also given for each
The ratio of number
number of tests for

of capsizes are
test condition.
of capsizes to
each condition

does not indicate the risk at the
tested GM-values. Each test began
close to the wave generator when the
model seastate had been developed
throughout the basin. ~

The character of the wave pattern is
ever changing with time and location
within the chosen statistical para-
meters. The model is sailed in piece-
wise stern quartering seas along the
tank. It was therefore also a matter
of luck when the model was proceeding
suitably for a reconstruction sailing
when the proper severe wave conditions
developed locally. ‘

However, it was a convincing exper-
ience to watch the model behaviour in
the particular cases and judge its
tendency to capsize or to be safe. It
was safe in the model basin at a GM
= 0.97m, but not at the smaller values
It was not necessary to include wind
and gust heeling moments to_O.6hm,
0.70 and 0.75m to obtain a capsize.
At 0.97m GM it was not possible to
obtain a capsize even by using the wind
and gust simulator.

The fully loaded model was tested
under the same circumstances in the
loading conditions (Table 7). Wind
and gust moments were used in all
cases, but, nevertheless, the model
was intuitively felt to be quite safe
at 0.65m and 0.55m GM values. There
was some slight doubt with respect to
complete safety for the O.h5m case; A

1.3 Hard Facts

The immediate results of the exper-
imental investigation can be expressed
in terms of the displacement of the
vessel and the GM-value. A more det-
ailed specification is given by the
related GZ-curves and tabulations of
the individual sub-criteria of the
IMCO recommendations.

These data are presented in the dia-
grams Figures 5, 6 and 7 and in Table
8.‘

It should be remembered that the data
describing the results of the tests
were obtained in a model basin under

3.

laboratory conditions, for the par-
ticular type of ship investigated, in
a single seastate which was not ex-
treme. The results represent single
points only in a regression diagram
for a statistical evaluation of re-
quired parameters for safety against
capsize.

2. ANALYSIS

2.1 Introduction

The hard facts d‘the reconstruction
of the capsize in model scale are
direct results. Combined with a lot
of corresponding results from model
tests and - preferably - full-scale
experience, a new statistical anal-
ysis as performed by IMCO, see
Reference [2] for full load vessel
capsizes, can be made. It might
even be possible to introduce new
significant parameters.

However, let us try to analyse the
observed model scale capsize phenom-
ena, which yields much more detail
than sea-disasters do, to see if it
is possible to dig deeper into the
physics.

Such an exercise will, if we are
lucky, provide us with information
on possible new parameters in add-
ition to the usual ones, the e30,
eho etc. used in the regression an-
alysis. It might also bring us a
little step towards a rational sol-
ution of the safety against capsize
problem.

There is not doubt that the capsize
in the model basin was a dynamic
phenomenon. Lack of static stability
does not concern us in the following.
We do know some facts from the real
disaster, but the instrumented_re-
peatable model phenomenon filmed at
50 frames per second will be our only
reference to physics in the analysis.

The usual way of analysing dynamic
stability phenomena is so far a
rational one. It takes place in terms
of ordinates and areas related to the
GZ-curve using principles of energy
and moment balance. The method studies
in each case the work done by the
heeling moments against the stability
work done by the righting moments.
Figure 8 indicates the method where
the case shown is safe. The roll
motion commences from the initial heel
to port, passes through upright and
the heeled equilibrium position where'
the kinetic energy of the roll motion
is at its largest, and ends with the
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utmost starboard heel angle where all
the kinetic energy is absorbed by
the stability work. The two shaded _
areas are equal. The righting lever
at the final heel angle is positive
and will accelerate the motion towards
upright. Reference [#1.

The half roll period studied was not
the ultimate. The ship did not cap-
size. ‘ . A

Critical Examination

The external loads The analy-
sis sketched above is physically
sound. The question of capsize
or not and the details of the
heel motion are completely des-
cribed by the diagram. At any
instant from the port down pos-
ition, to the starboard down pos-
ition, the differential change
of potential energy represented
by the strip area A (GZ-heeling
lever).~ d¢ equals the_change in
kinetic energy l/2 I (¢ + as )2
- ¢ 2 and thus by integration the
instantaneous velocity of motion.

The success of the approach in
predicting the effect presupp-
oses, however, that all causes
have been taken into account.

I The wind and gust moments acting
on the ship are not the only en-
vironmental effects. The waves
also act on the ship. In the
usual analysis it is assumed
Vthat the energy transferred from
the waves to the rolling motion
dissipates at the same rate into
damping of the motion (wave gen-
eration damping, eddy and roll
drag damping). This must be the
case in the long run, when the
ship does not capsize. This is
not necessarily the case when a
single half roll is considered,
and especially not when a poten-

-tial ultimate-half-roll is stud-
ied.- " '

In a pure sinusoidal motion of .
roll in a pure sinusoidal wave

. exciting moment the motion is
expressed as: A

¢= (p sinwto
with the velocity

6): mowcosut

It is seen that the linear damp-
- ing term B m is expressed by an-

elliptical curve in the GZ-
diagram because the above two
equations form a parametrical
representation of an ellipse.
The same argument is valid for
‘the out of phase component of
the wave exciting moment. In
the resonance case where the A
roll motion is largest it holds
true for the complete exciting
moment. See Figure 9. when
the roll motion is stationary
and Sinusoidal as assumed above,
the two contributions, exciting
moment and damping moment, can-
cel each other identically at
any instant. This is not so in
factual cases which are neither
stationary, linear nor sinusoid-
al. The elliptical form is pro-
bably more or less retained as
a first approximation. Further
research is needed. 4

The wind moment applied in the
analysis needs further consid-
eration. 'In many standard cases
the heeling moment due to wind
is.assumed equal to the product
of the wind force and the ver-
tical distance between the geo-
metric controids of the lateral
areas of the above-water ship
and the under-water ship, thus
assuming horizontal forces only.
Any vertical component of wind
force is compensated for by a
very slight change of draft.

However, the pressure field over
the above-water ship will trans-
versely be equivalent to a non-
horizontal force and a moment
which also has contributions from
local vertical forces. Measure-
ments in wind tunnels of horizon-
tal force and total moment will
give a vertical position of
centre of pressure distinct from
the area centroid. The same
holds true for the under-water
hull. Dependent on above and
below water shapes, the vertical
wind moment lever will differ
from the centroid lever, see Fig-
ure lO. In the case of gust con-
tribution, the under-water pres-
sure field and thus centre of
pressure will be different from
the stationary mealwind case.
These effects and the ones caused
by rolling motions and the other
ship motions themselves have not
been taken into account in the
present investigation. Further
research is needed. ~

The GZ-curve The righting
lever curve in the diagram is of
the utmost importance for the out-
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come of the analysis of dynamic
capsize, with equivalent con-
sequences at sea. The curve is
completely described for static
heel of any ship in still water
by the well-known expression:

ez = GI-I sins + MS

in the usual notation provided
the MS-values are computed for
the ship free to change trim.
The righting moment is the pro-
duct of the lever and the weight
of the ship equal to the total ‘
buoyancy force.

When the ship is labouring up
and down in waves the instant-
aneous buoyancy force is not
equal to the weight of the ship.
The GM-value, the slope of the
initial tangent of the GZ-curve,
and the residuary lever MS differ
from what they were in still ~
water. Their origin, the pres-
sure distribution around the
underwater hull, differs from the
hydrostatic valid in still water
Cases -

The GZ-values depend on the heave
motion, the pitch motion and the
mere wave passage. It may be
expressed precisely in mathemat-
ical terms as the derivatives:

3 1 ,
—§§ # O for heave (2) dependency

aez
Be T‘ O for pitch (9) dependency

I

if O _ for-wave dependency
.9/Q~.|‘\N

lax

They are all dependent on hull
form, loading condition and wave
parameters. The first two are
conveniently determined for fic-Q
tive motions in still water for
which case the initial values
BGM/‘Bz and BGM/B9 have been

treated in great detail in Refer-
ence [5]. These initial deriv-
atives have a great influence on
the roll motion as they affect the
motion stability by transferring
roll energy from the heave and 1
pitch motions respectively in the
case that these motions occur
twice as fast as the roll motion.
Many ship models have capsized in
the SL-mode1'basin even in head y

5.

seas due to this effect. It is
not thought to be acting in the
present case where the heave and
pitch motions were forced-by the
encountered waves having periods
quite distinct from 1:2 of the
roll period. The roll motion
occurred approximately at reson-
ant forced by the same waves.

Only the wave passage dependency
need further consideration in
the present case. ’The determin-
ation of the variation of GZ or-
dinates during the wave-passage
is a rather complicated matter.
As a first approximation, the
GZ-curve in waves obtainable
from existing computer programs
was therefore chosen.~ They re-
present fictitious static sit-
uations of a ship being inclined
in a wave at selected parameters
and locations along the ship
side. The computations take in-
to account the apparent change
of buoyancy in the wave, but not
the disturbance due to the pres-’
ence and the motions of the ship.
The results of the calculations
for ballasted and loaded con-
ditions for a 100 m long wave of
9 m wave-height positioned with
a crest respectively trough at
midship section are shown in Fig-
ures ll and 12. I -

In order to study the time his-
tory of a capsize it is necessary
to know the time history of the .
GZ-curve. The best way of ob-
taining this on the adopted basis
is to compute the GZ-curve for a
set of locations of the wave crest
and trough along the ship lengthy
and between the two shown in Fig-
ures ll and 12. This has not been
done. Instead a harmonic vari-
ation has been assumed as sketched
in the figures. ~The average
value is more or less equal to
the still water values. This does
not mean, however, that the effect
of the variation in waves is nil
in the long run, because the long
run is made up from particular
cases like Figure 13.

Commencing with the port down at-
titude in the wave crest, the
righting lever curve is at its _
highest numerical value. As the
roll develops the wave passes al-
ong the ship so that the GZ-curve
is at its average value when the
ship is upright and at its lowest
when the need is largest, at the
starboard down attitude in the
right hand side of the diagram.
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The potential energy bound in the
port heeled condition due to the
righting levers and the heeling
levers, is exaggerated by the wave
action which increases the right-
ing lever. Later in the motion
the righting levers, which must
absorb the kinetic energy involved
in the roll angular velocity, are
diminished by the wave action.
This causes the heeling angle to
increase until the shaded areas
become equal. In this example,
the final righting lever is pos-

- itive. The ship returns towards
upright.

3) The initial angle of heel It is
apparent that the result of the
analysis depends strongly on the
applied initial value of heel.
For regulations and standard pro-
cedures it is necessary to specify
this value directly or indirectly.
In the present case we are in the
lucky position of having recorded
this angle during the model basin
tests. It appears from Figure 14,
which shows a typical time history
of a capsize. A record of the
time history of a set of the.lar-
gest roll angles which occurred
during the loaded condition tests
is shown in Figure 15. I

2.3 Analysis of the Capsize

A simple dynamic stability diagram
like Figure 8 will not explain the cap-
size as it occurred. The hypothesis
illustrated in Figure 13 tries to ex-
plain capsizes by the effect.of varia-
tion of the GZ-curve ordinates during
the wave-passage as discussed in a
previous section.

The model experiments performed present
an opportunity to test this hypothesis.
We have quantified the causes, though
only to a first approximation, and we
have recorded a time history of the
capsize. The main hypothesized cause,
the GZ variation, is significant in the
ballast case but much less so in the
loaded case, where capsize was not en-
countered.

The GZ-variation for the ballast case
appears from Figure ll. The wind moment
was nil. The simulator in the model was
not used in the analysed experiment.
The moment from the waves is taken equal
to the product of displacement, the
metacentric height and the surface-wave
slope corrected for angle of incidence,
by the sine of this angle. The result-
ing wave slope was 8 degrees correspon-
ding to a heeling lever of 8.9 cm.
The damping moment of the roll motion
is determined as 13¢ . The angular

velocity is estimated at the equil-
ibrium position to correspond to the
potential energy represented by the
left hand side shaded area of Figure
17b. The velocity is about 10 deg/
sec. The linearized damping coeffic-
ient B is found from the expression:

A.i / GM

derivable from any text book on lin-
ear oscillations. The amplification
factor F is in the present case found
from additional model experiments in
beam waves and from roll decay tests.
The value is on the average, about 3
for the roll angles occurring. See
Figure 16. .The resulting maximum
damping lever is 6.2 cm. The time
history of the capsize appears from
Figure 17a.

Taking everything together the result
appears as Figure 17b. The effective
GZ-curve is drawn through the time
mark plots on the instantaneous curves
from Figure ll. The area between this
curve to the left of the ordinate axis
and the ellipse-like curve represent-
ing the difference between the wave
forcing and the damping moments con-
tinued to the equilibrium heel of 2
degrees starboard, must be absorbed'
by the right hand side shaded area.
This is easily accomplished at an
angle of about lh degrees. The cap-
size can hence be explained this way.

The left hand shaded area is almost
of triangular shape corresponding to
the case of a linear motion. The
duration from the start, to the equil-
ibrium heel, can therefore be found
as one quarter of the natural period
of roll associated with an effective
GM value of 0.96 m. The duration
then is about 2 seconds. ‘The actual
capsize heel was developed only a.
little further at 2 seconds from the
start. See Figure 17. The actual
heeling moments before then can there-
fore only have been a little larger
than the ones used in the analysis.
During the following part of the
motion towards capsize, the moments
acting in this direction must have
been considerably larger than the ~
values used in the analysis to pro-
voke the capsize. The actual path of"
the wave minus the damping curve is
rather indeterminate, but does seem
seem to matter much. There is plenty
of potential energy represented by
the non-shaded area to the right at
the final lh degrees heel angle, and
there is_a considerable righting lever
at that angle.
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A heeling moment larger than this i
righting lever is needed to explain
the capsize. ‘The magnitude may be
evaluated from the acceleration curve
of Figure 17a. It has been deter-
mined from the capsize time history
by graphical differentiation twice
and is therefore rather uncertain.
However, the moment lever required
to accelerate the ship mass moment
of inertia to the final value of 2
degrees per second-squared is about
0.5 m or about twice the still water
righting lever and three times the
the effective righting lever from the
above analysis. A moment of this
size does not seem to be the result
of uncertainties.

The loaded condition did not capsize
despite the much larger variation of
GZ lever than in the case of the bal-
last condition. The righting lever 5
for the wave crest amidships attains
negative values immediately from up-
right. The righting lever for the
wavetrough-amidship has large positive
values from zero heel to very large
angles.

Consider Figure 18, which shows the
outer end of the stability work area
and the time increasing GZ-curve. A
roll motion passing the apparent cap-
size point at a finite angular velo-
city, because all the kinetic energy
of the roll motion has not been ab-
sorbed at that heel angle, is further
accelerated outwards by the moment
acting thereafter. The ship might
still be saved if the rise of the GZ-
curve is fast enough.

This possibility of rescue is not at
hand for the loaded condition because
of the all negative wave crest right-
ing lever in the present analysis. No
diagram is shown of this situation.

2.A Further Consideration

At the present stage of the invest-
igation of the dynamic capsize in
stern quartering waves the hypothesis
illustrated in Figure 13 is being
studied with respect to its power to
explain in this particular case, the
GZ-curve variations as the cause or an
indispensable part of the causes of
the capsize. Related to the model ex-
periments made with the loaded and the
ballasted model, numerical values of
the assumed cause have been obtained,
though only as a first approximation.

Summarizing the circumstances which
have all been made equal as far as
possible for the loaded and the bal- .
lasted ship model, Table 9 may be set
up [61. '

7.

This table taken together with the
failed_analysis of the ballasted
case show that we are on the wrong
track. The hypothesis has been
falsified for the present particular
case and therefore [7] also for the
general case as a necessary and suf-
ficient explanation of capsize in
stern quartering waves.

One significant observation from the
model tests might save the analysis -
and explain the capsize for the bal-
lasted case contrary to the loaded
case. The harmonic variation of the
GZ-curve presupposes a wave passage
along the ship at a constant velocity.
The visual observations for the
loaded ship model confirmed this pre-
supposition. For the ballasted ship
model, however, it was clearly seen
that this was not the case. The ship
model was carried along with the wave
crests at their speed and retained
during the passage of the troughs
resulting in the maintained average
speed. The instantaneous ship model
speed relative to the constant wave
profile celerity must have caused the
GZ-curve variation to be strongly
non-harmonic, more or less as shown
in

Taking this into account in the cap-
size analysis of a half roll Figure
20 shows that it does not explain the
capsize in spite of the much longer
continuance of the effective GZ-curve
on the wave crest amidship-curve.
This is due to the fact that the
kinetic energy to be absorbed is also
reduced, which is seen from the red-
uced size of the shaded area of the.
heel potential energy.

2.5 Strip Theory

An efficient tool which is now class-
ical in seakeeping work is the strip
theory computational method. It
deals with regular motion in regular
waves. The transfer functions which
are the ship motion characteristics
quantified by the above methods can
perfectly be adopted for spectral an-
alysis approaches to predict the be-
haviour in random seaways.

Consider the roll transfer functions
for the ballasted and loaded con-
ditions for the present ship. They
have been computed using [8] which
isia Danish version of the Salvesen,
Tuck, Faltinsen strip theory [9] and
the Potash potential flow calculations
[l0Q ._ An important deviance from
the original work [9] is that the
non-linear damping of the roll motion,
numerically treated by iteration, is
associated, by the simultaneous
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computation of the coupled motion modes.
They are still treated as linear, but
the contributions from the roll coupl-
ing terms are better balanced in this
way, to make better transfer functions.

The computed transfer functions for
the two loading cases appear from Figure-
21. They have been computed from the
linear equation of roll motion coupled
with sway and yaw (equation IV of [8]
for variable No. #):

(A1414 + 1nu)pé;5 + B aw + em»

+ (A142 - MzG)5? + B425’

+ (Al-+_6' - Ill-6) CP + B146 ~y

= Fhl + ituz (5)  

The motion mode h is roll, 2'is sway
and 6 is yaw. The exciting moment on
the right hand side of the equation F143
has a real component Fhl and an imagin-
ary component iF#2 in the complex not-
ation used.

The coefficients are given in Table l0
for a lOO m wave length as used in the
model experiments. The table values
are extracted from the complete com-
puter output.

All values are stated per meter wave
amplitude. The inertia product I46 is
taken equal to 0 due to lack of infor-
mation on the proper value. The Ihh
is taken to comply with an effective
rate radius of gyration for the ship of
about O.h-Ship breadth. The non-linear
damping coefficient was given a value
of 0.5 for both loaded and ballasted
condition being an average of model
test values from roll decays analysed
by a numerical procedure [ll].

The harmonic motion being dealt with
has the motion amplitudes of Table I1
for the angular frequency of encounter

e' *

Referring these amplitudes to the
values of motion per metre wave height
or radian of slope of Figure 21 and
introducing them into the equations of
Table ll, the individual terms will ob-
tain the values given in Table 12.

The.values for ballasted ship and
loaded ship in Table 12 are more or
less of the same magnitude except the
sway_mass coupling term and the wave
excitation. They are both larger for
ballast than for loaded by a factor of

4, ,

2 respectively 5. In terms of right-
ing levers the difference is more
pronounced by a factor two between
the ship weights of the two conditions.
The wave excitations stated are the
pythagorean sums of the components of
Table 10.

2.6 Vector Diagrggs

A convenient way of studying the in-
dividual contributions in their mutual
relationship is the vector diagram
(Gauss plane [12] ) presented in Figure
23 for ballast condition and Figure 22
for loaded condition. They show to
the same scale the amplitude and
phase of each contribution in such a
way that the length of each vector
»represents the magnitude and its dir-
ection represents the phase angle of
each particular contribution. *

Looking at the loaded condition dia-
tgram first it is seen that all vectors
are less in size than the righting
moment vector. All quantities are
given per meter wave amplitude. The
roll angle in the lOO m long waves
encountered 30 degrees from aft is
about 1 2 degrees and thus not com-
parable to any capsize situation, but
does on the other hand compare to the
rolling in the higher capsize waves.

The vectorial sum of all contributions
is nil except for a small contribu- T
tion from the second order roll damp-
ing which is not shown. The dynamic
equilibrium diagram shown has had the
excitation moment transferred to the
left hand side of the equation which
is the reason for the opposite sign
in relation to the table values.

Turning now to the vector diagram for
the ballast condition of Figure 23,
it is seen that the exciting moment ‘
is more than twice the righting mom-
ent and that the active roll moment
due to sway acceleration is almost
twice the righting moment. The other
contributions are relatively small or
even negligible. The above two large
contributions do each have the magni-
tude we were looking for in the an- ‘
alysis based on the Figure l3 hypo-
thesis measured by the righting mom-
ent.

Vector diagrams describe harmonic
motions and do not lend themselves
to the description of a Figure 13
motion. However, for a more or less
equivalent harmonic motion only four
vectors would be present, the right-
'ing moment vector and the oppositely A
directed inertia vector. Perpendic-
ular to this direction along the
vector would occur the damping moment
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vector. The size of this would be
as many times smaller than the right-
ing moment vector as the earlier used
amplification factor F, i.e. a factor
of about 3 in this case. The vector-
ial sum of the damping vector and the
difference between the two opposite
and, for this particular case, almost
equal righting and inertia vectors
would be equal and opposite to the
wave exciting moment, see Figure 24.

The present diagram Figure 23 is much
more complicated. The wave excit-
ation is far from perpendicular to
the righting moment vector due to the
interaction of the coupling terms.
Summarising the above exposition two
large roll moments appear in the coupl-
ed harmonic motion. Each of them has
the size required to capsize the ship
in terms of the earlier analysis. One
of them is the direct wave_exciting ~
moment. It is much larger by a factor
of about 5 than the earlier assumed
value based on surface wave slope.
The other is the sway acceleration
coupling moment. But they are mutually
interlocked in opposite directions.
Their difference has the magnitude of
the earlier used exciting moment which.
means that they almost cancel each
other.

2.7 The Non-Linear Case

The above assumptions quantified by
the strip theory relate to harmonic
motion which requires the righting
moment to be proportional to the heel
angle, i.e. a GZ-curve following the
initial GM tangent. This required mom-
ent will accelerate the roll motion .
towards upright from the utmost heel
angle to each side in the motion.~

If now the heel in the roll motion
has become relatively large due to the
effect of direct excitation moments
and the Figure 13 effect of GZ varia-
tion then the instantaneous righting
lever, when the motion stops, is much
less than the value of the correspond-
ing linear case.

The roll motion can therefore not keep
pace with the other motions sway and
yaw and lags behind them disturbing
wthe entire motion and thus the magni-
tude and phase of the individual mom-
ent components. F

If especially the sway motion continues
more or less unaffected by the delayed
roll and the direct roll exciting mom-
ent is closely related to the roll ‘
motion itself, then the mutual inter-
locking between the two large moment
components cause their total effect to

.
4

increase considerably. The other
moment contributions are too small
to affect the motion.

In the loaded case all moment con-
tributions are small in relation to
the righting moment and thus not
able to cause trouble. The capsize
in the ballasted case contrary to
the loaded may then be explained by
the following section.

2.8 Final Hypothesis

The ship was rolling moderately in
stern quartering seas. The GZ-curve
was varying as the waves overtook
the ship in a non-harmonic way
causing the particular motion from
one side to the other which should
end up as the ship's ultimate half
roll to have much reduced righting
levers. This caused a continuous
lagging of the roll motion behind p
the sway and yaw motion. The lagging
disturbed the balance between the
large wave exciting moment and the
large sway acceleration moment exist-
ing in the harmonic motion, where
they almost completely cancelled each
other out. The new resultant of
these two outweighs the remaining '
righting levers and accelerates the
roll motion into capsize. 7

3. CONCLUSIONS AND RECOMMENDATIONS

Reference [2] mentions two contemp-
orary practices regarding ship trans-
verse stability. The_first balances
heeling levers against righting levers
and the second specifies coordinates
of the GZ-curve. The first may be -
interpreted as a physical approach
and the second as a statistical approach 4
see also Reference [15]. The physical
approach will be able to render new
insight, whereas the statistical ap-
proach will be able to include all
model and full-scale experience using
regression methods, either formal
mathematical ones or more intuitive
practical ones as they appear from-
[2]. The regression parameters must
anyway be determined from a physical i
theoretical insight in the pheonomena. 4

\

l

There is not doubt that these can, in !
principle, be described and predicted i
entirely based on Newtonb laws. But i

9. 1

the circumstances are so complicated
that special theories and hypotheses
will be required to describe them.
The analytical geometrical character
of foundational work such as [16] and
[17] is not equivalent to that of the
present topic.
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It is inherent in the present work
that the parameters of [18] are not '
found completely representative. The
hard facts have immediately been re- ‘
lated to the displacement of the ship
giving a few values for a coming re-
gression analysis.

However, the main part of the invest-
igation is concerned with the set of
and the magnitude of individual con-
tributions to capsize in stern quar-
tering seas at moderate initial roll-
ing. The investigation ends up with
a hypothesis for this particular case
that the sway coupling moment and the
very large wave exciting moment which
normally almost cancel each other,
taken together with the effect of GZ-
variation expressed by an earlier
hypothesis (Figure 13) and together
with the effect of the strong non-
linear character of the righting mom-
ent are responsible for the ballast
capsize. No study was made of whether
or not the magnitude of these heeling
moment contributions are due to the
light displacement as such, or if for
example the high position of C.G.
alone would be sufficient to cause
the large moments, and that the strong
surging moment was the only contrib-
ution from the light displacement as
such. This would introduce as re-
gression parameter also a quantity
such as KG, BM or similar.

This investigation will be of wider
interest only if the hard facts from
the model experiments can be explained
for this particular capsize by the
analysis, and if it can lead to the
explanation of the general case and
thus contribute to a scientific theory
of such capsizes. [lh]

The attempted analysis, based on com-
mon theoretical aspects and on the
existing hypothesis (Figure 13), con-
cerns an aspect which is not usually
treated and is believed to throw some
light on these pheonomena. The ex-C
isting hypothesis was falsified. It
did not explain a single cause for
the capsize. Ad hoc hypotheses did
not save it. Taking in further theor-
etical aspects from the theory of
ship motions elucidated the problem
when taken together with certain con-
siderations peculiar to the non-linear
case represented by the shape of
ordinary GZ-curves and taken together
with the above hypothesis on GZ vari-
ation and the surging motion peculiar
to the ballasted ship model. 'Thcse
contributions together made up the
final hypothesis which is believed to
explain the present particular capsize.

Its corroboration by the present model

experiments is heuristic and a form-
alized treatment would give it
strength. An analog computer analysis
is being considered. It is anyway
believed that the hypothesis will be \
able to explain and predict the gen-
eral case.

Future work must include derivation
of test implications and refinements
of quantification procedures and
probably introduce new concepts from
the general theory of stability of
dynamic systems [13]. 5tr0ng test
implications are still the outcome:
capsize, non-capsize of experiments
with ship models with and without the_
hypothesized cause, but having all
other aspects, e.g. the GZ-curve more
similar than in the present experi-
ments. Deeply loaded models, with
and without large coupling moments
and large wave excitation, should be
selected for tests if they exist.

The quasi static computations of the
GZ variations should be tested in
model experiments similarly to ear-
lier reported work to IMCO. In the
theoretical computations the harmonic
motion presupposition should be dis-
pensed with, leading probably to a
numerical integration procedure, e.g.
a finite element method. '

The above discussion and the invest-
igation is made within the paradigm
of deterministic mechanics [19] [Ii].
It would be highly desirable due to
the probalistic character of the
ocean environment to transfer the
treatment to the paradigm of random
mechanics using descriptions in terms
of long term probabilities [20].

It is the hope of the authors that
the paper will contribute to the
establishment of rational criteria oft
ship transverse stability having suf-
ficient details to promote sound
design of safe ships.

1+. ACKNOWLEDGEMENTS
Permission for publishing the results
of the investigation by the Shipping
Department of the Danish Ministry of
Commerce is gratefully acknowledged.
Our thanks are also due to Mr. B.
Kofoed Jacobsen, senior naval architect,
who made the computer programs and
the computations, and to Mrs. A.
Kirketerp, who typed the manuscript ‘
with great patience and care.

5. t REFERENCES
1) Ortendal, s.,



min

I

2)

3)

1»)

5)

6)

7)

8)

9)

10)

Kure and Bang

"Sjbhfivningens natur i vara
farvatten"

Kungl. Orlogsmannasfllskapet,
Stockholm, 1960

Thomson, G. and Tope, J.E.

"International Considerations of
.Intact Stability Standards"

RINA Vol. lll, 1969

Kure, K.’ Aage, C. and Kaplan, P.

"Oblique Wave Tests in an Ordinary
"Towing Tank"

In Materials for Reports, 13th
ITTC, 1972 _) .

Wendel, K. -

"An Early Paper on Moment and
Energy Balance in Capsize"

Paulling, J.R. and Rosenberg, R.M.

"On the Stable Ship Motions Res-
ulting from Non-Linear Coupling"

Journal of Ship Research, Vol. 3,
No. l, 1959

stuhrt Mill, J.
"A System of Logic" I

I .

(l8h3) Abstracted in Copi I.M.

Gould, J.A.
"Readings on Logic"

Macmillan, New'YQrk, 1972

Popper, K.R. U

"The Logic of Scientific Discovery"

(1935) Revised 4, Impression,
Hutchinson, London, 1968

Jacobsen, Kofoed, B. .

"Ship Motion Programs to Calculate
the Behaviour of a Ship in a
Seaway"

Skibsteknisk Laboratorium, 1974

Salvesen, N., Tuck, E.O. and
Faltinsen, O.

"Ship Motions and Sea Loads"
\

X

SNAME, 1970

Potash, R.

11)

12)

13)

1h)

15)

16)

17)

18)

'19)

ll.

"Second Order Theory of Oscil-
lating Cylinders"

Rep. No. 70-3, University of
California, Berkely, June, 1970

Jacobsen, Kofoed, B. and Adams-
Bashforth-Moulton

"Prediktor-Korrektor metode af
Q. orden med skridtkontrol"

Skibsteknisk Laboratorium, 1973

Korn, G.A. and Korn, M.

"Mathematical Handbook for
Scientists and Engineers"

McGraw Hill

Willems, J.L.

"Stability Theory of Dynamical
Systems"

Thomas Nelson, London, l97O

Suppe, F.

"The Structure of Scientific
Theories"

University of Illinois Press,
1974"

Nadeisky, V.P. and Jens, J.E1.

"The Stability of Fishing
Vessels"

CRINA, Vol. 110, 1968
Prohaska, C.V. i

"Residuary'Stability"

TINA, Vol. 89, l947

Prohaska, C.V.

"Influence on Ship Form on
Transverse Stability"

TINA, Vol. 93, 1951
Recommendation on Intact Stab-
ility for Passenger and Cargo
Ships Under lOO m in Length

IMCO, London~

Kuhn, Th. S.

"The Structure of Scientific
Revolutions"

Vol. II, Ho. 2 of the Inter-
national Encyclopedia of
Unified Science, Second Edition,



, _

__»‘

1

I

4

I
r

12. O ' L ' ‘ 'hure and Dang

Third Impression, I971, University I
of Chicago Press¢' I ‘

20)_ Price, W.G. and Bishop,~R.E1D.

_ ‘ "Probabilistic Theory of Ship.
‘ “ * "Dynamics", I-'1 1 ‘

I

11
~

l

|
1

i
Iz
“\

5

. __ ,‘ I . .

.' n

‘ Chapman and Hall, London, 197i]

I

l

..\

' r

si--_4

'1

I

I

v

I\
\



Q

1

'3F
fi
F-.
'--\_‘U

Qt
,.‘

-4

p

I!

=5

ti

Q

‘\.

.ZlLJ‘...-

E

.J-t"Z‘-

~1.FZ¢L.\
.1

1~?;:».:1::.:.‘.

.1

1|.

e-‘:5.~=1-me:-:1-.*t-.-._~;
-.

~'\

F.l-.\‘if-=»2
:152*;,.

I"!Fr
é
:3:
3%

_r-J
1;

t.:1_r;s;

1-I5-im...

-T3vi‘.-i£T€J

4

V-_

-..?-,-_"*=‘F53!’-

Fteqiett-'twt:'.t@@1i=1.tsw.»wrwedt:-menu-tmirew;

 

Table 1 Main Partlculars r A ~ Table 2 Capsize Particulars .

m § Displacement O 6&5 m3Length L '
1 PP
Breadth B‘ ’

Depth D

Tonnage

¢Engine Power .

‘ 1

Rure and Bang

58.60

9'65 m i Draft at A 1.75 m
h.l5

n98 BRT A Metacentric Height 0.64 m
800 HP

Table 3 GZ-curve Particulars

. e30 . GM 1e#O H 840-e30 Gzmax max
m.rad m.rad “ m.rad m _ deg.

IMCO ‘.055 0.090 ~ 0.030 0.20 _ 25
Capsize 0.096 O.l35 0.039 'fiiQ32 I -27
COnd.

I Table 4 GZ-curve Particulars - Loaded Condition l
 

GM

lCond. U

Table 5 Model Particulars

Length

I Breadth

Height

L =PP
‘ B -=

D =

A - m.rad . m.rad 0 m.rad M deg, m

1 IMCO 0.055 0.090 0.030 ~ 0.20 25 ‘ 0,15
r————————————————————-——-——-----__-___;____;______________________

Loaded 0.055 . 0.098 0.0h3 0.29 as 0,55

3066 ml

0.603 m

0.259 m '

m I Trim aft 1.52 m

GM ‘

m

9.15

O.6h
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Table 6 “‘Tests in Ballast Condition

“ GM
IMCO 0.6u

O 0.70
0-75
0.97 O\L.~J\.O\II

m I 2

m l i

m O ~

No. of Runs I No. of Capsizes;
————————————————————————————~———r——1—--r-—*-*-—*--1

m 2

 

 

rTable 7 Tests in Loaded Condition ‘
*-----+-----——-f-f--—-—--+-------*---
' ' ' GM I No. of Runs ‘No. of Capsizes

‘IMCO 0.65  4 1 0 M
-. 0.55 10 » O ~

‘\_ y _ O.Q5 V n 3 ' 1 Q <

r-“---“-_----"-*-—--"--—-"------—---—--—-—--—————+
Table 8 . "Safe" Values from Model Tests ~
 

‘e30 e#O 8&0-e30 N Gzmax Gfimax GM

m.rad _m.rad 7 m.rad A m A deg. m

Ballast 0.1h1 A 0.216 0.075 0.47 28 ' 0.97
1 Loaded 0.026 0.0us ‘\ 0.021 0.1u 42 0.u5

\

 

1Table 9 Cause and Effect

Ballasted . Loaded
I

Assumed Cause weak strong»

Effect r strong I nil I
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CAPSIZE EXPERIMENT OF BOX-SHAPED VESSELS

by

SHIN TAMIIA

Department of Naval Architecture, University of Tokyo '

1. INTRODUCTION

In a general treatment of the cap-
sizing of ships, a finite angular
displacement must be considered.
Dimensions and arrangement of deck
houses, hatch coamings, bulwarks
and freeing ports, eto., are also
relevant to the actual ship safety
problem. However, taking all of
these ship aspects into considera
ation makes the problem too cumber-
some for investigating the basic
mechanisms in the dynamics of ship
capsizing.

In this paper the author describes
briefly the capsize experiments of
simple box-shaped models (1), (2)
under the combined actions of
transverse waves and wind. Combin-
ations of critical wind force and
wave height were determined for the
models restrained only in yaw and
surge with the other motions un-
restrained. Some theoretical con-
siderations are also described for
understanding these experimental
results.

2. MODEL EXPERIMENTS

Box-Shaped Models

Two nearly box-shaped models, A and
B were tested. In Table l their
principal particulars are summarized.
They resemble standard two-dimensional
test models both having flat decks
and differing in the extent of the
bilge radius. Four blocks of airex
buoy (#5.2H cmj in total volume) were
installed over the upper deck to limit
excessive heel as well as actual cap-
sizing. Bilge keels (60 cm x 0.8 cm)
were also fitted. The statical

stability curves for these models
are shown in Figs. (1) and (2). For
model A, the following average log-
arithmic decrement of free rolling
was obtained:-

ln(An+l/An) = - 0.16 in half period

Procedure and Experimental Results
 

The experiments were carried out in
a small basin_(2l m x 1.8 m) at the
Institute of Industrial Science,
University of Tokyo. The basin is
equipped with two axial wind blowers
capable of maintaining a uniform air
stream over the water surface. The
models were subjected to beam waves
and wind, their motions other than
yawing and surging were unrestrained.

Keeping the period and height of the
waves constant, the wind velocity
was gradually increased until the
model capsized. In these experiments
capsizing was defined by the immer-
sion of a part of the buoy blocks.
By repeating this procedure, a set
of critical wave heights and wind
velocity were obtained for each
prescribed wave period. The results
are shown in Figs. (3) and (H).
Rolling amplitude, heel angle and
drifting velocity are also shown in
Figs. (5) to (9).

From a study of these figures, the
following may be deduced:-

a) For the same wave height, model
A capsizes more easily in
heaving-synchronism than rolling
synchronism, Fig. (3).

b) In the case of model B, the
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capsize did not occur in waves
of half the rolling period. This
again confirms the danger of
heaving synchronism, Fig. (h).

o) Both cases of capsizing in shorter
waves are not supposed possible
from the concept of superposition
of heeling action due to wind and
rolling excitation due to waves.

d) Deck edge immersion (leeside)
possibly motivates the capsizing

' of the models. The observation
of the record of heeling angle
and the motion pictures taken
through the transparent side win-
dow in the basin wall supports
this hypothesis. »

0) Model A capsizes at a far smaller
angle of heel under the wind heel-
ing moment only compared with
the angle where statical stability
is maximum. Model B exhibited no
such a peculiarity (from the
static point of view).

f) In the range of low wind velocity,
the occurance of capsizing appears
S1118-ll 0

An example of the results of the rolling
experiment of a small cargo ship in
beam wind (3) is shown in Fig. (10) in
which the mean angle of heel and the
amplitude of rolling are given as func-
tions of wind force. In the full load
condition (small freeboard) the mean
angle of heel is affected by the add-
ition of wave excitation. Moreover,
the roll amplitude increases remarkably
in both loading conditions with increas-
ing wind velocity. , ' .

u

Those experimental results also seem to
support the importance of taking the
interactions among rolling, heaving and
drifting (and possibly swaying), as
well as the effect of deck edge immer-
sion into the dynamics of finite ship
motions. I I I

\ ,

3. NON-LINEARITY OF GZ-CURVE AND
~ THE EFFECT OF HEAVING

In order to grasp large amplitude ship
rolling quantitative effects on ship
stability, (see Ref. (4)) the follow-
ing non-linear equation of rolling
was used to model the ship stability:-

. r \ ‘

I0

I¢ + N6 + YW-GZ.(4>a) = M, + M1 Y (1)
where T

t = absolute angle of heel ‘
I

Tamiya

4?. =
‘Pwf

IA:

W’:

N =

~(=

M0,

M1 =

¢ - tw = relative angle of heel

surface slope of wave = §sin®t
§sinT p (2)

total moment of inertia ‘

displacement of ship

coefficient of resistive moment

coefficient of effective wave
slope »

heeling moment other than wave
excitation

For simplicity we hereafter assume
that I and N are constant and set
*(= 1.0. M0 is a moment due to con-

stant wind velocity and M1 is an add-
itional moment due to heaving of the
ship with heel. Fig. ll shows the
principle of generation of this moment.
M1 for model A with 2 cm freeboard is
calculated and shown in Fig. (12).
é refers to 1:11. relative wave height,
positive'$ corresponding to ship
dipping. I i

In equation (1) GZ is non-linear with
respect to ¢a, also M1 is non-linear
with respect to'§. However, we can
suppose that ¢a‘and"é will vary in
an oscillatory fashion with the wave
encounter period, so that GZ and M1
may be expanded in a Fourier time
series and approximated using the first
and second terms only.'

Assuming a solution in the form:-A

¢a = X0 + Xsinff-3) = X0 + Xsintl

w (3)

and using approximation for GZ

oz = go/2 + hlsintl T (4)

and for Ml

Ml = ao/2 + b1sinfT-8) _ (5)

with the expression

‘S = zsin('('.5) ‘ (6)



7

R

I
n
z

...-1..
E..

-qr-cu-.
3
Ue
i

or.-..-.11.:....-A-._

-=-rm----v-.<..._~.--.--....‘-.>-.-...-........,~.

’--_-n--.¢.--.-Q»-....‘-"-

é
5

-Tamiya

we obtain the following three
equations:-

co = 2:0 + A9 (7)

-X . bmHl = §cos£ + bmB1cos(i-8) (8)

aX = §sinE + bmBlsin(E.-3) (9)

where

so = go/GZm , H1 = nl/cam

ro = so/w.ezm , b =12/oz

X2 = 9 m = GZm/GM

av, -.-. N/1.. , A0 = ao/W.GZm

B1 -.= bl/'W.GZm

ozm = maximumof oz, cm = aoz/do aty qbo

which is sufficient to determine X0,
X and E.

The calculation for model A with 2 cm
freeboard was completed and the res-
ults are shown in Fig. (13). If we
increase wave height under a constant
wind force, only the roll amplitude
increases at first, the mean heel X0
remains almost constant. There is
a critical wave height above which X' 0increases suddenly, and X0 becomes
maximum. The point Xv: maximum was
verified to correspond to the instab-
ility of the motion and the curve of
critical wind velocity and wave T
height determined from this criterion
is plotted in Fig. ,3(a) showing fair-
ly good agreement with the experi-
ments.

For fo = 0.6 where no critical point
exists, the starting point of sudden
increase of X0 was assumed to be crit-
ical. ‘

r .

The same calculation and procedure
were carried out for model B and the
results are shown in Fig..(l#) and
h(b) respectively. Again there is
good agreement with the experimental
results. " s

3.

h. UNSTABLE MOMENT -________________

Equation (1) was used only from the
practical convenience of calculation
of the non-linear motions. After
Professor S Motora (5) the m°T@
rigorous equation of rollin is des-
cribed as follows (Fig. (15?)

d(Ix + Ji)E% = (my - mz)vw

+ (Iy - I2 + Jy - Jz) qr + L (19)
.

Usually we can neglect the first and
second terms in the right hand side
because of the smallness of the motion
and the same order of magnitude of my
etc. Added masses my and mz, ,
however, are of the order of m = H/g
and moreover, their relative mag-
nitude varies with ship form and the.
frequency of the motion. For example,
my and mz for models A and B are
shown in Fig. (16), in which mz is
shown to become larger than my at high
frequencies and also at the vanishing:
frequency. In the high frequency zone
where heaving synchronism occurs, we
can expect that the time average of vw
has a positive value. At the
vanishing frequency a constant positive
value of vw increases as the steady
wind drives the ship leeside and gives
her a steady heel. Quantitative -
estimation of the heeling moment due
to this term results in l~'2 kg.cm
of heaving synchronism which is not
of negligible order.

Lacking reliable data for the added
masses of the experimental models used,
we can not at present arrive at any
decisive conclusions as to the actual
effect of the unstable moment, how-
ever, its importance should be rec-
ognised as a new topic of future
research in capsizing."

.5. CONCLUDING REMARKS

The author has proposed the usefulness
of adopting a non-linear finite dis-
placement equation of rolling and
presented some calculated results
which include the additional heeling
moment due to heaving. The import-
ance of the so-called unstable
moment is also pointed out.

Future work must be concentrated to
clarify the resistive moment at finite
angular displacement and to obtain a
more correct expression for wave
excitation.
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§Freeboard f (cm) Y 2.0 l-6 l-2
go .
€Disp1acement (kg) | 17.81 18.61 19.41

Tamiya p

_. TABLE 1. Particulars of Box-Shaped Models

| .
L x B x D (cm) ' 100 X 20 X 11.5 100 X

ébescription A .' M0561 A Model B

20 X 20.25

2.0 1.6

36.20 36.95
a ._ _ — _

§Section Area Ratio .938 .940 1.942 .989 .990
i L’ i 7’ 4

I

i .

§ KG (cm) A 7.89 7.93 8.00 10.45 10.65
1 l1 I
I

5 GM (cm) J 0.831 0.590
. i
! 41

§Rolling Period (sec) 1.52 l.5l_ 1.50
~

2.80 3.10
‘ _
.

! ‘ . LI .
' .

§Heaving Period (sec) ' ca 0.77
E
J .1

1.02 1.07
l ‘ ':

gwave Period (sec) 4 1.54 1.49 1.55
E . .
E

5 0.92 0.88 0.92

1.40

1.02

1.55

1.07



->w-eztko-¢m)
I0-h(D \ \ 

(W/s)3+U(m/s)
vbChOMJr-

0O

°°. 10 av =<>_
" 5' A

Tamiya

Fig. 1 Curves of Statical Stability

W-GZ(|<

of Model A

20  

 9 (deg)

2 - AOo no 4oso ¢

1

Fig. 2 Curves of Statical Stability '
of Model B

-—-—>
DV1HJDC'T\'

45!!!!/81°

/'
‘/PUI 00°QC Q9 Q

0. Q L.C'T\'p
9,

WIN

(o

. 0TwnR/2

0 T“:-TH
O 0-

o
O

f=20mrn

/
O O

—-->

WINDVEO
JK

U

ow
-P

.

8
a_§fl (a) f=20mm

6 ‘H;
~a=

0 Twn= l5s_‘_f\T 5 9
I'T =Q9S \wn .'

4 8 12

(b) f=16mm,"%b‘u: O0

O 4 8 12

g-cm)

-:>mcn

+U(m/S) LN-§~O\

ooQ 9

oz 4 5310 i°oig'46.8 '0 4
WAVE HE-lGHT(cm) 5  4 mve 1-|s|en.'r(¢m)

Q f=12HlII1

E"”‘°°0 '..L_1.
0 4 8 12

Fig. 3 Critical Wave Height
and Wind Velocity

(b)
.,, I

°<>o
ffl6mm

. oTw-1|-'=TR/2

Q ~ . . . ' ' 4

Fig. 4 Critical Wave Height and Wind Velocity

_._,__‘_,.,.__.-.._

,.,_~¢a—4__

1

1|

0Tw=TH

!

1

5

P

“-..



-1‘

1 e@ .O 64$ .

I

‘L.
1*:

-.-

‘P

1’
V‘

§

E
£4
1-1

1.3
31'~4-

.-..'
ht

mfiizimki
we11.:

.-E

F£’.’-!‘¢:;~K=*.-'N~Z*f:;.-5;
|||. ‘ Q

. '5

'.'*4
1

I’
2*

I?‘ .

Tamiya 7,

11* P | I l

'r,,-Ls. 1.2001!" s _
. . ‘ cf

w e

I5‘ '— *5 4

/

-—~9deg __9--_1.

3

—-.-9,deg
01

_. 2' '" "' ,1?\

N l'\‘\1-\2.\5 2°“; -0.9»
I

O0 74 8 O0 99" 4 I *—' 8
-> Hw(¢m) ' -"U(I‘I1/S) I

_ 2 - F‘ . - 4 .
Fiq. 5 Rolling AmPlitude due to Wave lg 6 Heel Angle due to Wind

Q

20
- |5l"' - '. ' " “-

<9q, 6‘Q .@ &fl9~‘@§
1 __ _ “G

vs ‘ P“

I11/s

A‘”._1?-

6

<#p9 4
. _ \r'L6\\(‘

K6 '

I '\'v|'*\\.5 5 Ave -_,\/(2
_O O
. 0 4 3 |2

_"' Hw(CTl'l)O0 4_ e
9 '_°U‘"“@) _Fig. 8 Drifting Speed due to Waves

Fig. 7 Drifting Speed due to Wind A

' 20  A
» El! EZ2 ~ fi&“§w\

A" A =
. h -— _‘ L 64 ‘ lib 1

deg)_.

O “OpA

\ \ \
QO‘O

4%
S)

O0

‘'4

O@/\,1
O\\oQ.

I

\'r
$1I\

QD(:9
Q‘A \\ \

\
\
\

r T‘z5?
P

P7.20r-—-—-|--——-———v———-
. A

1 I A /2/ .
_a

»~ f-20mm 4

O’’ 677/ /
’l /O ' /L

u. '6 ’ T 1/&

-£9,deg
9. 90

\4 .
vo\

9*

9(

P
‘A .\\’

c-\\D
-8> C0

N f'|5r|-pm 0/

mu p I’ 1 ./ *
1 I O/

Q 

. O-ammo v:\.ocnvtn/an _.U(m/5) | __,U(m/5)
_5l______ __ . _ _, __ '

Fi9- 9 Heel Angle due to ,

g wind H Fig. 10 Heel Angle Q,and Roll Amplitude 6,
( E1 ; Full Loat, E2 ; Half Load )

<50...
\.Q

\
\
\

o Q toaw’

0 "without Waves A ‘



5.“-_".':"Y.":"'I.' 3""' "' ' - " -- '-' I‘. -'_- -_‘ -- ' - I-. .'- '- 1- , .- . . - --~_-._ - ._-_. _- .. _- -- _-- _.__ -..-.-,. . . _ . . _ ..- 1‘ ... -. ' . ._ , _ - 4 .

.

8.

...!

G?’M

.45»

Tamiya

Fig. ll Generation of Heeling
. Moment due to Heaving

_ 9 gunderpconstant ¢,

1:?,Q.m.!“-zo ,-‘ I f.° _ I/I.
'2-'-"7’--3|-- ‘9D:..a-*"""“

O3 ‘V \9

Xdeg
€

-¢@-—x—

II Q‘¢

—->
O '1 O

I.."I\

\

\\.°‘I

-"\"__\‘¥'\

o\‘ ‘Q\\

(deg) vb0'1
‘Q

1" I

I2 I 4

--h4(kgcnQ_

0»mo #9/eel
I

_ "

p 6

-B»

1 I

\

I
0|-pi-—-n

N_

soN
._.._'__'

69° U&

A ;qc4 -
IO I

I

1

7"_—’_‘ 3 4
-*§ km) '

Fig. 12 M1 for Model A

_ ____ (,€IJ\-
_g_9_ --""‘ 8 .. . .

2.0.205_ ______,__l_.
""' I o ‘F-"\o\on
Q_ pI I G

_‘¢ —¢' I
-¢-jd , . -

O0 5 -IO I5 >4 2 |I 5. ~
-—>X,Id00) + .‘ ' .__.__

' """'o'.osa
Fig. 13 Mean Heel Angle (X0) end O I

Rolling Amplitude (X). V O 3 X 181 >15 2° I
99

(Model A) 0 .

wII:

x ‘/h

Z

Fig. 15

Fig. 14 Mean Heel Angle (X0) and

‘q

Fig.-16 my and mz of the Models

'0

I'D‘/mm

'0

Rolling Amplitude (X)
(Model B)  

.-_ MODEL l I
—— -—- mylm N
-—- -—- m /rn~2.0 ~\ I

\
\
\
\

1 \~' 7 _
~ _ _ _ _'_----L-__-- ..-:

OD Q5 LO
P \> Y —-> £4 10121./Q -

V

I

I

I

I

I

I

I
I
I

I

-v-.-

.xI
¥
f

I

I

I
I

I
I
I

l



-‘T11.-J>‘L'.'§§1-
1

f

.3
é

.1

I‘

i

1

1‘.
I

0-.

I

I

F

I

P
i

‘M

I--2
‘-75
2'.‘
TI.
I

5:~ti57';
‘M

G-

Cu-4

 9flfi£.T M‘fi7Wfi$?!'f.%‘$Q§

N

H SHIP CAPSIZING IN HEAVY SEAS: ' A

1

 

THE CORRELATION OF THEORY AND EXPERIMENTS

. by

J.R. Paulling, O.H. Oakley, Jr.*, P.D. Wood.

University of California, Berkeley. U. S. A.

1

l. INTRODUCTION

For the past five years, the Naval
Architecture Department of the
University of California has been
engaged in conducting an experimental
study of the capsizing of intact
ships in heavy seas. The principal '
part of this effort was devoted to
model tests utilizing free running
models approximately eighteen feet
long in the open waters of San
Francisco Bay. The two models
which have been tested to date
represented a conventional dry
cargo ship and a large fine high
speed container ship. The models
were equipped with self-propulsion
equiment, autopilots, motion sensing
and tape recording instruments, and
a radio link for control signals.
The instrumentation provided for
measurement of six degrees of
motion freedom, rudder angle, I
relative water speed and shaft RPM.
Wave conditions in the test area
were monitored by means of a four
gauge array which provided directional
wave information.

Both model and wave data were
recorded on analog magnetic tape.
The signals were later digitized _
for purposes of time series
analysis by digital computer.

Three summers of testing have
yielded a staggering amount of
data.q Much of the daily effort
was devoted to software development,
data reduction, and the seemingly
endless number of cross checks in
an effort to insure the data
validity. Despite the amount of data
collected, it was not possible to
obtain a sufficient number of

‘ * M0 In TO i

\

capsize events for an accurate
long-term statistical prediction
as a result of the great variety of
sea conditions and ship parameters,
such as speed, loading, and GM.
The data are somewhat deficient for
comparison with some of the
theoretical developments that were
concurrent with and subsequent to
the experimental work. These 5
shortcomings are all the more obvious
when viewed with the benefit of
hindsight. Yet it should be .
remembered that the desire for
something other than pure speculation
was sufficient to.override the often
discussed inadequacy of the
proposed experimental program.

Nevertheless, the project represented
one of the most ambitious and complete
capsize studies to date and has
yielded significant observations and
correlations.

2. MODELING OF INTACT CAPSIZING

Intuitively it seems reasonable to
assume that an important component
of actual ship capsizing, rather
than an idealized version; is the
directionality of the seaway. Short
crestedness can lead to dynamic
conditions both more and less severe
than a corresponding long crested
situation. 0pen.water testing
therefore appears to be not only
very desirable, but essential in
light of currently available
laboratory testing facilities.
Considerable effort was directed
initially toward assessing the
appropriateness of testing with
approximately twenty foot models in
San Francisco Bay and later in
quantifying the directional
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character of those waves.

The significant wave height measured
in the test area typically ranged
from 0.3 ft to 1.5 ft. Using a
prototype vessel of 520 ft and a
scale ratio of 30, which yields a
seventeen foot model, provides a
reasonable full scale range of
wave heights and an attractive
model for the type of testing under
consideration. The shallow water
depth had only a minimal effect on
the longest waves ever encountered
and the test site can be considered
to be effectively deep water. The
next question is whether the wave
profiles and spectra scale properly?
The point spectra, though varying
gradually as the wind conditions
changed, resembled the fetch limited
spectra reported by JONSWAP (3).
These are characterized by spectral
peaks that overshoot their final or
fully developed values as they shift
to lower frequencies while growing.
The four point spectra measured on
one day are shown in Figure (1). The
following figure is a representative
collection of the larger spectral
shapes encountered. Despite the fact
that they tend to be more sharply
peaked than the Pierson-Moskowitz
fully developed model, they look
remarkably like selected full scale
storm spectra recorded in the winter
in Lake Michigan, the Atlantic, and
the Pacific and in hurricane
'conditions in the Gulf of Mexico, c.f.
Figure (3). The Pierson-Moskowitz
sea spectra, plotted to the same '
scale, are given in Figure (4) for
comparison. Until additional full
scale storm spectra and time-series
data become available for comparison,
the experimental spectra seem to
represent eminantly reasonable
"extreme" sea conditions.

The directional character of the
seaway is effectively given by the a
directional spectrum S(f,k) which was
computed from the digitized time-series
data of the four gage wave array. The
directional spectra were obtained
using the Fast Fourier Transform and
the Maximum Likelihood (or data adaptive)
spectral techniques. The directional
spectrum for wave run number (4) of
Figure (l) is given as a contour plot
in Figure (5). The radial distance
represents frequency and the angle is
the compass direction.. Note'the
narrowness of the spectral peak..
Figure (6) shows the directional
spectrum of an unusual combination
of a recently developed wind sea
traveling North superimposed on a
swell (i.e. a non-local wave system)
traveling East. I

The result was a classic example of 5
"cross-seas". The connecting arc
between the two peaks is probably
due to the mathematical smooth
process and therefore spurious.

Unfortunately this data exists at
only one point along the model run,
which could be very long if the
waves were small, and was recorded
only between the actual experiments.

"The model runs were selected so that,
as far as possible, similar wave
conditions existed along the course.
The fact that the wave system was
only measured intermittently is miti-
gated somewhat by the high correla-
tion of observed wave conditions and
the computed significant wave height.
This meant that a critical change in
the observed wind and wave conditions
during a run could be noted and di-
rect interpolation between measured
spectra to the time of the run would
be valid when no discontinuous changes
were observed.

Since some variation in water
depth and current velocity occurred
along the model course, the princi-
pal wave direction also varied. In
an effort to keep the model on the
same relative course, the autopilot
was adjusted a few degrees at a time
during the period of the run.

Reports of extreme rolling in follow-
ing seas often describe a signifi-
cant wind sea superimposed on a large
swell. Some of the wave spectra
exhibit two peaks, and occasionally
the distinct combination of a wind
sea and swell coming from different
directions. Usually, however, the
directional wave spectrum was fairly
broad for the lower seastates and
tended to become more narrow for the
larger. Swell has received scant 9
attention in the ship motions litera-
ture. Since such low frequency ex-
citation is important in following
seas, the measured spectra should be
compared with oceanographic swell
data. - I

3. OBSERVATIONS

The observed wind and wave conditions
and certain aspects of the motions
have been briefly discussed in the
previous section. The characteris-
tics of the capsize event have been
described in some detail in earlier
reports (2), (4). However, the im-
portant aspects of the capsize motions
will be sumarized here to facilitate
the correlation discussion. A
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The experiments were conducted in
waves ranging up to a full-scale
significant height of 45 feet with
a maximum Froude number of 0.33.
These appear to be rather extreme
conditions, yet very little statis-
tical data exists concerning the
frequency and geographical distri-
bution of such wave conditions.
It has recently become apparent
that extreme conditions can and do
occur outside of the "roaring 40's".
given the proper conditions of wind,
current and bottom topography. Ship
owners and naval architects should
take heed of the fact that high speed
ship operation may be imperiled in
certain very limited geographical
locations with a far higher frequency
than the occurrence of a hurricane or
a one hundred year winter gale along
the same route might suggest. This
discussion is directed at moderate
and large size vessels. However,
smaller craft such as tugs and
trawlers run a greater risk of en- .
countering short, steep, and chaotic

‘wave systems and operate at higher
relative speeds. They, therefore,
require relatively greater attention
to the question of stability in ex-
treme seas.

For simplicity, the observed modes
of capsizing have been labeled as
pure loss of stability, broaching,
and low-cycle resonance.

Pure loss of stability was the most
frequently observed mode of cap-
sizing. The optimum conditions for
this mode are a high ship speed and
very steep waves whose lengths pro-
bably vary between one-half and twice
the ship length. If the ship finds
itself centred on the crest of a wave
for a long enough period of time, the
attendant reduction in righting arm
can be sufficient to result in a cap-
size. The vessel need not travel at
the speed of the wave, i.e., a Froude
number of 0.4, but the wave fheights
must.become increasingly larger as
the speed is reduced.

Capsizing due to broaching was the
most dynamic mode observed. Broach-
ing is caused by directional insta-
bility of a vessel accelerated on the
face of a wave. The situation can be
either caused by or compounded by any
loss of effectiveness of the rudder
due to wave orbital velocity and
emergence. Again, the principal
ingredients are relatively short,
steep, following seas and high
vessel speeds. These situations are
more likely to be met by high speed
naval vessels and small commercial '
craft-rather than large contemporary

merchant ships. Broaching and loss
of directional control can also x
occur in a cumulative manner as a
result of the repeated encounter"
and overwhelming of the vessel by
steep, breaking seas. The vessel
is violently forced off course with
a significant centrifugal force
adding to the large roll moment
applied at both the bow and stern.
Capsizes due to "pure" broaching
were rarely identified in the model"
experiments on the Bay. Large ves-
sels that run at very high speeds,
usually have sufficient directional
control to minimize the likelihood
of a broach. However, some degree
of loss of directional control was
regularly observed in conjunction
with large wave induced variations
in static stability. In the case of
the container ship model especially,
capsizing usually appeared to re-
sult from the combined effects of
broaching, wave reduction of sta-
bility and motion instability.

The third mode has been called low-
cycle resonance or auto parametrically
induced rolling. In this case the_
sinusoidal oscillation of the right-
ing arm leads to a resonant build-up
of roll motion at one half of the en-
counter frequency. This occurs when
the increased righting arm (trough
amidships) results in a large roll
velocity timed to meet a crest amid-
ships one half an encounter period
later. This mode was regularly ob-
served with the first model tested,
the conventional cargo ship. A clear
example of this mode was observed
only once with the second model re-
presenting a fine container ship.

The division of capsizings into one
of these three categories was not al-
ways possible, however. Some cap-
size sequences seemingly started out
as a resonant build-up, but the ac-
tual capsize then appeared to be '
caused largely by a drastic loss of
stability. The final part of the
fatal roll would also include some
yawing which probably could be called
something of a broach. Nevertheless,
two factors appeared to be present in
virtually all of the capsizes: the
successive encounter of a group of
large waves with significant reduc-
tion in static stability at the cri-
tical moment. Any theory attempting
to predict the occurrence of cap-
sizing must address the latter fact
and will be simplified if it effec-
tively considers the former. y

I
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4. COMPARISON OF EXPERIMENTAL
RESULTS WITH THEORY

so

An attempt to explain some of the
results of the experiments has been
made by means of three different
theoretical procedures: linear
ship motion theory, nonlinear two-
dimensional ship motion theory, and
numerical simulation. A linear
theoretical procedure similar to that
developed by Salvesen, Tuck and
Faltinsen (1970) (7) has been used
in combination with some of the ex-
perimental wave spectra to produce
motion predictions for comparison
with experimental results. By in-
cluding a linear autopilot and ex-
perimentally determined equivalent
linear damping in the theoretical
model reasonably good agreement was
obtained in some cases between ex-
periment and prediction. Inexpli-
cably, the correlation was quite
poor in other cases. Examples of two
such comparisons are shown in
Figures (7) and (3). The theoreti-
cal predictions are shown for the
spectra measured before (1) and
after (2) the model run.

The explanations for the mediocre
agreement are not clear. Most pub-
lished comparisons of motion theory
and experiment have been based on
experiments conducted in towing tanks
in low head seas. In the present
case, we have steep following or
quartering seas, and, of course, less
control over experimental conditions
and measurement precision. Neverthe-
less, the erratic nature of the com-.
parison leaves many questions
unanswered.

Nonlinear two-dimensional motion
theory has also been used, not so
much for direct comparison with ex-
periments, but to explain observed
phenomena. The effects of higher or-
der terms in the roll damping and res-
toring_moment representation has been
explored by earlier writers. In gene-
ral, the effects are to merely modify
the results which might be obtained
with a linear model. i

A particularly important result is
obtained, however, if we consider the
teffect of waves on the roll righting
moment curve. In general, the pre-
sence of a wave crest near amidships
results in a decreased righting moment
and a wave trough amidships results in
increased righting moment. As follow-
ing or quartering seas overtake the A
ship, the resulting periodic variations
in stability, if of the proper frequen-
cy, can result in "autoparametric"
excitation of an unstable rolling

motion. In this situation, the -
unstable motion is identified with
unstable solutions of Mathieu's
equation. Such motion has, in fact,
been observed during the experiments
described here, and-appears to play
an important role in some capsizes
as noted earlier.

The effect of waves of varying
steepness on the righting anm curves
for two models is shown in Figure (9
This figure also illustrates the
difference in such effects attribu-
table to differences in hull form.
In particular, note that the wave
induced stability variations are
nearly symmetrical about the still
water curve for hull (a) while they
are quite nonsymmetrical for (b).
This symmetry or lack of symetry
has a pronounced effect on the
relationship of the unstable fre-
quency of wave encounter to the
calm water natural frequency of roll.

Model (a) will experience auto-
parametrically excited unstable
motion in following seas at a fre-
quency of encounter of twice the
still water natural frequency of roll
Model (b), however, has a mean right-
ing arm.curve in waves appreciably
higher than the calm water curve
and, as a result, will experience
autoparametric instability at an
encounter frequency somewhat higher
than twice the still water roll
frequency. Again, this difference
in the apparent frequency of occur-
rence of unstable roll motion was
detected during the experiments.

The third theoretical procedure used
to study the large motion and cap-
sizing was a numerical, time-domain
simulation. This procedure is dis—,
cussed in some detail in the next
section. ‘

5.] NONLINEAR TIME—DOMAIN'
hp DIFFERENTIAL EQUATION MODEL

Solutions of the hydrodynamic pro-
blems described above have been ob-
tained under the assumption of small
motion amplitudes, in which case the
forces acting on the ship are com-
puted as though the instantaneous
position of the ship differs but
little from its mean position. Such
an assumption cannot be used in the
present case where large deviations
in position from the mean are an
essential feature of the phenomenon.
Instead, we observe that at high
speed in following and quartering
seas the frequency of wave encounter
will be low and the ship motion will
be determined largely by the

)
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hydrostatic forces. This enables
us to retreat from the necessity of
determining the hydrodynamic forces
with great accuracy but to concen-
trate instead on the hydrostatic
forces which may be accurately com-
puted for the exact position of ship
and waves at any instant of time.
These forces, plus additional exter-
nal forces representing the steering
and controls, plus a simplified
approximation to the relatively un-
important hydrodynamic terms then
are used as the right hand side of
the six degree of freedom rigid 7
body equations of motion. These
differential equations are'inte-
grated numerically resulting in a
step-by-step- time history of the
vessels motion. 7 7

There can be significant variations
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. This means that the
hydrostatic restoring and coupling
coefficients computed for the
equilibrium position cannot be
used when finite amplitude motions
are assumed. The hydrostatic (or
Froude-Krylov) force that is com-
puted at each time step includes
both the motion exciting force and
the restoring force and moment that
result from the situation of the
ship in the system of waves. The
sea surface is represented by the _
sum of a finite number of sinu-
soidal waves. ,

Approximations are used for the hy-
drodynamics forces resulting from
the diffraction of the incident
waves and motion of the ship.
These forces are computed using con-
stant two-dimensional added mass and
linear damping coefficients for each
station combined with averages of
the water acceleration and velocity
relative to the stations. The hy-
drodynamic approximations are not
expected to lead to serious errors
if the Froude-Krylov force is domi-
nant. This, as noted, is expected
to be the case in the most severe
capsizing situations in following or
quartering seas.

A numerical model of the steering
system of a typical ship consisting
of an autopilot, steering machinery
and a rudder is included. As an
option, surge damping may be obtained
by interpolation in a table of resis-
tance versus speed data. \

Two examples of motions simulated by
the numerical time.domain integration
are presented here. These compu-

. , »

tations were performed for the
American Challenger class of cargo
ship. These calculations were
carried out at ship scale rather ~
than at the scale of the model used
for the experiments. The ratio of~
ship length to model length is
30.189, and the time scale ratio
for Froude number similarity is
about 5.5. Metacentric heights
corresponding to model ballast
weight positions 2 and 3 were used
for the simulations. The righting
arm curves for the Challenger are
shown in Figure (10). These ex-
amples are for quartering seas which
consist of the sum of two sinusoidal
waves with circular frequencies of
0.433 and 0.601 radians per second,
corresponding to wave lengths of
1076 and 558 feet. Each wave com-
ponent has an amplitude of IO ft,
and they approach the ship from
35 degrees to starboard of dead
astern._ At the beginning of the
runs the two wave components are
in phase. '

The first example is for a meta-
centric height of 0.257 ft
(GM position 2). The wave record
for this run is shown in Figure (ll)
To decrease the effect of starting,
transients, all forces are multi- -
plied by a ramp function which in-
creases linearly with time from
zero to one at the beginning of the
run. The starting ramp was 60
seconds in length, and ended near
the end of the first wave group.
Roll and pitch records are in
Figures (l2a) and (l2b). At about
forty seconds from the start a wave
crest comes amidship and the vessel
rolls l4 degrees to port. The next
wave crest comes amidships at about
sixty seconds and a starboard roll’
into the wave of 4 degrees is reached
The next roll is 22 degrees to port
just after the next crest passes.
The ship rolls to starboard as the
waves begin to build in the second
wave group. The maximum starboard
roll of 23 degrees is reached as the
next crest moves away. The roll
momentum.imparted the ship by the 5
increased righting arm of the next
trough coming amidship together with
the reduced stability in the crest
that follows causes the ship to cap-
size to port - clearly an example of
low-cycle resonance.I Figure (l3)
shows the last two and a half minutes
of a model run corresponding to the
same speed, heading relative to the
waves and GM condition. The experi-
ment also ended with a capsize to
port caused by low-cycle resonance.



5  Paulling, Oakley and Wood

_ v

An example of pure loss of stability
is shown in Figures (14) and (15)-
The metacentric height was 0.557 ft.
(GM position 3). The wave amplitude
at the centre of gravity of the ship
is shown in Figure (14). Roll and
pitch are in Figures (l5a) and (l5b).
‘Rolling is at one half the frequency
of wave encounter between 40 and 110
seconds into the run. After that the
wave amplitude and the roll moment are
so large that the ship is forced to
roll at the encounter frequency. The
vessel finally capsizes with the com-
bination of a large port roll and a
wave crest amidships.

6. CONCLUSION

A more detailed account of the above
work can be found in references (1),
(2), (4), (5) and the bibliographies
therein. The observations and in-
sights gained through the extensive
experimental programme have proven
to have rather good qualitative y
correlation with the linear and non-
linear modelings investigated. The
lack of quantitative agreement with
the five degree~1inear theory has
revealed possible gaps in the experi-
mental modeling techniques or the
attempted extension of the linear
theory to a region outside of its
validity. Further work in this area
is needed. The nonlinear time-domain‘
simulation, on the other hand, has
exhibited clearly the very complicated
dynamics caused by the changes in geo-
metry and hydrostatics. With exper-
ience, the simulation should prove to
be a useful tool in the study of ex-
treme motions. -

This work was carried<nrt under the
sponsorship of the U.S. Coast Guard
under contract DOT-CG—849A.
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I-1YDRODY'NAl\iIC' FORCES AND MOMENTS ACTING ON
TWO-DIMENSIONAL ASYMNETRICAL BODIES

by

M. KOBAYASHI,

Mitsui Shipbuilding and Engineering 00., Ltd.,

I \

SUMMARY -

Many studies have been published on
the hydrodynamic forces and moments
acting on two-dimensional oscillating
bodies. Most of them, however, have
been concerned with the symmetrical
bodies oscillating in the surface of
3.

In this paper, the author tried to
propose a method to calculate the
hydrodynamic forces and moments act-
ing on the asymmetrical two-dimensional
oscillating bodies, distributing the
singularities on their surfaces. For
two kinds of models, the hydrodynamic
characteristics were computed by this
method and some of them were compared
with the experimental results of the
same section. v

As a development of this method, the
coupled motions of a ship in beam
seas in its heeled conditions under
the effect of the strong winds were
calculated using these hydrodynamic
forces and moments.

The calculated two-dimensional hydro-
dynamic characteristics were confirmed
by the known relation to be accurate
in numerical values and checked very
well the results obtained by the model
experiments.

Through the numerical calculations of
ethe coupled motions, it was also found
that the effect of the heaving motion
on the rolling motion can not be ig-
nored for-the inclined ship as was
originally expected. ~

1. INTRODUCTION

It is important in investigating the

' Japan

‘ \
I.

stability of a ship, to predict
the motions of the ship in regular
waves. Generally, these motions
have been predicted applying the
so-called strip method, which uses
the two-dimensional characteristics
of each cross section of the ship.
Two-dimensional hydrodynamic forces
and moments acting on the cross
sections of the ship for the up-
right condition can be calculated
employing Tasai-Ursell Method (1,
- (2) and Source Method (3) - (4).

When the ship is in the heeled con-
dition under the effect of the
strong winds or by damage, there
is an uneasy feeling that the cap-
sizing moment induced by the heaving
motion might become greater. It is
accordingly important to estimate A
the motions of the inclined ship in
regular waves in considering the
stability of the ship. As the cross
sections of the ship are asymmetrical
in these cases, if the strip method
is to be used to predict the motions
of the ship in its heeled condition,
it is necessary to estimate the two-
dimensional hydrodynamic character-
istics for the asymmetrical cross
sections. _

In this paper, various hydrodynamic
coefficients were theoretically .
computed on the two kinds of asymm-
etrical configurations and some of
them were compared with the results
obtained by model experiments. The
ship's coupled motions of heaving,
swaying and rolling in beam seas were
calculated when she is under the-
effect of steady inclining moment.
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2 . FORMULATION or THE PROBLEM
 

2.1 Inte l e uation »

Consider a coordinate system with its
origin in the plane of the undisturb-
ed free surface (see Figure 1). Vis-
cous effects are neglected and the,
fluid is assumed to be incompressible.
The depth of water is infinite and
the free surface extends infinitely
in the direction of x-axis.

The body boundary conditions and free
surface condition can be assumed to
be linear as the motion of the body
and fluid are supposed to be small.

When a two-dimensional body is period-
ically oscill ting, the V8l0¢itY
potentials ¢§ , j = Lvh, must satisfy

E2€§.y-EEE%_; C! '
Bx B3‘

in the fluid domain, (1)

 "wérflag

on 5:.-O, - (2)

9%
-—- :0 b
9.9

on 5: Q (3)

Further, the velocity potentials sat-
isfy the radiation conditions-and the
following body boundary conditions onl
the mean position of the wetted sur-
face of the body oscillating in the
fluid. l

Z __2i /
?\¢'(x)g)- Bn ,
3 V ax

-I$ ¢ 5 I -—-1 ,_an 3 an (5)

%’\°’
3_¢(x,q):A_l ¢(x L (Q Q45‘-1-165, 5,5‘-1'15, v (10)
3114' 3n" '8

. 2 0 ' ' ,¢§<~»s>=-a;7’,‘ »@ 0;

Kobayashi

When we introduce the stream func-
tion corresponding to the vel0¢itY
potential, we can write the body
boundary conditions (5) as follows,

.-'

\

I

‘Z X4'C,,

§L;(x,g)=-54-C1)

Introducing Green's_function, the
velocity potential and the stream
function can be written as

¢.¢~,s>=.[*'§¢~ié>-fi<~/w*3v‘1d@I G
~

,9, 4x,9),j0§(#19'>-5(*,9; ~',fl')J5,
J’ c .

w <8)
where ‘ “L ’

I
I

g #6961
I ' I - I‘ '2‘/"7; 8 505*“ x,

5"’5'*’5"to9r ‘gr; W” 2 K4-II‘
A £

y '2' /H0 '**';¢_'Auk-K4-I
5(%9;*;9')= 9-9 ~ZliflI '[é'k‘g’g’,:5nlt ‘V’!/)

9

1 I‘ 3 1 /.1r7 ‘(av-x)4-<5-y) , r;.(x- xi) + Lyy .9,
I . ,

ézzdblatgtgé 1 éiat36d—g:2L
‘ax 1 *4‘,

Integration in equation (8) is cal-
culated along the wetted contour C
of the body, X’ and 8‘ being the
co-ordinates of a point on.C.

Since éf/#9 / ‘5 and)s'
are complex functions,

B =5? +Q\ g,-Fl

_. 4/‘,
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The boundary value problem is trans-
formed to the integral equations
using the stream functions which are
derived from the equation (8), so
that T . '

%5LX,g)=J {a:;(x§~_-1'). S¢(~,y;~19') Q
C

-0;54~§g'). 5‘(~,5;~19'{}d5,

{if-'5 0,99,] [o;‘¢.§g3.S,;~,g; ,',y/) ,
G

"6:-is (“:53 ' 5.-‘”’b'/":9/9335?‘ (ll)

The source densities U5? and 0.35
in the equation (ll) are obtained
satisfying the boundary conditions
(1)- ~ w
Equation (ll) is solved approximating
the body surface by a large number
of line segments, over each of which
the source density is assumed to be
constant. This transforms the int-
egral equations into a set of linear
algebraic equations with the unknown
values of the source density on the
elements.

2.2 -Forces and moments . ~

The hydrodynamic force and moment of
the k-th mode induced by the j-th
mode pf oscillation, defined as
F1k£“"t, are normalized by the velo
city amplitude and can be expressed
88 F’ 3 ."n=--5-"1 -J¢-isQ"-9X3’ cibn

ll

= icing. 4 {ijks

(_1,1< = 1,2,3) (12)

3.

1

\

of the J-th mode is written as
ife’ x) and E; being the ex-
I

citing force due to the incident
waves which come from the positive
direction and the negative direction
of the x-axis respectively, normal-
ized by the amplitude of the incid-
ent waves, and are expressed,

.i.j(§6¢,4-s¢§,)éE’.=_7 , ds
ca 3““\Q\+u

"I|"'~|+ \\
Q93.

(13)

The first term of the equation (13)
is the Froude Kriloff force and the
second term is the diffraction force.
According to the Green's theorem,
the equation (13) is transformed as
follows,

1 .
‘Z

£5} ==—-‘J; <k{)/

(3 = 19293) (1)4)

where

- -3'10:25,3;-n)ek3 ‘ J5,I‘ilw6u
r$;i;au 3

\_

(15)
The amplitude ratio of the radiation
waves produced by the j-th mode of
the oscillating motion is written
as, T

4' 7

"he"   x  I=KIu§u<)]ad.  B9 Mt b xi
1-u:."'——-. ’ Wd ,

3" 311 w Ed an
~

1

‘-‘DI--‘Bf \

.(16)

I ggé : - +% Bi-_ Then, from equations (lit) and" (16),
~3n T Zn afl

§ eThe.wave exciting force and moment

r¢-....,__.-~.¢--—--

>

X '-1'9“r-_
ll

RLggn
|+

I .

(11)
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In the equation (11+) the exciting
forces and moments induced by the in-
cident waves were represented using_
the radiation potential. The exciting , ». q‘ , ,
forces and moments are also trans- 4' £441” z’ / -35 ad,
formed into the following expression H4: 2(H' 1' ) B ‘(Hie ii)

' ‘Jag -'-i“| .
introducing the source density dis-

(H18 4-Z)-8 '(Fl,2 4-L)‘%e

_reference_(6),

tribution on the body surface, so
that '

‘H Z4 lag.

A H/I: Z1 {Z4 010913 +4) ' e

- 3"?/An 5‘“'(A2¢4“i'1)J/£8-'a(A|¢w-:1)

(is L2,3, "ha ' ‘apt '1‘! "51_ _ (A13 +4-,-'3 (Aifi +1)‘/H4 4'1’)1

Since  
the» equation (18) '

1' -..k '/or .
2; =-21!’ 0§.£X»3)'e Ht‘ 4,}

~

* .

_ (22),;;,_,,,(L4;G,¢ 504.45  _

“if: 4' I *
ejs 1--25’ ‘I G2‘: Slnzfldi

e *_£ I (19) (j-=1,z). I
I? _ - The progressive waves at X-P3’-"9

The P113-5° 138 J’ °f the J"'th m°d° °f which are induced by the diffraction
the exciting force and moment to the potential een be expressed as
incident waves is defined by e " .  

. ; J'g'§5,[ K5 J5)’ WhL|:"e, Afs % 8"

1 ( L '“g' 1 Air: '
-115 v ' g g Zak '

8 avslfsditr'6'.

t 4

-5, ,1»; (.21) , ~: -/<51.-2/1.2' H
. 1‘ (20) 11'-"‘°~‘Sa 48 . (23)

2.3 Reflection and transmission I
b I °°°ffi-cients I w which have unit amplitude are coming

IF . . . .Q f ‘Ch ‘C C1 13 f - i
The funcfi-°n in the equati-°n (15) ' tlzzzmprogrzgzivzevjravzeiegnl22¢; sidzx 8
is °°mP1ex and is °x.Pr°5s°d.a-'5 of the fixed body can be shown as

Therefore, when the incident waves

0

1» use . A. 11% I . + -qt:/a
Hi.‘/4"=Aiae 4" 3'8 1l+‘~ ‘Hie _ ’ $70,7 t ’ H gt

5, H5 4: L 5'5
V 42 i , 4:5-|-4'l(x I

._  -0,v(l-I-4H4),8 I x(0
(.1 = 1.2.3,) (21) (24)

Then!" tn? fu-n°ti°n H4’ "hi-¢h is A The reflection and transmission co-~ D.
treated in the diffraction problem can_ e _ efficient ma be derived from the
be derived as follows according to the ' equation (213 as ~fe;|_1ewe,



1'

Kobayashi

c,=|zHZ\,

C;-:,lL+1‘{;l , (25

3. RESULTS OF COMPUTATIONS AND
E E " SXP RIMENT

The computations and experiments were
performed for two kinds of models as
are shown in the following:

Model A; Asymetrical Lewis section
(see Figure 2)

a, = 0.0, a3’ = 0.2 fore\x;0
a. = 0.0, as = -0.1 for xé'0

Model B; Symetrical Lewis section
(see Figure 3)

al = OQO’ 8. = -0.1

3 o o o oheel angle Q = 0 , l0 , 20 , 30
\

where a, , a3 are Lewis form coef-
ficients.

The accuracy of the computation was
checked numerically using the follow-
ing relation, (see Reference 6 ).

i

"T

5.

the positive and negative directions
of the x-axis by the frequeI1CY in
are similar to the ones for the
two symetrical bodies which are
represented by the same Lewis form
coefficients of each side respect-
ively. The comparison between the
calculated and measured values are
shown in Figure 5. It is found from
this figure that the calculated
values are in good agreement with
the measured ones in the model ex-
periments.

‘ "1' -"+
Figur_e_s+6, '7 and 8 show A, , A2-
and §AEfrespectively for the various
heeled conditions of Model B together
with the ones for the unheeled con-
dition. From these figures we mey
conclude that the values of ¢Q§"
(5 -.= 1, 2, 3) for the heeled con-
ditions can not be predicted from
the ones for the unheeled condition.
Comparison between the calculated
and measured A,‘-5 for the heeled angle
of 10°, 20° and 30° are shown in
Figures 9, l0 and ll. In these cases,
the calculated values are in good
agreement with the ones obtained by
-the experimental results, too.

3 2 ‘. Forces and moments

Non-dimensional hydrodynamic forces
and moments are represented as
follows,

Z

m.;'ru'1(j-kc/'z§ A773 I "fik"‘£ius' K:
(is 1,2,3; k-1 //1) 1

0!=I I 2
; |A?7lz4' ‘A;

"'5 2&1
I (26

It was found that the equation (26)
was satisfied with enough accuracy
when the contour C is divided into #0
line segments. '

3.1 Radiation wave amplitude

Figure @ shows the calculated progress-
ive wave amplitude ratio produced by
the forced heaving oscillation of
‘Model A. In the same figure, the cal-
culated values for the two symmetrical
bodies, which are represented by the
same Lewis form coefficients of each
side of the x-axis respectively, are
indicated. We may conclude from this
figure that the tendency of the change
of the wave amplitudes progressing to

 mi"='g.kc /inf; n5’/¢i-‘;J’/GK/y

 (j;/,z,s,'k=s)
(27)

The calculated hydrodynamic forces
and moments induced by heaving,
swaying and rolling oscillation for
Model A are shown in Figures 12, 13
and lh together with the ones for
the two symmetrical bodies which are
represented by the same Lewis form
coefficients corresponding to each
side of the x-axis. From these
figures, it is made clear that the
results for the asymmetrical body
are very different from the ones for
the symmetrical bodies. Particularly,
it is found that large rolling moment,
acts on Model A induced by the heav-

I
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Under the assumptions that the res-
- ponses are linear and harmonic, the

When Model B is in the heeled conditions three linear coupled differential
(cs = 10°, 20°, 30°), the calculated 1 equations of the motions in beam
values of the radiation forces. and mom- seas can be -written _as follows,
ents by the heaving, swaying and roll-
ing motions are shown in Figures '15 to
23. It is shown from these figures
that the rilling moments induced by
the heaving motion are too large to be
ignored in these cases of heeled con-
ditions .

ing motion.

(73 v+a,,) Q6. b,, 3,+¢uv, +@,,i'e
4'b:4-&5"'aI3 :é""h9‘;’-rcl; ‘P =" Fél

\‘\~

3~3 2 '
coefficients
 N

The computed values of the reflection
and transmission coefficients for
Model A are shown in Figure 2h in "
comparison with the ones of the two
symetrical bodies (a, = 0.0 a; =
0.2, and 3.’ = Q00, as = -00]-$0 13 I
found that the reflection and trans-
mission coefficients for the asymet-
rical body are just about the mean r
values of the ones for the two symmet- ' "
rical bodies.’ ( |/'+ G33)? ,+ B33 i-;+§5#f
Figure 25 shows the comparison between “ I ‘
the calculated and measured C1-T for ~ . n
Model A. The calculated values are +a§|fl5 -Fbwfle 4-3356 +43‘ X5
in good agreement with the ones ob- ~
tained by the experimental results.

< Q 3- V422) ye *b2z is .""’:z€‘F; -tie‘?
" 0‘ 4'

4'43; Q5 +5.11%, =.-. Fa;

0 ~+
The comparison between the calculated it '
and measured C,» for Model B in its 4' bu 5 5' M33
heeled conditions ( 4 = 10°, 20°,
30°) are shown in Figures 26, 27 and
28. From these figures, the calcul-
ated values are in good agreement with
the ones obtained by model experiments, (29
too.

' . where,
1+. '1‘!-IE COUPLED MOTIONS IN BEAM SEAS 2 ,

ll-.1 The eguations of motion Q“: MU’ b":~" ' C"

The ship is assumed to keep its bal- efl ;
ance in the condition inclining @ I auf‘ Mm " bu 12'
degrees with respect to the undistur-
bed free surface, when the winds blow G15; M,3+£G‘-M,,- Mn ,
from the positive direction of x-axis
(see Figure 29)f ~ e B": N‘3+l6“'N“__[‘ , M,‘

The b the heeling moment NW due to / 5
the winds is written as follows, C11: fSLa,"B/' C9581

Mw‘ W' We‘ ‘SM (28) x " M .. ‘
_ 4135 M13445; 2-I Le-?fl'M:.'2.

Let the translatory displacement in B457’ ~23 +|f;,,'N21 " "65’ ~24;
their andg direction with respect to - A
the centre of gravityfi be X5 andgg am-5 M1‘ A) bi‘; N2‘
and the angular displacement about
5' beéf , X5 being the swaying, 55
the heaving displacement and 17 the
rolling angle.

1
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,1 M1,~ 1
an: M35 +l4';s' MEI‘ "314. Mu‘ gs 69

' Lab’ ' "'11" MI/‘£6 55”“’ ‘ax’ “W

Lguf‘
:5 5% 3' 53'

. Bfl,A§‘4-£:',N//- é,,‘4’M1z"'[6x'~/3"
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agfi:/Wgfféi Ll éavfiggl
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3*. u

'32‘ 3; if 11- Ex ’ (30)

B22 ‘ '\;z‘L4y'A.(¢z" 51' 6511+
¢(6;"'+4.uf)*=*=‘-Z-* .5»\ H-

N

1' . - ‘(st t)
5z=4sffa'Af'e‘ 1+“

+40i)
B Fm

“Q i‘tn"\*.:~
\+an

°‘\+
.flit:

-'\

P3.M“

F2
‘I’ Lax» LE1 "’

The hydrodynamic coefficients flap!
N] in these equations can be cal-

cufated using the following express-
ions, _

we  1%,“, ,W

N-,i._;.i ... ,
i 7g'l(5. (31)

#.2 The results of calculation

In this section, the author wants to
show the results of computation for
a shipis section.represented by Lewis
form‘ (a, = 0.01, a5 = -0.1) which is
inclined l0 degrees by the winds.
The calculations of motion are per-
formed_for two cases, namely when the

2/V 4! JV ‘L 'A§1+€¥{~&1'€a'%gJqh

7.

incident waves are coming from the
same.direction with the winds and
the opposite direction with them.

The normalized amplitudes of heaving
motion for the heeled condition are,
shown in Figure 30 together with
these for the unheeled condition.
It is shown that the amplitude for
the unheeled condition at the neigh-
bourhood of the resonant frequency
of the rolling motion, when the in-
cident waves are coming from the
same direction with the winds, and
that is is inversely smaller when
the waves are coming from the oppos-
ite direction with the winds. It
is considered that this different
tendency for the waves of each dir-
ection at the resonance frequency
of rolling motion is caused by the
difference of the phase lag of roll-
ing motion to the waves.

Figure 3# shows the normalized ampli-
tudes of swaying motion. From this
figure, it is found that the ampli-
tudes of swaying motion for the '
heeled condition are affected by the
heaving and rolling motions.

The normalized amplitudes of rolling
motion are shown in Figure 32. For
the incident waves coming from either
side of the x-axis, the amplitude
for the heeled condition is greater
than that for the up-right condition
at the resonant frequency. At the
resonant frequency of heaving motion,
when the waves are coming from the
opposite direction with the winds,
the rolling amplitude for the in-
clined model is twice as large as the
one for the up-right model. Converse
ly, for the waves coming from the
same direction with the winds, the
amplitude for the heeled condition
becomes'very small. ‘

5. CONCLUSIONS

The results obtained from the present
work are summarized as follows:

-+
1) Calculated values for t

model A and B are in good
agreement with those ob-
tained by the experiments.

2) When model Btis in its .
heeled condition, the roll-

» ing moment acting on it in-
duced by the forced heaving
oscillation can not be ig-
nored. .

3) \ Calculated wave transmission
coefficients show about the

y same value with the ones

\

I
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obtained through the experi- '5)
mental results. .

A) ‘The rolling motion for the
heeled condition greatly
affects the heaving motion q
around the resonant frequency 6)_
of rolling.

5) When the incident waves are
coming from the opposite
direction of the winds, the
rolling amplitude for the
heeled condition is twice as
large as the one for the un-
heeled condition around the
resonant frequency of the
heaving motion. v
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Beam of cross section C A
- . ‘ . 0

Draught I ~

Immersed part of the cross sectional contour in the
rest position

Line segment along the'cross sectional contour

Unit normal to the cross sectional contour

Volume displacement of the cross section with.unit
length _ .

Transverse radius of gyration _

Co-ordinate system defined in Figure 1'

Oscillating amplitude in the j-th mode

Acceleration of the gravity

Density of the fluid

Circular frequency
' 2

Wave number (=*“749)

Amplitude of the incident wave

Amplitude ratio (the amplitude of radiation wave
normalized by the amplitude of the j-th mode
oscillation) I

Velocity potential normalized by the velocity ampli-
tude in the j-th mode motion for j = 1,2 & 3,
velocity potential normalized by the amplitude of
incident wave for j = O & #

Stream function corresponding to the velocity
potential ¢j ‘ _
Density of source singularities distributed on the
sectional contour

Integral constant for the j-th mode~equation

Hydrodynamic forces and moments of the k-th mode by
the j-th mode oscillation

Wave exciting force of the j-th mode y

Phase lag of the j-th mode exciting_force to the
incident wave

Ratio of the reflected wave amplitude to the incident
wave amplitude '

Ratio of the transmitted wave amplitude to the
incident wave amplitude

Centre of gravity '

Centre of the buoyancy when a ship is inclined at
degrees V ‘ , ' l



v

v
‘i
'1
'.

li~i
~¢

I

I
1

v

E

-R

._..,,._._-.,-_i_-.
'4
Iv
H;
fir

1

B
l

z

1

1

e__I.-A..
.~;

6?
.1:

5 :_
1,3

1&7ig
‘J11E’-,.‘
H;'.‘
.1

...-...-4

.-..-.-4.»

1
x

l

\

EJ4&5

..!-
Y1!

I

I
l

I

v
7

,,

I
l

Silky
5

P  

-t
J

1 _ Kobayashi

1

Co-ordinates of the centre of the €I‘a'Vit'Y

 35 Heaving -displacement of GS '

X -Swaying displacement of G _ _ t

Angular displacement of the rolling motion» about G

\

1



':I2§a@fl£lu\ .nacmmm..:&mn@w@uw-Qtnm.--~mw~;.. ... ...-,.___- . ___ ._ _

Mode A

_. 0 ___1-. A

\\.

U1=O.O ~U1=0_O

(l3=0.2 . O3 ='O.1
V

3
 Wave ~ V  l

-—-—-—>-> V Fig.2 Cross section of Model A
2: .,. L

, Mode, B-

0 _ac-. e .I

3

C7

,//1I:-:3? // \ __*\
-_ix‘

.\_

3 I ~l_\\§__ /_’/,
5 4

up
I

Q 5 _ J
av\ “T.‘“//

01= O O T\““'/

t Fig.1 (Joordinrlte system °3“0' A -—- 0°
. 0 _ I _____ --_ ‘O0

OA 3 20
. _._____ 300

. Fir.3 Cross section of Model B
\

4!

tqsefleqoy

I-'
F-'
I



15

10

0.51-

‘. "'_- ‘<""'5"~7:h-‘.-v-T-'yZ'l'::$:,.*..i.e€::'?:°?',‘*r'_’" '

O1=

|<? ' °'=
O0 O3=O2 x2

IT?
/Y?

_ ...a ..-...-.-.-......--1-.--. .....~-._.¢. --- >. ,7»-.._ .- vv._: --.....<.. . 1- -.___ .... .-..__._.._-.-_._. ~.,
.-. . ‘... -..... ...’..- .. §._...-.':.-_<~--'- -_;; -»_-‘-3" <7-V _‘___ _ ----_ -- -5 > _._ . ,. i

1-4

0.0 ot=-0.1 ieo‘ I

1‘ 1.5

/1'? (a.=0.0. a3=o.2) F ./

,/
,/

<11?----------——/"

/’

A?(O1=0.O, o3=0.1) ,/
1/

I a 1.0:-
,/

/.\__--pal». it fg-i Vr4_‘i T

 ”"""------- -— °-5*
1
I

mt - ~=0.o, o;=-0.1 x==-0
0

A ’ o.=o.0, o,=0.2 x20 _ O‘

O

A? PDQ

' P
N
I

.Col. pp EXP- 1
Ki: -—-—-—-— X|=1Dmm O

to be 9- ____ 10mm ' 0
"" 30mm,

O Q 1. -
I

0

_- .---9---n
-

R‘

4’ -

Q B" -----------
’n ‘ ‘ ‘ A A

,,’ A ‘ L
1 K A ‘

I | e 1 .. H | J _|.
O 0.5 10

rqsefleqoy

- | >
. 15 I I5______,,_§d O O5 O

~

measured A} for Model A

———--‘Ed

Fir<.4 Gel-Quletea It for I-Iodel A Fizz-5 C°'"Pa1‘1B°£1 b°'"'°°" °°1°“1°'*°d and



ll
LOP

‘0.5 -

.

Q1_=QO, 03="O.l

' Heel Angle el A
vi; A; ~/

0» --_ ______ e /
lO° ----_-- ____ -_ ‘ _l
200 __‘_____

30° ---- _--_- v3.
/4Z’

/'

\\
ll» _\\\\;~\\ .\\\

\
, t

4-r;
Q 

I

._ -v

11i1_
lit

l

__._ __’,,
 /

-‘ 

l at e _l at ._.L...
O as LO * 15

""“"€a
1

l

A

1 01:00, O3="O.‘MN
|<( _

Heel Angle et A; A5»
0° --—- -—--

_l

A 10° ------- --=----
\. _..._.------ —---_- ’l 20° ,/ '

30° '

l   5?   ,4‘/  
=c< / ‘ ..10? W 1

/V”% s €¢?§?;;/

0.5‘-
.|

\.4
‘\\\\\

0 <15 l0 _____,, l5
§a

Fig-6 Caleulaled Al for Model B in the Fig.7 Calculated K3 for Model B in the
heeled conditions heeled conditions ' '

tqseleqog

l-'
Lo



+lm
l<1'

O5

O

L
l
I

I“

o.=0.0-, o,=—o_1 _,/

Heel Angle cl A} K; z
0° —---v

10" -------
20° -——-——i

p 30° -—-—-
I

O

I/I,’ _/’

,/ Z
‘II

I

 

in-_n=niir

-in--uh

aq an

P
f

/‘zI

-..._ ~....--.. . .,-. . _._., .. ...-. 7 . ~» - ,_, ... -,- -. >Q'- _V . _...- ..--.._...-_. ~. .._... .._. . Y e .l ._ _ . . ......._.--... H ._-_....~__.i._.___._-.._.__.. . .. -.,__......__......__..._.._.. _-.. lI _ - , .._._......._._ ,. _ _ _-- l-- > —- '—v.-Mm-=1"nu_~.4\ *' "_"""'“‘ """ ' . . . . - . . ...... ~.. ~ . ...’... ._-._- _ ._ , -.4__._,.... .._», - -...-»-_- , ' ‘___ _ _ _ _ _ .. _ _‘ - .. _ ..-......_-W —» --_-.-~ -U. ......oV.~ t_-. _-..-_~- - _J“‘-3-:1-:1:-1-;-;_,_.:;',__f‘{f, "1 .l."I‘-'..‘H'»3.t, '.'."“‘.='_-_b ...f,'_::' ~ ., _ .._ l.__.‘_ _, ‘.,.. V.‘ - _- V '
_ _ _ , _ ,_ ‘ _ .. -_...~-~-- -_--~ '>'-.l::7':_'-- " t ' 1'

l

V

;O
‘J

?§

?.¢I" .

_/
0/

, / ______________.__

/1’, %:"""—”- ,/1 #00’
§

{?

I //‘ .
~ I’/, _ ‘/

/-

0/

I¢” / /
Q’ ._,,_..i° “ * i _ __ _ /

pr",-'Z'%’-a’ _,,-.-"“"",{-+§_""-i—'_'-"' I. 0.5 1.0  I15 ’
5 <1

/

F18-8 Calmllated A f°1‘ M01161 B in the A Fig.9 Comparison between calculated andi heeled. conditions  measured E: for Model B in the

-—-»

+lv-'
l<

lO

O5

l

|_ _ t "Col. Exp. A
K. Xl=l0 "ll" .
..-? 7* 3°"‘"‘

* -,_ - if lo mm. _ A. ------- 30mm p A

.

G,=OO, O3=-Ol Heel AngIe=lO°l

>l>OO X<[
1
9

p ___i%_ ____ -..‘.--
f/K"  A

4" A

I

/’ 00 I *I Q O
O

l 7

.__-_-i-1

| cl -055 .10 l5
Ea

\

heeled condition (v<= 10')
l

l--'
F

tqsefleqoy



¢.-:::u- —- ._ -. - a ..>-_- W

M.-
I4

l

0.5

1.5

l //ke
X

/’g ‘

h ,/’ ' O o

I

Ch =00, Cl; =-0.1 Heel Angle = 20°

' _n _E!..é- 5/
-'-, X|= 10mm
Al J _- g 30mm X"
—- _-;;_- l0i5‘"l - '5A1 J 30lnm L\jfL._////

l v
_Pl>OO

.9_ v A

---------"5
my A

4 ' '

‘_ 0

- 0

.e|ee l.l e |,__
. O5 e l.O 1.5"-—'"€a
.

Fig-10 Cdmparison between calculated and-K: _ Fig.1l Comparison between calculated and
1 "lea-B\1I‘8d 1 _f<_>r Model B_ ln the A measured A‘; for Model B in the ~

+l .-
l<I__ .

[' &=OO, O3?0l

l5

IO

>,l>‘| All """" ' 30mm

l.O

e _._C¢!l L I Em
K. XFlOmm

Q 30ml")
J . lOfl\rI\

. ' _

/ -- 0 0

O. 5 '
-, 0so

Heel Angle = 30°
W

I

x€

13,9’//Q} g
/I’

I ”’ ‘

//’ b. '
I,9" - 0

/'1WA
‘11$

/1

 *

l e I I
0 Q5 1.0 15

gt

_ heeled condltlon (e(o?O) heeled Gonditioh (,4, 30') W

Q

"pl;s"e.{eqo}{

l--'
U!

.



V i ‘ r i W’? w  

l \\ , |........._.

‘Q
l \ \-ose ~~__

s _ ‘

...._;’_ .< ..._._..._,,,,,_ ____ H
. , _ . ., . :51...“ _ , '.‘-*.____.__1_-.,; _ ¢

G;=0.0, O3= 0.2 X20
15  ~ A" A" o.=co, <n=-on x=o I

__ 7 7 - G\=0.0», G3‘-'-0.2 Z20
ml!‘ --"'-"'-'.. .. ...__ / .O\=0.0, O3="O.l X5-D -
nu -~~- .

l ».- . ...... - .. .. I‘ \
r@2l;::::#" " e ;¢°

A H13‘ —+--—-— 0
‘ll

.

_- _ — _.:—-. 4' Q _'!hl. .""*‘f" P‘ | o\"Q /A 6)
e-Ol_ H13 ------~

o~ J e -
2. ,/--0   i / \

an

 4 r' ~ \§ co“\e 1%\
_3»J--.

. “"00 0t=o2 f. X0.

_ _-""" ,_ I ' vv |:Qo _
Z --\_ .'' 'a"o-2

/ / g ‘ a'\$_ ’é?I=Q0,-a3=-Q] ‘ I .

/ / "I" / A 0'“)‘ ’ . ‘On 03:-Q]
A .'/ Ilia”, fij 7 V 7" if 7 1] fi>

,/ //~/' no.5 """"""' ' '15
Z -"""'. 1111111180 iii1_—i

,_--’ —-
' -Q" ‘$9’¢' an-____=_,,.‘?.4' 7 ’ U J

V ()5 I J 1,01 A 1,5 ’€d ~~-___..----"""'f'”

0509105?O2 O1=.Q.QlOflQ-1 A Agymmglyy HQ|:O0,U3=0.2 Ol=0.0,03-=-Ol
m,, ?e__, __..,.__‘ ~~ — T W" " *

\\ nil ° ‘ "A 7

----_

——- —--o V ' ' ' 7'77" "'

\ - A -10,- . -- _e A ,
‘\\

\
"elf-""-'" '"“°“‘-"""‘“‘ 
ll

~e— _.-.- " ' F--- .._ -.-. V. ..1_.-¢¢._ _.¢__ -—- 7 —

.7 Q e > A~
- _, --i . >-—__.ii .---— ._--Q---_---~¢-...-. --. ----1--_-Q -.1 -T--i ~ ~' -T

2_2
mas -'"- ""'"__ _.__-._ 1 H -— -—— ' F

§ _
§\ .._ H23 -----—-—-—

it 1_
I ‘Inn

- ~~ - - o t
Fil".l2 '11?-diéltion forces and moments due to  1'1$']-3 R.""'d1at1°n €gr°°;0:n30'::Te2t8 no 0

I 1lC!."'._Vll".(’,‘ motion for Model A m"a‘71n"f mo on

I-I
O\

-guncieqog



10+-

O1=0.0, Os=O2 I20 10° A

0, {=00 O3 = -0.1 1 S 0 W1.

15 ‘0\=0.0, O3=-0.1 Heel Ang*|e=10° A

.. on ( ~+

flu ‘*7 _°?
m _

A$Y".Y95‘-'l'Y ..9@=,°Q, <11? 0-2 <1\=Q0.0;=*_2-1 ‘B: -—--—- *
min

1 V --* r
_? j I ' IQ‘; -—--?-?--- -

_E2'..—?'_ - _ -- 10f ma ---------
‘ 4 I "132 ________,__.:_____.-.-.-..»... __ 1 __ A  

0 _ Y " I - I —* O

 g_ _ __. . _ .. _ _ _ _ _ ___ a 0.5-

"a2 "— "T j
U133 W--------- -—'—-0-—- —+--A—-

H33 0 A
}I

ipqs-mieqo

l

’ ' O|=O.O,g3 =_flO.'_ ~ j 0. V . _ .

I‘

"“'“v*-—-7""--‘I-"':_ ' . ' j
V " __ VI — __.__;______.-

O\';oT0;LO3 g,;Q__Q_,Q;5-Q1 _ _____________"_ '
_gi ~ 7 -__i_ ‘ii .

ii’ A __V__,_-4-4 —' '__.1§
_ ¢-

'  T—#*”’F;’* “*7 "4 7 A 7 7 > ' . .._ _ :2 - - .

_ §d 0.0 -¢ -__=-_.- _:_._._....-1:.-=.==-_:-:;::':':_--*-___ -ga
_ , . .. ' ‘ \_

~ .
. _

\

\
*_‘. “ 4l_._ 7

~ . . " -

. . -0.2 '

F.~i{3;.14 Radiation foi~ce's"and moments due to" ‘ - ‘ I '.» rolling motion for Model 7 Eig,15 ltadiation forces and moments due ‘to
- ’ heaving motion for Model B (9<=' 10) A

I-‘
\1
O



‘ J -"3 :;'"::;Wwu: .'..Y,._,.._-,-—-,';‘.'T"". ’ I .,.. . ... ... -I —-'-'-~“"‘?'"""""'“ "‘":~.;. .. ..-...-.,.....- ‘_.._____:.::-__7_1-_771- -_- , . >.;_._.-.. _ o .‘ .~--_‘.,..._..,,_ , --_ .‘ _
_ . 4 . ‘ rm. A- g _ \ ‘, -.| '~ u. .7... .. . V ’-

0.5-

O0

01=O.O, 0;=-0.1 Heel An \e=20°% 9 e e j & Q':.QQ’ 0;-;=-0.1 Heei Ang\e=30"

15~   e
mu---—--—--<>-A-— |_ . .-_ _- .- --*_...._____._'____.
l'\ 11 7 °

_ _ __,__ _:;: ,_ ___,_i »_..- — .~_- _. - _,..-»-,.- --.- - .-

I"_'?_-.'.‘TT'f""'m ' l
"I2 _" ____;_e-_._..._.._-- ._0 ______---.__

. A TH:
- ( T ‘O "" ¢\:|

- "I oar
7 * 1r _

1-Q1 anti-'-—'_'-'_—
-pol,"-.‘.

.-ti?‘ ’I
_ $11 \

15
if .

§4I 1.
*"* "' 05 mp 1 15 _ _

- _ .-___ ‘ -—-
10§d O ———— -' ,_ _ !_....------

fin-i’_\r%\______ _ _ _ ‘ ‘ ~ ~ \ ‘_‘ : $-.__§_.‘§.___.§~_

. -¢-.. .

2T§TE?
-.- .._-,1--- ..‘--.--._. ._ --

 iice |

i. --_- .29: .__.n ‘SF ,_ Q 30° 1 0
* ‘e “T

Oflu W ,
in

--111-0-11-@-1

_T[\1a '"__'f_j_-_'_f"""'" _______________ ‘mu ---—---'""
T\13 '

¢

\—-—-*——1-—~-—-"

_ . .. ... -_. 7

-,1?”
—'

¢O“".§pI
-D5’

-¢-al.0111-
p0"—'.’-0

-mi

~u'\

‘\
- *~--;T><_-

_ \_ '/ _ A0.2 I"

_ F1 ,1 R diation forces and moments due :00
Fi{t.16 Radiatlon forces and moments due lto .8 7 hzaving motion for Model B (04-'= 30)

e heaving motion for Model B (°“" 20) ‘ e

V |""
@
0

-gqsaflaqog



 mwIu 2 fl4 a’;w@.1~m°.2m2H3.1’nmrmr:m%:'1';-1:-=r.=a:*x-:~:\:=a\':1.:2:-eww»-.m:.==:|w-r--r- "-<~ =\ - -~I- ¢v--==~--1----~-v-ov _4'.~-.,-- -000-n .._.“-_ cnQRn-_vw- > — - ‘ -- ~

- 01=O(L O3=-OJ Hem An M =10°
e _ 9 e 0\=0.C', (l;=-0.1 Heel Angle = 20° V

.__..'_;. .._ -.!9_°._- . 0° e e 1 \ ‘"121 ------ go; ; 0° __ no
‘ ‘ _V_' - :77; 7 7-“ 7 ‘  @

._- _ T- _.__ 7_ _ V _ 4| """iy—'-—'- ---"-' " "" - ' --—- --——
H21 ii-—— . . _/ - -~5\;----;--~- ~----~- ~ -—-~--

"22 m one e20- ~ ~ -1 e~ e I ’ ' eA "Ma—----—- —-~»-- ./’/I 20L- l2£;:::;i::_j::f:::; ////
- '“*?‘* i / "T§§*Iff;iZ'_I-*“§_* / 

//\‘\ ./'/ 3  H ..\b /// /éjf,

\;\

y .

010 ;_ ~\\ _/ to __ '

3 %  /' \\~\\N§§§§=>‘ V /, \\?\__‘\“ ; .

_ 0 -1 *--_. ,.._____.._.....

O ‘ 05 mni
__ 111

L _§.

7 1*‘
all *___ @_

7%.? §
- §% i 4

_ & , i
_ § _
A‘ \ fr ‘ __I ~§__ ¢ ~--

9 § f - _I A-8 ,v ~
J

I

7 §~@

II’ ~~_'“* 0
I’ eII

> I
I, - \ I’,

/ \\ o’
1 ~ \ — _4"

I
I

I
. I’

— I-— \ ’ ‘LO ,

A 1

F‘ .18 R di t‘ - . .D lg S3ay§n20$°€g::e;oinfiogzmegtzxinfdgo F1g.19 ::g;?:;ono£orce; ang gomegtzxdugdgo

m 1011 or'-oe =

‘\~_ .,..-— ---- . l >
_\~_ _,=--—"""'_ -' _ “\:_:;_~~~~-~

tqsefiaqog

I-1
\0



1 ~

....._.-...“.-r-T:_.__f_..-_._ T . l. _‘,, ;<__ 5 _;~—"__, _. ;_;__.. ,;._,, _ .... .,. _ .... W -.. »> .. @~7."». i=4-*-.~ ; __...._ . .._.._.._.___.,_____.- . _ -l ___,,_ ....._.l...._,....-.. __.- _.».----~ -~ - < -» -»- -.-~~— » ~—_' * V .. , .... ......_.. .. - '.;,v.'-V-.2‘.-l. , Y < _ -» ._ .
' - - ~ l l 44 . l l . l .,. A 7 _ . --~

J 01=0.O, 0;=-O.1- Heel Angle=30°
if w }300 V on A’ i

rnfl-1-1--!---‘ a
-r—-' 7 , _-; I ..--..r ——— __nm§————~—— I

— »

. ——I fin

-;- I -

' __ H -e 0- 0
2'0 mZl___'________~ J / 10 e 0| =0.0, 03="Ol Heel Angle=lO

“},,;; "L ‘ "A  ,, { {do e - or e  e j ‘D, e u Q0 M

. / \ / "iv I I Q -
- -"2\ -—--~ -

/ I

\ ' H32 - ' e ‘=e '"'  / e Q5» »l.O

>< i   7""""‘"“°—. 4-'-’-::--7-~.\<= .X ’ ‘~-.___e
. I fl‘.-\~
/ 7 O ‘L _ ‘ ' _'~__"-_~—-

V . \ _ 2 _ _

-—- _—'_~— _ _ _ _- - — - - --‘.0-= ‘<—- Ye--_=_~ --5 __— __ _ -1"'O:"'i i:

7 *§A\> “—— _, ____.___ _ ‘-—-  _____, >

A ‘ \ / \ -

. A L

_|.Ol— M -O_5_  

Fig.2O Radiation forces and moments due to Fig.21 Radiation forces and moments due to
 swaying motion for I-Iodel B (0! =30’) rolling motion for MOd.81 B (o(= 10')

to
P

Iqseiieqog



~---al.-1.».1--u--->1--n»v|..-Mu.-' ---u--- ». »-»-r--....-A ------n -- -.----- ---- -.------~ -...-A --.--l.---1 --¢.l.--4»--- ---v-—---0-~~-H-1'1'.:2uQnw' wn¢mmum»»-a§»----- - ._ -

i ‘O’ 0' :00’ °n’='°*' H"°' A"°"" “ 20° l0 - 0. =00 Cl3=tOl Heel Anqle = so"
,W_wl29iii" M2: _. ego» ' 0»
ma‘ _ .. .. -_. -

L.______.-e._ __e __ __'_" __  --r‘ - ----~—--.| miln —---—- - ~ - --’“= e e~~»-- , lEL“_—*““le rm“ :-t:;:—s+—— emu--~__ ———m——-
O5_ *£u~ o; ,e“le A 7 j]g@ is " A"“?

~ 1 c_ Q — @ — -.- ii-o_-I '—_" "’ ""

_ -» 33' __ , O 5 '- [T133 ———————-- -——-oi—-
” ————— .._ - H33 —-————=-- 0

- __________...._.___.__.._
i =0 e "A . KL

"O0  ———-———- O5 “O_T__"-___.'_'__-f
l e T -_-"""" l.-5- '5“ 0'0 ' €d A

-§___________...- $___ . l 1 ‘L

' A ' -O.5»— .

II IIIl | | |l .|, II. I

pqsefleqoy

Fig‘ 22 Radi‘_’ti°n f‘_)I.'°°8 and m°'"°n§S due t° Fig. 2§ Radiation forces and moments due torolling m01;10n for I/lodel B (o\’" 20') m]_1im motion for Model B (,¢=._ 30-)

N
I-'



~ .._“

@-
O

+012

1.0

l.--.,..»-~v\-can-nnnr.-'2-+1“-n-. ,_ .".._..:. |.l,;n._..-_ {"l§.-— -~_-,_;,-‘»-'--_-_-'-'-.- - '—~—- -—~
_ ____ _ , , , .> .‘_,. ...,'._ . . ~-~-_uI.¢ *0-I. ,- . , .

'_ Q|=0.0, Q3=0.2-' ZZO

Q1=O.O' O;="O.1 15-O

O‘ = O-O» O’ ‘ Q2 x 2 0 5 Colculolion Experimenl CT
01=OO O3=—Q] 1s()- _ CT x j

Asymmel ry _______
_ _

O O

03:02 —-—o—- --.-0.-..

o.=o.0,o3=-0.1 _¢__ ———-a-—--

0/

A’ I/ I
I

. I

\\\

/"p
I\

____A__J-_---
f.-';‘¢i1i1 ‘-—---— ~11-an -.- ,,_ I ipiiiqnitlx-5-n1-Q1

i _ ‘i. fa
f

?’,@" ,

I Q _ ' ’I

’ w 1

I
I' 1

I11
I

/ I

I
, H /\

/ /
III

/4

I ,;'
O 5 1 '1'I’ O 5 I,

ix 1/ 1/ /.1 . \‘__ ,0

/ - . - ‘\ I‘ 11 _/ -1 1 .I 1
I

O O5 OA e ~L___________L____.___L_..
\

I. 1.5

K

Fig. 24 Calculated C, and C1 for Model A Fig. 25 Comparison between calculated and
1 u measured C1 for Model A -

N
N

1319353"-1°)!



‘“"‘ =wr=u*a mw&w.muw» f@w1$=wm x:';mmw:=_\=wrv':vIm:u.\"-(3%-..;w-,:urr¢.-2:...-~-I--1:" -.-'.;si:r.::.~.1:;-¢\\.u.‘fL'.rrn:=::_'»urrn-=:=='r.:~.-::x=z:r:@§va --1.-.:.u.r.v.1= .v.~. 1 .:.-rtfn 1 .~=r;:r1~;:~:r2e-.-=e.=<'r'n-\' an =r~l-n 1- "' ‘ ""' " """' " " "" """‘"""““"""”"“""“"""""' '-‘""' v-~--l.- 1-“ If-4. fi 

CT
Qe

0.5 - I
‘I

' I

4 s
(11 ¥0.0, O3=-0.1 Heel Angle =1()°

_ Cqlculgflgn ' Experiment Cr.
 10°

CR —------¢ b

C‘ 1 I

-ale» .

1.0 __
o , """""""""""""""--
0 ,v"
~ I

I11I
fl

'/
I

I
‘I
I

I .

I
I O
/ 0

I
I

I
I

I’ .I " ' Q. ‘.
ml

0 '_.

O 0-5 1-0 H 1.5
~*"'€a

Fir. 26 Comparison between calculated and
measured Cr for I-Iodel B .(v<-.' 10')

m
L.)

O1-=00, Oa=-O.l Heel Angle =20°

Calculation Experimenl CT
1

P
L)

NJ

\LO
0

CR ------—-

R \-#~w=u> in

0 O

*9
1.0 H _______________ __-____%

9 ,,
f

I’

. I
I

I
I

II I

I O
I

0.5 /
I
I
I
I
I 0
I

I
I

II
I _ e
I “ .

I
I I I O. __L_. 1 _ __ __ . _L_ l

0 0.5 1.0 1,5
 _'“"€d

Fir. 27 Comoarison between cs1 culated ‘and
measured cw for 1'-'Ior1e'l B (04 = 20

tqseieqoy

I0
LO

53¢’-'!@=]



"‘v-1u&aaui 
_ ‘ .- > -\ ..‘ ‘- ~ ‘—" "' q_ 7 .- .._’ ~~ I _l> . . . ‘.~ -_._.-.<---_-@-.q-—|—--.-.- 7. ,_- -‘ . ' , '_ '*_ ‘ ,_ *1“; _ , _, . . H )2--.fi-~ v—-‘. ~-< -~ --H -'31-- ' '7 "‘ "

0| =0.0, U3='O.1_ Heel Angle = 30°

Colculoiion % _ Exporiment C1
A_c1—-—— .

Cr 9 IIlI!

. iii‘.

&@§§‘ ' (‘@-

Q

Ca

I 3 &
L0 __.,,_@¢uouoxcoa-Qctnitit

at_ — JO"a’
0 ,1’
0 _ /' - _ .

‘ . /0 é

1I
I .

i I
I 0'

/ O
0.5 'll

I
/
I I1

1
_ I

ll
I ' _ .I .

/ -.0 I ‘. ‘ _
. _ _ ‘,

0 ' 0.5 1.0 ; ¢ 1.5
"€a_

F1(_¢.28 Comparisohbeifleen calculated a_nd
measured Cr for Model B (04 =1 3(1)

 /\w
0 ’ 0 I Q / ‘\  

Wind \ 9 X %
\\1  /

x<Y
O

G‘2

cn.____‘D...Q
/I

W

g’   V? H

Fi€.?9 Coordinate system in the condition
7 fnclfninpr 6 d egrvns

N
3'. .

"pqsiaiaqog



;___*;: ;: 7 7 —~-~~II—n-*'" ~' -i I — _-¢ ... ..-._- .... __ ..,-____.....»...4....._,.-.._. .- <...... .._.,. 40 __ __.

\ Heaving  Amplitude
| _

% EA - 1~ Mgf__ Swaying Amplitude  

L5? -‘I ll ‘ Zn."

<§\ aP""’’
\\

\\),,
RI-4 A

'\ 2

/I % '/ ./ ;\ */ / \. xA 2
/ . . \ go_ //'/ .\‘ / \\ V

LO; / \ \. 1  Heeled Cond. I -4______

\

_——--iv

% \ ‘O ~;~_»//\ H —_““"”
\ \\\ ‘~\ \ Unheeled C0_nd ———-—

\ \\ -
I Heeled Cond. I -—--

H ---.._._..-.....

05,. Unheeled Cond -—--——

AI I
I.

I _@U’!

§§§"11:?

s'2’

‘\
I
/
/
///

\\\. ,,_\
\\

_ \ q ya’ ‘\ "___-..__§_
\ ~_..--" . \

. L _ =\_._
\ | "‘

X
5 7 .

Q$ l I ‘ -

. I j 1 f _,_ _ |_ i j l _ j J Lb

O Q5 ‘-0 15 0 05 10 16~ ~
. ' cs.2 .

;d=%"d €a=-‘$9-2~d
Fix-30 Heaving amplitude for thn h 1 drendition (6:16) é ee e Fig. 31 Sw&Yin-- nmI>11'|tud.e for the heeled

 {  condi-Hon (6= 10)
»

gqsaflnqog

N
U1
7



1
\

...____.___._‘i_._.___.__.-_

iflL
K10
We

5
4.-

3

I

-pp

\

-—-

Rolling Amplitudé

\<

....--7'3

av"...;*';’.-'-_--'—_--'

/

"pqsefl

I

-u- m \2 A \ _
\ / \ \.\

\ \\.
\
\

I
-“DR->§

1 z t

9

Heeled Cond I —

O

H.
<<-‘=1-/\-

11 _-__-_
Unheeled Cond --—--—

\

. \ x

L
\ .

I |
iii‘

W iiii
Mi

\

0 0.5 10 _ 1 5
in 2-.11.-L_g(j

Fig. 3? Rolling amplitude for the heeled
. condition (61:15)

N
U\
0

eqvx



SIMULATION CAPSIZING SEAS OF A SIDE TRAWLER

A MORRALL
Ship Division, National Physical Laboratory -

SUMMARY

An experimental and analytical in
vestigation of capsizing in beam seas
has been undertaken for a side trawle .
Model experiments were conducted at
the Ship Division, National Physical
Laboratory in irregular waves corres
pending to a sea state of Beaufort
number 6 The results of these ex
periments give an indication of the
conditions in which capsize in beam
seas occur. Moreover, the GM values
at capsize were found to be lower
than those recommended by IMCO for
fishing vessels.

A time domain analysis using an
analogue simulator program has been
used to further the study of capsize
in a seaway. This program uses a
nonlinear equation of roll, with sway
into roll cross-coupling, and a heave
equation to describe the vessels
motion in irregular seas. The results
of this study compare favourably with
those of the experiments and both
have indicated that a number of fac-
tors contribute to capsize in beam
$88.30

INTRODUCTI

Stability is one of the most important
aspects of ship safety Small ships,
and fishing vessels in particular, are
often subgected to an extremely hostile
environment in relation to their size
and this can result in a capsize and
loss of crew. It is therefore
essential to design vessels with
adequate stability to ensure survival
against capsize in both statical and
dynamical conditions. This degree of
safety should be maintained in all

conditions of loading during outward
and return voyages and fishing
operations.' ~ '

The existing IMCO recommendations on
Intact Stability of Fishing Vessels
Ref. (1) are based on the analysis of
the trawler losses and expressed as
features of the righting lever curve
of statical stability (ez curve), to-
gether with a minimum metacentric
height. (om) Although a number of
external forces such as beam wind and
water on the deck, are recognised as
having an adverse effect on stability,
only ice accretion is taken into
account in the case of fishing vessels.
If these external influences are con-
sidered to be of sufficient importance
in relation to ship safety than it is
no longer sufficient to rely on the
properties of the righting lever curve,
but more on the dynamics of the ship
in its environment.

One of the important external forces
that a vessel is subjected to is that

"**‘*\59P-rrhr-4-E.1--.~av4-v.-¢.au¢n..gresulting in rolling due to beam seas.
This is of some importance since a
fishing vessel could capsize in this
situation when the vessel rolls into
a wave and water is scooped onto the
deck. This problem concerns the vast
majority of British distant-water

..q_.

-4:

in6’lE_.-~

trawlers which are of the side trawler
type. In severe weather it is normal
practice on most vessels to head
directly into waves at low speed, but
trawlers do/not do this because they
wish to remain over the same spot if
fish are plentiful. Instead they
perform a manoeuvre called "dodging
and laying" in which they first head

44.6

into the waves and then turn broadside
to them so as to drift to leeward.
The turn and the "laying" broadside



-.-,-

2‘ Horrall

are both dangerous from the risk of
capsize.

Of the motions of a ship in a seaway,
pitch and heave can now be calculated
fairly readily by means of strip
theory and yaw and sway can be treat-
ed by the same means. These motions
are, to a good approximation, linear“
in wave height and the principle of
superposition is used to calculate ‘
their statistics in irregular seas.
The agreement between theory and
experiment is good enough for most
purposes although confirmation of
computer predictions by full scale
trials is not quite so well document-
ed. Roll motion is a different pro-
position. It is a sharply-turned
resonance phenomenon, and the non-
linear damping and restoring moment
terms in its governing equation make
in intractable to analysis by linear
theory. »

The designer will need to know how
to measure stability in a dynamic
situation and which particular para-
meters affect its liability to cap-
size in the various conditions of
loading in service, and in actual
sea conditions encountered. This
report describes model experiments
and a computer program designed to
seek tentative answers to the above
problem for the case of a fishing
vessel in beam seas. The mathematical
background is given for the computer
program, and a statement of require-
ments of numerical parameters to I
specify the ship in the irregular
beam seas is given in Appendix I.

2. MODEL EXPERIMENTS

An investigation to help define the
conditions of loading which would
ensure survival of side trawlers
was carried out for the Board of
Trade in'l97O by Ship Division of the
National Physical Laboratory.. The
model used in the experiments was and
l/18 scale model of a side trawler
with the following full size partic-
ulars. o

Single-screw side trawler:-

length pp -
beam ~ M
depth to main deck
trim by stern
draught, mean q h;59 m
displacement, mean 1h0O tonnes
GM minimum, 0,13 m
GM maximum 0,82 m

m

Hum: 0000 mowm mmmm BEBE

The model was of wooden construction,
but the interior was filled with
plastic foam so that no water would
penetrate in the event of a leak dev-
eloping. Permanent ballast was prov-
ided internally under the plastic"
foam, and variation of the vertical
centre of gravity was possible through
the movement of a relatively large r
weight on a vertical lead screw, see
Figure 1. The model was provided with
a removable deckhouse and superstructure,
but in these preliminary experiments no
bulwarks were fitted.

The experiments were conducted in No.
#a tank, Ship Division, NPL. The model
was ballasted to a certain displacement
and positioned near one side of the tank,
being held broadside to the waves by two
light lines attached to its stern and
held by the experimenter. The model
tended to drift, with the waves, towards
the beach at the end of the tank, and
the experimenter moved so that the
model remained parallel to the wave
crests. ,

The waves were made by a plunger-type
wavemaker, of fixed stroke but of
varying frequency; the frequency varied
from one cycle to the next according to
a preset program. Because of the vary-
ing characteristics of the wavemaker at
different frequencies, the spectrum of
waves produced approximated to an
irregular sea, although there was
relatively much less variation in wave
height than would have been found at
sea. The wave-height corresponded to
that of a sea of severity Beaufort
number 6, with significant wave height
3.9 m. (This is defined as the mean of
the one-third highest waves, measured
crest-to-trough).

The position of the vertical weight
was altered for successive runs and the
survivability of the model against cap-
size in beam seas was noted for the
different metacentric heights thereby
produced. If the model was unsafe it
usually capsized rather quickly (after
about five waves, say): if the model
appeared to be safe, it was maintained
broadside to the waves while it drifted
down some 12 m to the beach.i Near the
beach the wave steepnesses tended to
increase, and survival in these con-
ditions was considered to be indicative
of adequate stability. Intermediate
between these states were runs in which
the model survived capsize provided it
was not touched, but where it would
capsize if heeled by hand either into
or away from the waves. These runs,
represented the likely effect of a
sudden gust of wind upon the vessel.

r
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The three possible survival states
were then plotted with different
symbols on the graphs of Figure #.

The metacentric heights, GM that give
specific areas under the GZ curves .
up to 30 and #0 degrees are also in-
.dicated in Figure M as e30 and euo .

respectively. The values of these
areas have been taken as 0.055 G
metre-radians for the area up to 30
‘and 0.09 metre-radians for the area
up to 40° and both are in accordance
with the current IMCO stability
criteria recomended for fishing
vessels, Ref. (1). See Appendix II.
These values have been calculated
from the Division's statical stab-
ilizing computer program.

3. DISCUSSION OF QODEL EZEEQMNI
RESULTS .

The results of these experiments in-
dicated that, as displacement in-
creases and therefore freeboard
decreases, an increasing metacentric
'height is needed in order that the
vessel should be safe from capsize in
waves equivalent in height to those
found in a sea of state Beaufort force
6. This increasing metacentric height
can be.thought of as~providing a
larger restoring moment (or sufficient
potential energy) to prevent capsize
in beam seas. A

The scatter of the spots on Figure 2
points to the lack of reproducibility ‘
of results. This is partly because of
the difficulty of decision on how long
a model should survive before it is
considered safe. The program for the
wavemaker in No. 14-a tank lasted 15-20
seconds and then repeated; usually a
run lasted about 1% minutes or 5 com-
plete repeating wave cycles. ,It is
appreciated that the limited sea state
in which these tests were conducted
will not give adequate definition of-
the limits of safety for trawlers in
extreme conditions, but these results
have given an indication of the con-
ditions in which capsize in beam seas
occurs. A motion cine film was taken ~
of a number of these experiments.

As already stated it was difficult to
decide when a model should be con-_
sidered safe. If it capsizes at all
in the waves it should be considered
unsafe. A real ship must survive
storm conditions without capsize for
perhaps R8 hours at one time, and
this period, even at the reduced
scale of the model considered, is
equivalent of eleven hours of exper-
iment time for just one run. This
may be one reason why the GM values

3.

from these experiments are much lower
than the current IMCO regulations -
the model just did not have to survive
for very long in order to be called
safe.

The wave-making facilities in most
model experiment tanks are inherent-
ly unsuitable for long duration ex-
periments because they are based upon
repetition of a pseudo-random series
or cycles. This is convenient for
experiments in which root mean square
motions are being measured because
the wave conditions should repeat
from one run to the next, but extreme
waves will not be generated at all,
and it is these that will capsize the
ship, if any will. At sea, the ex- .
ceptional wave is composed of several
smaller ones of different wavelengths
which come together at one point in
space and time. 7

I

#. EQUATIONS OF MOTION

We consider a ship poised on a train
of regular waves moving from port to
starboard, and to a sufficient approx-
imation, sinusoidal in form (Figure
2). The ship will be subjected to
roll motion because of the variation
of the effective slope of the waves
with time, and to sway motion because
of this slope and the orbital vel-T
ocities of the water particles. The
equation of motion used within the
analogue simulation program-are as
follows:-

Sway motion

The equation of sway motion may be
written

»

2A(y-v)+F=0_ (1)

where-~_

A» = ship mass

y = athwartships movement (+ ve to
starboard) of ship cc w.r.t.
axes fixed in space \

v = mean horizontal water particle
velocity, taken as equal to

' that of half-draught _

F = resistance to sway relative
velocity, see below

¢ = roll angle, + ve to starboard
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F‘ = CD}pLD(y~v)'y-v‘ at zero speed a3. 85. H7

F 1:

  <2.)
-Y\g%pL2U(y-v) at forward speedily i

(zb)

where

CD:

P =

Ls:

Dz

Y!v=

a drag coefficient

density of sea water, 1.025 tonnes/

ship length I p _

draught (this symbol is used here
to avoid confusion with roll period)

sway damping derivative, negative
as normally defined (non-dimensional)

It is assumed that the added mass in
sway is equal to the ship mass.

Roll motion

I*; + klé + k2¢‘¢\

+AGMg({J + a3¢3 i+ 'a5t5 + a7¢7) Y

=AG-Hgtl + mgr] + (F +A(y-v))D/3 (3)

I

where.

I* = inertia in roll plus added inertia

azlssgmg/was '
T 2

H:

Cl =

R2, =

C2 ::

AG-M=

g=

roll period

linear damping coefficient

c1#nI*/T ,
critical damping ratio ,
non-dimensional -

quartic damping factor = 021*

quartic damping ratio,
non-dimensional

initial transverse metacentric height

acceleration.due to gravity, 2
- 9.81 m/sec

Q = CG of water onldeck

= non-dimensional coefficients ,1
giving GZ/GMb curve up to say-E

m = mass of water on deck (initially
zero) _

It has been assumed that the force
due to sway velocity and the added
inertia force due to sway acceleration
act n/3 below the ship cs. This
assumption can.be modified if exper-
imental information is available. Note
that there is no-movement caused by
the inertia force acting on the ship's
own mass because of its sway acceler-
ation: the A in the last term is the
added mass. _ " ", g

Heave motion

The equation of heave motion.may be
written as given below, where for the
purpose of this simulation, the coupl-
ed pitch term has been neglected for
simplicity. This is considered to have
a very small effect on capsize in beam
seas. The ship is considered station-
ary in the forward direction i.e.
speed of advance U = 0. The heave
equation is as follows:

a'z + bz.+ cz = zw (h)

where S

ai = ship mass + added mass in wave

=10-+}<A'dx

z = heave, + ve upwards

b = vertical damping force
coefficient

= IITRGX

where

\ 2'2H’ = ps~A A§3

and

A = ratio of generated wave to
heave amplitude for vertical
motion induced wave

c = restoring force coefficient

-  ~<— __ _ ,___ .
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= pg; 13* dx ‘

B* = local waterline beam

zw = the wave excitation

- = [pg B*dJt._Q -1-J‘N'dx.

7 2 _
+/AIdx.§ exp] -;(%- 11] (5)

where

-Q = wave height-

and

h = is approximated by local
- sectional draught x local

sectional area coefficient
\

The integral in the above equations is
taken over the length of ship. It
is noted that the velocity and
acceleration terms of the wave height,
‘$ , are in fact those given by equa-
tions (7) and (8) for the mean par-
ticle velocities and accelerations.

Wave Motion

For a sinusoidal wave of constant
frequency'm the amplitude 3 at a
depth D/2 is related to the surface
amplitude h by g

t = 11 exp (-@213/2g] cos {(4)2},/g ..@1=J

 <6)
\

The mean particle velocity (either
vertically or horizontally) is given
by

£‘;l&'V'=

= h exp [-w2D/28) sin (szy/g-mt] (7)

and the mean particle acceleration is
giveniby

4 (8)
= ga,

5.

where

d.= waveslope at D/2 = d5/dy

For the purpose of this simulation,
the basic frequency of each of the
seven sine waves is slowly increased
until it reaches the next higher
frequency. This slow increase lasts
for say 10 minutes, the period of a
statistical sample or simulation run.
The basic frequencies are all in-
creased by the same proportional
amount, as they are in geometric pro-
gression. Sincecn is_now not constant
but given.by1u= W0 + wt, say, the
expressions (7) and (8) for v and v
will no longer be correct and are
modified accordingly.

5. WAVE SPECTRUM

So far the simulation has been in
terms of a single sinusoidal wave
train only. Although the roll motions
of the ship in two superimposed wave
trains cannot be added together, the
forcing functions due to the waves
trains, namely effective wave slope
and mean particle orbital velocity,
can be superposed. The equations
can then be integrated provided that
their right hand sides are updated
to allow for sway motion y and rel-
ative sway velocity (y-v).

In the Analogue Simulation program
there is just room in the block dia-
gram to represent the seaway by seven
sine waves of different frequencies.
In order that the whole range of
frequencies be covered, these seven
central frequencies are 'blurred' so
that the final spectrum contains
energy from a continuous range of
frequencies. The ‘blurring? and
central frequencies are chosen so
that the upper limit of each wave -
frequency is just equal to the lower
limit of the next. The sweep of
frequencies should follow a sawtooth
pattern in order to provide uniform
coverage, but it is difficult to q
provide this, and it is approximated
by a sinewave and third harmonic so
that the error is negligible.

The central frequencies and blur
ratifl (1 0.11%) have been chosen so
as to cover the frequency range,
0.0% to 0.2 Hz (wave periods 5 to
25 seconds) and thus the program as A
it exists at present is not suitable
for ships with roll period less than
about 8 seconds. Moreover, energy
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in the wave spectrum outside this
frequency range is ignored, and so
consequently the significant* wave
height of the wave spectrum generated
by the program will be less than that
of the full spectrum being represent-
ed. The comparison of these wave
heights is shown.below.

Sign, wave ht., m
Beaufort
number i

Actual Simulated

6 3.90 3-7h
7 - 5.2h 5.12
8 7.16 7.08

The amplitudes of each of the seven
component waves are chosen so that
each has the same energy as the bundle
of waves in the continuous spectrum
over the same frequency band. The
ISSC one-parameter spectral formul- .
ation has been taken as a standard,
and the semi-amplitudes used are
found in R$fe

A comparison of the actual and sim-
ulated spectrum for Beaufort 6 con-
ditions appears as Figure 3.

v

6. O snmmnon OF CAPSIZE IN BEAM
sms

Although a patch network for the
~above equations given in Section 4
could be constructed, the problem
would require a very large analogue
computer and there would be severe
problems of scaling and stability.
It is possible, however, for an all-
digital computer to be programmed as
if it were an analogue machine using
a system called Continuous System
Modeling Program. The user writes ‘
the program as if he were drawing out
a patch diagram for an analogue com-
puter, but the computer proceeds
digitally, integrating the differen-
tial equations on a step-byestep‘
basis by brute force. aThe output is
‘very conveniently arranged to be
graphical, Just as it would be from
an analogue machine, and any points
the patch network can be examined.
This particular problem has been
programmed for the Ship Division Com-
puter to simulate capsizing in beam
seas of a side trawler. -

The program described above was run
for the same side trawler form as
used in the model experiments. The

sea state corresponding to Beaufort
6 was used in the program as this was
the sea state used in the model ex-
periments. A portion of the print ,
out in graphical form is shown in
Figure 5 just as it appears from the
analogue simulation program. The
results have also been added to the
model results given in Figure Q.

The program is designed for full size
vessels and the parameters used with-
in the program are therefore ship
rather than model values. The roll
period and the damping factors kl
and k2 have been determined by ex-
periment from a similar ship to the
one in question because the model
scaling of roll damping is not accur-
ate.‘ The heaving damping coefficients
have been calculated from Ship
Division's ship motions computer pro-
gram which is based on the theory
of Korvin-Kroukovsky and the added
mass and damping coefficient from
the work of Grim.

Arrangements are made within the
program to calculate when the deck
edge becomes awash.. This is done by
taking into account the roll angle, .
wave slope, heave and the freeboard
of the vessel with respect of the
wave height at every second interval.
A diagram showing freeboard of the
ship due to roll and heave motions in
waves can be seen in Figure 2.- When
the deck edge does become awash water
is assumed to be scooped on deck and
the program is arranged to introduce
an additional heeling moment due to
an assumed amount of collected water.
This mass of water is estimated from
the prevailing freeboard or more
precisely from the height of water
above the deck edge when this con-
dition is encountered.

The height of water or freeboard above
or below the deck edge due to the
motions of the vessel in a seaway are
calculated from the following for-
mulae. Now if wave height is given
by'$ and the absolute heave is z,
then relative heave gtis given by

€='5-Z

x

*'Significant' motion = h x (area under
spectrum)%. .It can also be shown to
equal the mean of the one-third highest
double amplitudes

-.-:
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referring to Figure 2

tan (¢s~+ ¢) = 2co/B

where .
.

. .

$8 = wave slope at surface, + ve
clockwise

¢ = roll angle, ¥ ve to starboard

B = ship beam 4

co = change in waterline at ship
side with zero relative heave

co = 2 tan Qls + ¢)

New the port freeboard of ship with
relative heave is~

fp = fa - cu -‘§'

and the starboard freeboard of ship
with relative heave is

fs=£c+c°-'§.*

where

fc = calm water freeboard

and

E* = the heave term caused by”€ and ¢

E-' = ‘écos Q) __

The program to simulate possible cap-
size in beam seas was usedeto invest-
igate two values of GM namely 0.38
and 0.52 m respectively both at a
displacement of 1320 tonnes. It was
found that the ship condition with.the
lower value of GM capsized while the
condition with the higher value of
GM was considered safe. These res-
ults can be compared with the model
results and it can be seen from
Figure h_that these two sets of res-
ults compare favourably with each
other. Various assumptions were made
for the control parameters of the
simulation program; simplified
assumptions were made when the deck
edge became awash and these were that
the mass of water when on deck re-
mained constant and its centre of

' \

gravity remained midway between the
deck edge and the deckhouse side.
This is clearly an assumption since
some of this water would be cleared
by freeing ports on one hand and extra,
water would be taken on board as the
vessel took on a list to one side.
The vessel was considered to be lost
if at any time the vessel heeled to
an angle greater than 40° or the '
flooding angle, whichever was the less.

7- CONCLUSIONS

It may be reasonable to suppose that
a vessel will be liable to capsize in
a beam sea providing several events
occur at the same time. The most
important of these events must be the
extreme wave forces causing extreme
ship motions, the wind forces, includ-
ing gusting wind forces and water on
deck caused by a combination of the
former events. >

The usefulness of capsizing experiments
with ship models and the simulation of
this mode of capsize.must be seen in
perspective as these are only part of
the overall picture relating to surviv-
al of the ship in its natural environ-
ment. Capsizals may occur in follow-
ing seas due to rolling and due to
broaching (Ref. (3)) for example and
these too are caused by external forces
other than by direct flooding due to
damage. However, survival in beam
seas should take into account the pro-
bability of shipping large amounts of
"green seas" on deck causing the v
vessel to heel. The vessel could be
considered safe if the angle of heel
produced in this dynamic situation
does not exceed k0 or the flooding
angle, whichever is less.

A mathematical model of capsize in beam
seas is a realistic proposition,
providing roll damping coefficients for
the ship, rather than the model are
used. The question of "adequate safety"
is more problematical but the best
criterion for survival is considered
to be a simplified dynamic approach
as outlined above whereby the surviv-
ability is measured as the ratio of-
the restoring moment to the capsizing
moment in extreme conditions. The
question of good seamanship must not
be forgotten as this will always im-
prove the chances of survival of as
ship at sea.
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APPENDIX I

NUMERICAL PARAMETERS FOR ANALOGUE
PROGRAM

In order to use the analogue sim-
ulator program for a vessel in beam
seas, it is necessary to calculate,
estimate, or measure by experiment
the following numerical quantities.

displacement,
tonnes,

GM, metres

roll period,
seconds

draught,
metres

GZ curve)
constants

Ship roll
damping ratios

Ship heave
damping ratios

CD (U20) for.

lateral motion

cD (U$o) length

$11 $232‘; ‘"1/B’
density (l.S25)
length/2

sequence of
seven wave

isemi amplitudes,
metres

.

'.

Ll l

em 2
T h

D 5

A3,A5,A7 20

c1,c2,1 31

Bl,B2,B3 196

1,Bu,s5 197
cD,o

36

0,-LUYV

RHO.L/2- 37

H1 89

H2 90

H3 91
Hh- 92

H5 93
H6 94
H7 ' 95

Hl,H2,H3 188
H#,H5,H6 189
H7:19l 19D

“Morrall 9.

Details of how many of the parameters
not directly calculable may be meas-
ured ex erimentally are contained in
Ref. (#§. The waveheights corres-
ponding to six different sea states
are also tabulated. The above wave-
heights may be altered because the
effective waveslope of shorter waves
is reduced if the ship's beam is a
significant fraction of the wavelength
The highest frequency wave in the
irregular spectrum has a maximum
length.of 60 metres and a minimum of
28 metres so that some modification
to the spectrum on this last count
is probably necessary for most ships
if their roll period is short.
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LONG—TERM.AN SHORT-TERM.STABILITY CRITERIA

‘IN A RANDOM SEAWAY

by

S. KASTNER
Technical University of Hannover,

Germany

1. INTRODUCTION

Tho best way to Judge the safety of
a ship from capsizing would certainly
bo to predict tho expected roll
motion extremes and their probability
of occurrences However, this is
quite a cumbersome task even if per-
formed by computer simulation. The
main reasons ares-

i)' The linear theory for motion pre-
diction, based on the super-
position principle, cannot be em-
ployed because of the nonlinear-
ities at large amplitudes.

ii) In a random seaway there is no
single deterministic capsize,

 but we are faced with capsizing
as a stochastic process. A ship
encounters many different waves
and wave groups with different
initial conditions of her motion.

I This yields a statistical sample
set of different records with

~ roll motion extremes and pess-
ibly capsizing events.

iii) Capsizings are rare events oven
in some severe stationary sea-
way, depending on various ship
parameters. However, capsizing
will occur at an even lower
rate within the lifetime of
the ship, when she will encounter
not only severe, but mild seas

‘ too.

But so far motion prediction of ex-
tromo roll in the time domain suffers
from lack of knowledge on the hydro-
dynamic parameters or coefficients
of the equations of motion at large
heel. With recently developed programs
for unsymetrically submerged cross
sections of ship hull, this difficulty

might be overcome. Several approx-
imations for the solutions in the
time domain have already been
developed and this allowed us to
generate the types of capsizing
found by experiments with ship models
in random seas. But further work is
needed to refine the computer models
and to check results with measure-
ments. »

Any numerical time domain analysis
of the roll motion consists of two
basic parts, see the block diagram
in Figure l. The first one is to
determine the time varying forces
and moments on the underwater ship
hull according to the seaway excit--
ation. The second part consists of
integrating the corresponding motion
equation in a step-by-step procedure.
Both parts of the analysis could be
done almost simultaneously at each
step of the integration. On the other
hand, any required value could be
found by interpolation, if computed
and stored beforehand for the para-
meter range in question. With high
speed computers certainly the direct
computation during the step-by-step
integration is more appropriate._

However, the calculation of the right-
ing moment of the ship at different
angles of heel alone, already allows
some, though not sufficient, judge-
ment on the stability of a ship.
Thus it is common practice to cal-
culate the righting arm curve of
the ship in still water. Obviously,
this curve alone cannot be the basis
for stability criteria in random seas
for Judging the severity of occurring
roll motions, There exists quite a
large gap between the common practice
of using the still water righting I
arm curve only while applying some

I
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sort of Rahola criterion, and a high
level approach based on direct come
putation of roll motion. Still, the
simple calculation of righting arms
alone may well be sufficient for
most ships, if accounted for the
righting arm variations in the seaway
and for the dynamic motion excitation.
In this paper we will deal with some
way to use hydrostatic righting arms
in waves, and to account for dynamics
involved by simple checking on poss-
ible resonance in following and quar-
tering seas instead of solving the
equations of motion. .

2. LONG-TERM AND SHORT-TERM
ANALYSIS

In general, one would like to have a
ship that would withstand all poss-
ible waves she will encounter in her
lifetime. Therefore we would attempt
to design for the maximum load pre-
dicted, With respect to seaway, a
animmmload can only be determined

at a certain probability level, which
still might be exceeded, though with
a very small probability, Natural
irregular seaway, as well as seaway
induced loads and response, are being
described as stochastic processes by
statistical methods with spectra and
probability distribution functions.
Seaway can be considered stationary
in a statistical sense within reason-
able limits, but this is only valid
for relatively short periods of time,
say for some minutes up to a couple
of hours. At any rate, this is only
a short time compared with a ship
service lifetime of say 15 or 20
years. A ship encounters a large
number of different stationary sea
states within her lifetime, Consider-
ing the probability distributions of
the waves, loads, righting arms, ship
motion or any other parameter of
interest, only for a single stationary
seaway, is called the short-term
analysis. The example of stochastic
righting arm.variations von in
Figure 2 is regarded as %:tationary)
short-term. Looking at the distrib-
ution of different stationary seaways
and the corresponding ship response,
which occur within a particular region
of th ocean within years, or which
the ship will encounter on her route,
we call this the long-term approach.

The long-term analysis has only in
recent years become a tool in the study
of wave induced loads on the ship
structure, in particular on the wave.
lbending moment. Generally, all wave
cycles within the lifetime of the ship i_
are taken into account, i.e. even the
_cycles related to small waves. This

Kastner

is in order for structural problems
when fatigue has to be considered
too. However, in ship motion prob-
lems, a ship has no memory of dif-
ferent sea states she has encounter-
ed at different times as far as the
rigid body is concerned. On the
other hand, to select severe sea
states will impose some arbitrary ,
action on the procedure. n

Some authors call any selective
approach short-term too as only short
periods of time are considered. This
would then imply a "non-stationary"
short-term approach. But actually,“
the same computational procedure has
to be followed as in the long-term
approach, though with a different,
reduced sample set of the extreme
seaway states only. Therefore, look-
ing at any group of many different
short-term distributions might be
called long-term too.

3. HXDROSTATIC RIGHTING ARM.IN
WAVES

Measurements have shown that in a
following sea the restoring righting
arm for the ship on a wave at large
heels may well be calculated hydro-
statically, i.e. according to the
Froude-Kriloff theory. Consequently,
the hydrostatic calculation of right-
ing arms in crest and trough of a
regular wave had been suggested.
This method has been successfully
applied in stabili requirements for
Navy ships, (2), (;§. In setting up
these regulations, the required res-
idual righting arm in waves was det-
ermined by comparison with results of
open.water model capsizing~tests in
irregular seas, thus taking care of
any possible dynamic effect involved.
More than ten years ago, this was a
practical way of combining the advant-
age of simple hydrostatic calculation
with the results of less simple and
expensive model tests on the extreme.
roll notion. "

As soon as it is considered reason-
able to use hydrostatics, even in a
seaway, the question arises how to
calculate the righting arm variations
in irregular waves. They may be
'calculated directly for a ship in a
long-crested, longitudinal seaway,
where the irregular wave profile
at the ship hull is determined from
a given seaway spectrum with the
equation 1 . ' '

‘Q (xst) =
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=€;1\/2 si-Ami -cos(Uit +“—;-i-'- 1:: + ii)

' (1)

where

‘Q tare elevation ordinate

S seaway spectrum

Aha’ ieth frequency band

t time

x travelling direotisn of wave

E1 equally distributed random phase
‘ . y

Fer the lines No. #212 H of the Series
66 the hydrostatic righting arms at
different constant heel angles were
calculated with a set of 1000 differ-
ent wave profiles from equation (15,
taken at l second time intervals[H .
Spectra and distributions of this _
sample of stochastic righting arms
have been calculated, see some results
ifl 20 l

This procedure is quite cumbersome,
therefore for the design practice
hydrostatic calculations in equivalent
regular waves are still advisable.

h. HAVE STEEPNESS AND LENGTH
For most ship hull forms, the maxi-
mum righting arm reduction results for
the ship in a longitudinal wave with y
the save crest at the main section.
In the wave trough, the righting arm
generally'increases» The amount of
the righting arm variation between
wave crest and wave trough depends
mainly on the wave steepness, i.e.
the wave height=wave length ratio and
the wave lengthe Furthermore, the
wave period has to be taken into
account for roll resonance. There-
fore, choosing only one wave height,
even if taken at an extreme value,
can only yield a rough estimate of
expected righting arm variations, but
not eoyer the whole pattern.

, 0

The already mentioned seaway stability
criteria from [2] are based on hydro-
static righting arm variations in
a trochoidal wave of ship length,
This is quite appropriate for com-
paring different hull forms, in order
to ensure a similar stability standard,
and to reduce the calculation effort
as much as possible. But there is'nog

r

3.

general law which states that the
maximum righting arm reduction results
always at a wave length equal to
ship length. As an example, Figure
3 shows the righting arm difference
with wave crest - still water versus
the wave length - ship length ratio
for the American Challenger class
with a low freeboard of D/T = 1.56.
For.a constant wave steepness
(dashed line) we find the maximum
reduction always occurs at a wave
length shorter than ship length and
is dependent on the heel angle. The
same is true for a wave steepness
according to the formula given in (2):

Hw1; ’Lw=Ls <2)

Equation (2) yields a larger wave
steepness for shorter wave lengths.
Therefore the maximum reduction
curve is shifted further towards
smaller Lw/Ls values.

5. JOINT PROBABILITY DISTRIBUTION
QF HAVE HEIGHT AND WAVE LENGTH

In order to calculate the hydrostatic
righting arms for the real seaway
conditions we apply the joint pro-
bability distribution of wave height
and wave length:

’ Lw(x9y) = P {Hg X9 Lw = Y}

i (3)
I

where

F4 probability distribution V‘
function

F " probability

Then we call f(x,y) the joint pro-
bability density function:

fH'w!Lw (5%?)

62 F (1.?)Hw*Lw e (A)
Bxqay
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We note that

P{:z4.Hw4_.x -s-Ax, yLLwé‘Y -FAY}

= fflwv Lw (307) ax d7 (5).

\

The marginal probability densities
are

.°\'_;-g€? JfHw(x) = (1.1) dv (6)

oxira =2?’ 1?(397) d7 (7)Tiw(Y) = A

For any stationary seaway, i.e. "here
»tho energy equal to the area under
the seaway spectrum is constant:

an
m = [saw = const (8)
” o

8 seaway spectrum

Q, wave frequency

we can estimate wave heights and cor-
responding lengths from the generation
of the wave ordinates in time and
space according to equation (1). Then
the wave height and length can be sam-
pled in order to get the probability
density function f equation (h).Ht» Lw*
To extend this procedure to all poss-
ible seaways within the lifetime of
the ship, we need a longeterm dis-
tribution of the seaway energies en»
countered. Then we may accordingly
calculate the long—term.Jcint probab-
ility density function (H) of wave
height and lengths To our knowledge, .
this numerical task has not yet been
,Dfld6?t&kBne Besides the numerical
effort, there is still not enough in-
formation on the long-term seaway
spectra distribution in different
ocean areas available. Projects on
prediction, based on fetch, direction,
and duration of stcrs, to cite only
the main parameters, with accounting
for the nonlinear interaction of waves
tin the energy transfer, are underway
at some oceanographic Institutes, and_
results will be important for the
field of Naval Architecture.

At the moment, long-term.obsorvationsi

Kastner

from weather ships are in use for ship
structures. .Here the number of ob-
served wave height-period combinations
within certain levels are given, which
corresponds to formula (5) for the
Joint probability density function of
the two random variables H? and Ty.
We can determine the wave length from
the period by the relation

.

LN :: k- Twz

.

where p

1.014 é.- k, sec-zradians-'lm

~

4: -3%?“ = 1056

The choice of the factor k imposes
an uncertainty on the wave length
estimated from the wave period. It‘
would therefore certainly be better
to calculate LW directly. e

The apparent wave heights HV in the
Tables are those which appear to be
the most dominant or "significant" in
that particular sea state. In manyt
comparative computations oceanograph-
ers have tried to relate the observed
height with some computational value
derived from the full wave ordinate
time series. .The calculated signif-
icant wave height is defined as the
mean of all one third-highest waves
HW(1/3)_

We are going to use

Hv g Hw(1/3)

even though some correction formula
is often suggested and used. However,
we feel that this would still be
fairly vague and would not improve
the accuracy, as it only means a
"calibration" of many different F
trained observers. For our purpose,
this relation will be sufficient,
unless more accurate data from direct
computation are available. .

'

Looking at the Ev - TV - plane, see
Figure h, any possible combination
of TV i- H? J stands for some obser-

ved seaway occurring iith a certain

‘ <
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probability in that respective area
and is found from years of observation.
It would certainly be correct to apply
any of these combinations in order
to get a set of extreme wave heights-
wave periods:

(Hext,i Hv,1 y’ Tv,5}

for all i = l, ...m, j = l, ...n

However, we will try to reduce this
effort. This could be accomplished
by locking at all columns, i.e. Tv'i

9

= const, and determine one correse
pending significant wave height for‘
each eolum i:

Evil/3) = H‘/_(1/3) ~ TV.’i = const

With a significant energy for each
solumn i, assuming a Rayleigh dis-
tribution, ‘

mo’ (1/3) = 0,25 Hvg/3) (10)

A \

we then may determine the extreme
wave height H xt and the corres-
ponding wave length, resulting in the
m-fold pairs: p

{Hawaii Ti '4 Lx-1,1 (T1)}

fOI‘i = 1, Qgfim

and we can calculate the righting
arm.variations for all m pairs in
regular waves.

The other way would be to look in '
the HV- Tv- plane at the rows, i.e.
for Hv’J = const, and to calculate
the corresponding extreme wave height,
together with the respective period.
We will give a numerical example with
the latter procedure.

6. “LONG-TERM EXTREMES OF WAVE
STEEPNESS AND RIGHTING ARMS

We call the largest value to be ex-
pected during a certain period of time
the "extreme? value. .

_ 5 ,

From the application of order stat-
istics of extremes, Ochi (5) has
given a formula for the extreme
value Y} , depending on the total
spectral energy mo, the average
number n of observations considered
the spectral bandwidth parameter E, ,
and the probability {I of exceeding
the extreme'value: b

1

3%-.:— = J 2 .Yn( '%h-)

for- E'§ 0.9, and small 4- (ll)

For dangerous situations in roll
excitation, that is in following and
quartering seas, we find mainly
very narrow frequency bands of the
encounter spectra. Thus for easy
calculation we might as well employ
the limit er equation (11) -with
the bandwidth parameter € tending
towards zero:

A
_'L'I___ =’2g,,.n.W“ " ¢ y
for / 5 = 0, and smalld. (12)

The average number of cycles, which
during the lifetime of the ship A
belong to each wave height group J,
may be calculated from the relative
frequency n/N of the wave height HV
(within the row), and from the
average period TV of the correspond-
ing periods, see Figure h:

T .life n
nlife ' "'1""' ‘ N (13)rev

where

E‘ =-J-"-' Z lT...n.V n J i _ V13 ig

The relative frequency n/N is cal-
culated from the number n of ob-

td '
servations within each wave height
group j, and is related to the mar-
ginal probability density distribu-
tion function from formula (7) by
the relation: W . -
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§ =,r.An = fTv (yd) .AH

= AH Tv(I9YJ) d-I

Thus we get the extreme wave height
for each.wave height group J from the
corresponding nlife, ¢,, and mo.

New we are faced with the further prob-
lem of finding the right correspond-
ing period, as T2 is only the average’
period of the re pective wave height
class. Sibul gives some data from
measurements, compiled in the book by
Wiegel [6]. It can be concluded, th
the period of the wave with maximum
height equals the period of the wave
with the mean of the one third highest
wave:

.

.

TH = ‘1‘H(l/3) (15)

Thus it seems to be fairly realistic
to apply this relationship for the
extreme wave. The period of the sig-
nflcant wave again may be determined
after Wiegel from the mean period T
by the relations:

TH(l/3) = 0.89 T(1/3) (16)

'r(1/3) = 1.2l+i* (17)

Formula (15), (16), and (17) combined
yield:

'r' ' = 1.10 "i- (18)
Hmax,j A V3 is

Figure 5 shows these different periods
together with the period probability
density at a given wave height Hvd.

Table I shows example calculations
based on seaway data after Hogben and_
Lumb [I]. For comparison two differ-
ent Marsden squares have been used,
area 2 for the North Atlantic, see
Figure H, and area H for the North Sea.
There are contained 33,lh6 observ-
ations in the North Atlantic and 7,6h6
observations in the North Sea, both .
areas at all seasons.

Figure 6 shows the resulting extreme'
wave steepness versus the wave length.i

Kastner
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For the North Sea we obtain shorter
but steeper waves than for the North
Atlantic, which was to be expected.
However, the calculated wave steep-
ness in some points exceeds the wave
breaking limit, i.e. waves of this
steepness will not be reached, but
will break at the crest. This res- "
ult is due to the minimum.possible
factor kiof l.0h chosen for the wave
length - wave period relationship
(7). Although it is believed that
the resulting extreme waves with S
breaking are accurate, in particular
for the more shallow water areas in
the North Sea, we might better employ
some average factor k, say 1.25.
However, because of the nonlinear
increase of righting arm at extreme
wave steepness the resulting right-
ing arms will not change very much,
see also Figure 7.

With the new calculated set of ex-
treme wave heights and corresponding
wave lengths, respective wave steep-
ness and wave length - ship length
ratio

H L‘1: Wex ’ _£__ 3 = l ,,,m_ (19)
v s jg .

We derive the corresponding righting
arms by interpolation from hydro-
statically computed values for any
given hull form, as shown in.Figure
7 for the "American Challenger"
class.

Figure 8 shows a comparison of the
calculated decrease of righting arm
at 45 degree of heel in a wave crest
for the extreme wave data calculated-
in Table 1. This graph also includes
the mean period and the period of the
extreme wave, as well as the marginal
probability density function fj of
the observed wave heights Hv.

Looking at Figure 6 again, the wave
steepness is also plotted according
.to the wave height formula

aw = l.1\/-1-.-W _ (20)

which had been used for longitudinal
ship strength calculations before the
statistical approach was introduced.
Furthermore, the wave steepness‘
according to formula (2) is alsg
shown approximated from the 10'
occurrenee rate after data of weather
ship observations for the North
Atlantic given by Roll.
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In comparing all shown wave steepness
curves in Fi e 6 we find the values
of equation $23) closer to the ex-
tremes, whereas equation (2) results
in the smallest values, However,
some designers might consider waves
according to equation (2) extremely ~
steep already and too far from reality
(which in fact they are not). But
Fi e 6 shows clearly that equation
(fliuiakes into account only the approx-
imate significant conditions, but will
be exceeded considerably by long-term
extremes, though very rarely in lifee"
1711119 o _

Hhich.wave steepness should new be
recommended for practical use?’ It
certainly depends on the sea area or
ship route. For regulations a simple
standard formula such as (2) would be'
advisable. Designing for the extremes
might impose too severe limitations
on the shipo But it would already
show progress to include the seaway .
righting arm curve in stability crite
eria at all. Furthermore, for any »
special ship type or new design, the
longeterm wave distribution should
be considered, in particular the wave
height = length ~ period - combinations,
and possible resonance must be checked.

7.' MATHIEU RESDNAHCE IN RANDOM SEA

A capsizing in irregular sea due to
resonance has been denoted as capsizing
mode 1, low cycle resonance (7), Ina
following and quartering seaway, the
righting arm.GZ of the ship or model
varies with time, which leads to the
Hathieu differential.equation for_the
roll motion, assuming one degree of
freedom

ail‘.-+ bi + c GZ(e(,t) = d(s,t) - (2.1)

For a linear Mathieu equation resonance
occurs if the exciting period is equal
to natural multiples of half of the
natural period ‘

Texc/'O05Tnat = lg 29 ooooo

i.e., for the frequencies

(AJexc/(A)n-ant =\ '29 lg 0 e 0 o e

. ‘ (JeThis is generally true, even if both
ugxc and uhat are not constant in time,

9:‘!

7.

ility density distributions f(hgxc) .
and f(l-Hnat). Thus we may denote
for Mathieu resonance in a random
seaway the condition (23) as follows:

Resonance occurs if

f(wexc = f(n'mnat)

n = 2, 1, ..,; cue 0 (zh)

I

The distribution of the natural ro1l=
frequency is determined by the time .
variations of righting arms, and
because of the nonlinearity in the
righting arm it also depends on the
roll amplitude,

Obviously, equation (2%) will rarely
hold exactly for all exciting fre-
quencies in a random seaway, but if
there is any condition where it holds
for some frequency range, particularly
around the density peaks (either the
peak of the exciting spectrum or the
~response), in a long run, a partial
resonance is likely to occur.

This means that we can expect more
Mathieu resonance, the more the ex-
isting frequency distribution over-
laps the distribution of the natural
frequency (n = l) or overlaps a dis-
tribution for double the natural
frequency (n'= 2),

If the ship is moving at an angle
to the main direction of the waves
((P = 0 for following sea), then the
encounter frequency wave - ship is

Ue/(2111) =| (c - V-cos / Lw

(J2"-E‘-i,-— (1 -==§'V-cOS‘+1)‘

with c = gflp ,g;=‘/2T(g/LW

and with

LN wave length

c wave celerity

Q) wave frequency

A encounter frequency ship - wave

g gravity acceleration
but cover some limited range on the , V hi d
real axis, as determined by the probab- 5 P spee

‘ .
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From equation (25) follows the maxi-
mum of the~encounter frequency to be
independent of the untransformed wave
frequencytn, or the wave length LN
-respectively:

"ax (“J = '5-,:rt5z:;'q>' <26)
It can be shown from the transformation
of the seaway spectrum that at the
maximum of the encounter frequency the
transformed spectral value goes to in-
finity, and we get the relations:

I .

0

1§ ova Zminf = awe’ inf (27)

with we’ inf = Max (we)

Q. , singular encounter frequency
°’inf (where the encounter spectral_

density goes to infinity)

Q5 aanf corresponding singular wave
I frequency _

0% frequency of the wave trav-
elling at ship speed fiue’v=

In Figure 9, there are plotted the en-
counter frequencies ul/2r< versus the
ship heading Q! for rggular waves of
different length Lg according to for-
mula (25), with tn dimension Milli-
Hertz (mHz).

Naturally, the minimum encounter fre-
quencies are in following seas, the
maximum in head seas. The encounter
frequencies in beam seas are equal to
the wave_frequencies. ~

All curves in the graphs for the en-
counter frequency for higher speeds
show a very remarkable characteristic:
they all cross each other at quarter-
ing seas, i.e., for a heading ranging
from roughly 30 to 60 degrees. This
means that the encounter frequency in
quartering seas is compressed into a
small range on the real axis, no mat-
ter what the particular wave length
is, .In other words, there are speed -
heading combinations, which concen-
trate the total seaway energy into a
very narrow frequency band of encoun-
ter. In case the natural roll fre-
quency distribution of the‘ship in the
seaway coincides with the narrow
banded excitation, the most severe
attenuation of roll motion due to-
Mathieu resonance, equation (23) is
likely to occur. Although the maximum

Kastner

righting arm variations generally
appear in following seas, the quarter-
ing sea will be even more dangerous
from the resonance point of view.

s . CONCLUDING REMA.RK§,
Extreme roll amplitudes incurring the
danger of capsizing are rare events
within the lifetime of a ship. This
is even true for a ship experiencing
severe seaway for only a short time,
say a couple of hours. But for safe-
ty consideration, because of the
danger of the total loss of the ship,
such rare events as capsizing must be
taken into account, and the acceptable
risk level must be evaluated. -

In determining the extreme conditions
which have to be accounted for in a
random seaway, the long-term and the
shorteterm approach might be employed.
Although computer programs and new
model testing techniques in irregular
seas‘in the time domain have been
developed, a simple approach such as
calculating hydrostatic righting arm
variations in wave crest and trough '
imposes a reasonable effort on the
design engineer. The short-term time
domain histories may be used in orders
to gain a basic understanding of the
behaviour pattern and to prove
requirements. ‘

The dynamics.involved can be consid-
ered by checking.on Mathieu reson-
ance in following or quartering seas.
Here ship speed, heading and natural
roll frequency are the main parameters
to be related to the seaway spectrum.
Attention is drawn to the minimum
bandwidth of the encounter spectrum
in quartering seas at certain ship
speeds. This leads to a concentration
of the total wave energy at a very
narrow frequency band, in other words,
practically all wave components in
the random seaway of different lengths
(say 1001 through 1000*) add up their
energy at almost one single encounter
frequency. The encounter spectrum
must be compared with a (roughly
estimated) probability distribution of
the natural roll frequency.

The main advantage in applying long-
term wave distributions on to ship
righting arms may be seen as follows:

i) Different ocean areas or ship
routes can be taken into
account.

ii) Possible Mathieu resonance can
be checked according to the I
seaway to be encountered on

'~ her route.
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iii) It provides a more realistic
overall pattern of the extreme
roll motions to be expected
than with the righting arm
reduction in a single hypo-
thetical wave. 9
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LIST OF SYMBOLS

y given x

sample space or statistic
.

Righting arm at wave crest

Righting arm in wave trough

Still water righting arm

H‘1/3) Mean of the l/3 largest wave heights

Hext
153

Ln
Ls
i
J

Extreme wave height .

Wave height interval

Wave length

Ship length

Subscript for wave period group

,\ Subscript for wave height group

Mean total energy of stochastic process

V‘ - SHIP HULL : RANDOM RIGHTING ARM

9 ; HYDROSTATICS 2 '
nlnnon 2  m.w   0... |
SEAVAY |1

F----__-_J

\

* DYNAMIC, - RANDOM ROLL MOTION

I SHIP SYSTEM Z‘

Figure 1: Black Box System for a Rolling Ship in Random Seaway
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Table I : Calculation of Extreme Values of Waves and Righting Arms
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APPLICATION OF DYNAMIC SYSTEMS APPROACH

' TO.SHIP AND OCEAN VEHICLE STABILITY

by

Department of Shipbuilding and Naval Architecture,
' University of Strathclyde, Glasgow

1. INTRODUCTION S
Intact ship stability is a feature
that has concerned the designer since
it is closely associated with the'
safety and efficient operation of the
ship. Although the assessment of the
ship stability is an essential require-
ment in design and yet at the same
time it is probably the most poorly
developed aspect of naval architecture.
The main reasons for the existence of
this state of affairs are the dif-
ficulties in relating stability to the
ship!s motion characteristics and the w
general belief that existing methods
are sufficient because they can in-
corporate practical experience.

In dealing with complicated technol-
ogical problems such as ship stability
there are always two.possible ways of
achieving a solution. One approach is
usually aimed at providing a "simple
answer" that will fulfil the immediate
needs while the other would attempt
to treat the problem more precisely,
rationally and logically. Such a phil-
osophy is usually adopted in an engin-
eering context. For the assessment oft
ship stability the traditional quasi-
static method belongs to the former
category, while the latter approach
demands methods that can effectively
take into account the ship's motions
in the seaways, However, due to the
complex nature of the problem the more ‘
rational methods have received only
the minimum amount of attention while
the solution by the traditional method
has dominated the scene over a large
number of years, Indeed, the tradition-
al approach is often mistakenly thought
to be a sound method of solution, *

With increased marine activities being

undertaken by both ships and other
ocean structures the traditional
method would not be able to cope
adequately with the demands for bet-
ter stability criteria.

During the last decade efforts have
been spent in establishing the basic
relationaships between the stability
and the motion characteristics of
ships, see for example (1) to (6).
However, in spite of the advances
made so far, the results are not
whclely satisfactory as they have .
been devoted to either obtaining par-
ticular results or have been strongly
influenced by the_traditional approach
Thus any attempt to make a fresh start
should begin by asking ourselves a
number of fundamental questions, such
as: a

(a) What is stability?
(b) ,How do we obtain an accurate

mathematical model of the
physical phenomena?

(C) Does the intact stability of
a ship depend on the non-
linearity.of the equations of
motion?

(a) Would the effect of coupling
of the other modes greatly
influence the rolling motion?

Many more questions may be put but
they are unlikely to be answered
purely based on the knowledge and
techniques developed in classical nave
al architecture. To achieve success
it is necessary to obtain the active
support from both the mathematical
techniques, as well as the mathemat-
icians and control engineers and carry
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out the study in a systematic manner.

In this paper a brief account is given
on how the assessment of the stability
of a ship and ocean vehicle may be
tackled in a logical procedure. Our
purpose is not aimed at outlining in
detail the theory of the proposed ap-
proach or every step in the mathematical
formulation as much of the material can
be found in Reference (7).‘ Instead,
only the basic principles and assumptions
will be highlighted with the major ef-
fort being devoted to the presentation p
of the philosophy behind the approach,
making a comparison with the tradition-
al approach and illustrating the ap-
plication with numerical examples.

Within the text the predominate approach
is the stability analysis via Lyapuncvis
direct method which has been introduced ‘
by Odabasi to the literature of naval
architecture (8). This method provides_
a comprehensive basis for assessing the
stability of motion equation under the
most general circumstances and yields
the stability regions of interest. Al-
though this treatment is still in its
early stages of development as far as
ship stability is concerned, there is
strong evidence to suggest similar tech-
niques have been successfully applied
in the design of control systems for
activities such as space flights. In
the present application, Lyapunov's
method is linked to the equations of
motion and the term "Dynamic Systems
Approach" is adopted to describe the pro-
cedure. In order to ensure that the dis-
cussions are not confused by different I
interpretations of the various items
used in stability studies, the tradition-
al and dynamic systems approaches are '
both defined. It will be noted that the
dynamic systems approach is applicable
to both ships and floating ocean vehicles
and for this reason a term "floating
ocean structures" or "FOS" is introduced
in the present paper to avoid the need
to differentiate between ships and ocean
vehicles."l" I

2. THE TRADITIONAL APPROACH

The classical treatment assumes that. I
the stability of a ship can be concluded
from its statical properties.~ This
is achieved by calculating the righting
moment created by the weight and the
buoyancy forces, which form a couple
provided the displacement is constant,
The lever of this couple is called the
"righting arm" and is used to provide
a measure of ship stability. I

For ship design purposes the usual
procedure is to calculate the righting
arm at various angles of inclination

K

while keeping the displacement constant
so that a particular statical diagram
can be constructed for a given con- t
dition such as those for light and '
loaded drafts.‘ The stability properties
of the vessel are then deduced by ex-.
amining the shape, the magnitudes of ,
righting arms at key locations and the
areas under the curve. "

Moseley (9) in 1850 presented the idea
of "dynamical stability" which was
derived from the undamped rolling equa-
tion under the action of potential
energy, which he called the "dynamic _
lever", must be more than the work done
by external forces, i.e.. _

ii’ *5?. W61 5%., M,q,)dq4_20

‘II 93 (.1)
where

6
Q4is the initial angle of heel,

qzis the maximum angle of roll,

\~/is the ship's weight,

61 is the righting lever,

P”#mQis the potential excitation,

Q4’ is the angle of roll,

Since both integrals in equation (1)
may be considered as the areas under -
the righting and exciting moments res-
pectively, many naval architects ignored
the theoretical basis of the Moseley's
study and considered only the areas.

For such a procedure to be effective
it is essential to rely on experience
in its usage and it is therefore not
surprising that use is made of data on
capsizing casualties. By carrying out
"statistical analysis" on a sufficiently
large sample it is possible to arrive
at some conclusions or guides provided,
of course, the actual data can be re-
garded as reliable and handled in an
appropriate manner. Such studies have
been undertaken by Rahola (10) and his
important contribution has greatly in-
fluenced the selection of ship stability
criteria. For example, the IMCO intact
stability criteria for ships under one
hundred metres in length requires the
fulfillment of some conditions regard-
ing the initial metacentric height, y

' ~ 0

(
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maximum righting arms at certain angles
of heel and areas under the righting

»arm_curve up to given locations. .

A closer examination of this approach
reveals that it involves a number of
drastic assumptions and the most im-
portant ones are:- A

’(a) All types of excitations are of
potential nature and stationary,-

(b)- There is no contribution due to
kinetic energy,

(c) There is no contribution due to
energy dissipation,

(d) All_hydrodynamic forces can be
ignored,

(6) Coupling effects need not be
included,

(f) Buoyancy force remains constant, I
.

Clearly it is important to consider_
these items if a more realistic repres-
entation of the physical phenomenon is
desired,

.

0

3. BASIC FEATURES OF DYNAMIC SYSTEMS
APPROACH

The basic idea behind the dynamic sys-
tems approach is to link the stability
of F05 directly to their motion charac-
teristics, which in turn-must be repres-
ented by the equations of motion. The

»development of such an approach involves
the following five steps:- ,

(a)' Understanding the capabilities
and limitations of mathematical
simulation,

(b) Selecting the assumptions to
be adopted, ~

(c) Formulating the mathematical
¢model-of the motion,

(d) Establishing methods of assessing
stability of motion equations,

(0) Applying the techniques to prac-
' ““tical problems.

It is therefore helpful to briefly con-
-sider the first three points at this
stage while the latter two would be
considered in greater detail in Sections
4 and 5.

fa) Mathematical Simulatigg
When the analysis of a physical phenom-
enon is to be carried out it is usual
to define the problems involved first ~
before developing some procedures for

3.

determining their solution. The
problem definition may consist of ob-
servations-and formulation of the
physical phenomenon through direct
application of some physical laws or
hypotheses. In practice, the physical
phenomenon is replaced by a mathem-
atical model in such a way that the
subsequent studies represent the true
occurances of the important features
rather than all the details. In the
development of suitable procedures it
is necessary.to utilise one or more
mathematical methods which generally
provide approximate solutions that
must be coordinated with the experi-
mental results. Thus, by this method
it is possible to examine the behaviour
of the physical phenomenon through the
manipulation of its mathematical model.
Clearly the success of the mathematical
simulation would depend upon the re-
liability of the assumptions selected.
For example, making unrealistic ass-
umptions or exceeding the limits with-
out physical justification would lead
to poor results.

Although the concept of simulation is
simple its practical application in
the FOS case presents special difficulty
since FOS operates in a combined media
of air and water. Thus, to avoid being
involved in the manipulation of ex-
tremely complicated formulations it is
necessary to introduce a number of
assumptions.

b) .12a§_ii=: 4.-'L§s1.11.=12_1.=192.2
Since 1.7110 mO'CiO1'1S Of FOG are B1113 main
point of interest it is most convenient
to model the fluid motions as a sub-
division of the overall system and let
the resultant hydrodynamic contributions
be incorporated as parameters in the
motions equations. Thus, the key ass-
umptions to be made are as follows:

l) The FOS is assumed to oscillate
as a rigid body. This assumption
is justified since it is stab- _
ility of motion that is being of
prime importance.

2) The FOS is assumed to be oper-
ating in an ideal, inviscid and
incompressible fluid and its
motion_is treated as irrotational.
The equations of fluid motion
and associated boundary conditions
are discussed in detail by John
(11).  

3) The hydordynamic forces/moments
are expressed in terms of added
mass/mass moments of inertia,
damping and excitation forces or
moments, see Wehausen (12). '
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The shortcomings of the simulation is
due to the extreme difficulties involved
in dealing with the hydrodynamic aspect
of the problem. Fortunately, five modes-
of motion fulfil the requirements dem-
anded by the hydrodynamic formulation
and for the rolling motion the geometry
of FOS makes it possible for us to
employ the linear hydrodynamic approx-
imation until the deck is immersed.
Apart from these theoretical consider-
ations, it is still necessary to find
ways of introducing the effects of energy
dissipation due to viscosity of the fluid
medium and wave potential energy due to
the.influence of wave elevation. Since
this part of formulation relies heavily
on the experimental results and obser-
vations it is still necessary to adopt_
an empirical treatment. - T

C) Formulatieaeefi 311.6. 3-1at11@..ma‘221-eel
Model ' ,

The equation of motion is formulated in
the Lagranguian form using the follow-
ing equation: "

d W-V) w-~/> 31> F W
-- 0 ---" "'2' = 1

(2)

where

fr’:

\/ = potential energy

kinetic energy '

D = dissipation function,

'=. generalised coordinate

L"“';§:

=_ time

= general excitation

= 1,2, ,..6 representing the
modes of motion; surge,
sway, heave, roll, pitch
and yaw respectively

The kinetic energy is made up to two
parts - the more familiar form repres-
ented by the product of half mass by .
velocity squared and a gyroscopic con-
tribution term. The potential energy
of the system is expressed in a series
form and is obtained by expanding the
potential function into a Taylor series
about the equilibrium point. The det-
ails of this formulation can be found
in Reference (13).

¢

Since the present paper is concerned

4. Kuo and Odabasi fa
, I

.= generalised velocity ' =

41* ,'
Ial’

.*..
\

i 1

with non-linear rolling motion under
general excitation equation (2) y
becomes: 7

.'11r

13¢ P¢é;;>+R 4% =
p@4_;¢)+_{mco¢L¢T-£7 (3)

where _

I4, = mass moment of inertia "
»with respect to the roll-
ing axis

I

= dissipation function which
is usually expressed in
the form of

. AsEl4,""d1E|4‘é4‘
linear damping coefficienta, =

4,:
R444) =

quadratic damping coef-
ficient

restosring term ;(l<,q,_,., \<,_qq\qL,|
y ‘<3 <44 +*</+¢m l=I~l)AAg‘ = displacement

} ,
‘g 5 = constant or time varying

coefficients of the res-
toring equation

+m = amplitude of wave excit-
ation

£ = phase angle

0" = wave excitation frequency

other forms of excitations

Although the equation of motion as
represented by (3) is deterministic
rather than stochastic, it is our
belief and experience that the model
provides a great deal of qualitative
and quantitative information about
the mechanism of capsizing, with -
this knowledge it is possible to link
physical behaviour to the stochastic
treatments.

1». METHODS OF ASS__13_§_SING STABILITY
Having established the mathematical
model to be used for representing the
motions of FOS the next task is to
develop and apply mathematical methods
for assessing_the stability of this
model. To the naval architect, the
concept of stability can have only one
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simple physical interpretation -
whether the ship or FOS will float up-
right or capsize and there is no con-
fusion. Unfortunately, such a funda-
mental concept cannot so readily be
adopted by a simple mathematical for-
mulation. However, the words "stable"
and "unstable" in mathematical terms
are used to describe characteristics
of trajectory which are locations of
points'in space or plane. It is the
presentation of these characteristic
features in the various manners that
provide information about the behaviour
and hence the stability of the math-
ematical model. For the present study
the stability will be defined as:-

___....___...l--._..............__ ,,,.._ -.. . _. .- . --—~'

T "the ultimate boundedness of
the motion amplitude within
predefined or predetermined
limits" -"'

In other words, the motion is regarded‘
as stable provided the amplitude stays
within the limits otherwise it is re-
garded as unstable. By using this
definition we can establish a logical
procedure to deal with the FOS stability
problem.

___Tw° Paeiel §_°é1°§.P.t.§
Before the mathematical treatment can
be applied it is essential to have the
necessary "tools" and it is fortunate
that the mathematical stability theories
provide us with many of the required
methods. However, gigantic effort is
still required to acquire and to under-
stand the theories before applying the
to-study_motions of FOS. In order to
simplify the discussion we define two
useful terms.

\

a) Phase Plane for space} T
Equation (3) which represents the math-
ematical model can be reduced from a
second order system to an equivalent
first order system by introducing a
new variable qw as the velocity
component of ég .

Zia: qlb
, I ?(q,.) may F-J",cs 49¢-0
qw: - -=--=' 4' "-" +-

. . I4 114- I4,

This pair of equations is called the
phase plane equations of motion and the
graph of the solutions versus ‘
is the "phase plane" trajectory of
motion, see Figure 1. The motion of a
point on this plane caused by varying
the time as a parameter will yield pro-

S.

perties concerning the stability of
the system.

b) Motion Space

It is also possible to introduce a
time axis perpendicular to the phase
plane, i.e. taking the time as a
state variable instead of a paremeter
and the space is then defined as a
"motion space" which also is useful
in dealing with stability of a system,
see Figure 2.

Mathematieal Treatment I

The mathematical treatment of stab-
ility is dependent on the magnitudes
of various items in the motion equa-
tion and can be analysed with the aids
of three features which can be grouped
under the general headings of

(a) Characteristics of Equilibrium
Positions,

(b) Domain of attraction, and

(c) Properties of Steady State
' Motion.

Thus, the main steps involved in deal-
ing with the motion equation(3) can be
illustrated in a flow diagram given
in Figure 3. As can be seen, in the
case of small amplitudes of motion and
excitation the stability assessment
will be provided by characteristics of
the equilibrium position without the
necessity of obtaining a solution to
the motion equation. For large ampli-
tudes of motion and excitation use will
be made of the domain of attraction.
The main advantage-of this approach
is based on the fact that the solution
of the motion equation is again not
needed but any purely time dependent
excitation amplitude must be small,
e.g., fm should be small. For the
general case of large amplitudes of
motion and excitation it is necessary
to transform the motion equation into
its variational form with the aid of ~
an approximate analytical solution.
Then we can_decide on the stability
of motion from the properties of the
variational equation.

It would thus be logical to follow
the sequence of the three treatments
so that the assessment of a system's
stability can be properly related to
the basic features of the motion
equation.

a) §.11e_I_'.a.-9_1=_<a".fi.s_£='=.9s 01‘ the E sili-
briumhPositions

In classical mechanics a system is .
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regarded to be in an equilibrium
position when the resultant forces and
moments acting on that system is zero.
This definition implies that the forces
and moments applied should either be p
dissipative or can be derived from a_
potential. A decision on the stability
of the system can be found by examin-
ing.the stability of the equilibrium
position which in turn is reached by
studying the behaviour of the traject-
ories of the motion about this position
in the phase plane. Thus, if a traj-
ectgry approaches the equilibrium point
as time tends to=infinity then we re-
gard this trajectory as "stable" while
a trajectory that moves away from the
equilibrium position is "unstable",
see Figure #. However, if one of the
trajectories about the equilibrium
position is unstable then the equil-
ibrium position becomes unstable. The
theoretical treatment of Routh-Hurwitz
can be used to determine stability of
equilibrium position, see Reference (lh).
The coordinates of the equilibrium pos-
ition can be found by equating the gen-
eralised velocities and
to zero. It will be noted that for a
linear system there is only one equil-
ibrium position and as an illustrative
example, Appendix 1 shows how the study
of equilibrium point may be carried out.
For non-linear systems there are more
than one equilibrium point and the study
of the behaviour of equilibrium positions
becomes correspondingly more involved
and can be complicated by the existence
of the self-induced steady oscillation
effect which gives rise to a "limit -
cycle", see Reference (lh). '

Thus, it is possible to determine the
stability of equation (3) for small amp-
litudes of motion and excitation so long
as we can ascertain the stability of
the equilibrium position._ In the case
of-small ship rolling motions, the con-
ditions required for stable equilibrium
position are a positive dissipation +erm
and afpositive initial metacentric

' , ,

b) Domain of Attraction

Having established that the equilibrium
position is stable it would be logical
to attempt to extend this treatment out-
with the immediate location of the equil-
ibrium position and find a region inthe
phase plane in which all the trajectories
are stable. Such a region is called the
"domain of attraction" and to make use
of this property it is necessary to
define a "stability boundary" for this
domain. Thus, any motion starting from
an interior point of this region and
remain inside the domain of attraction
would be stable while unstable traject-

ories would go outside the stability
boundary, see Figure 5-

The basic technique used to determine
the region of stability is the
Lyapunov's direct method, (15). The '
method is dependant on the possibility
of formulating a function which poss-
esses certain properties that can be
used to test whether or not a system
is stable. The major advantage of
Lyapunov's method lies in its ability
to provide information on the stability
of motion without having to solve ex-
actly the equations of motion." .

The essential feature of the method
comes from energy considerations and
the decision about the stability of a‘
conservative or dissipative system is
made by examining the rate of change
of energy along the trajectory motion.  
Appendix 2 provides a simple example
on the application of the method using
small amplitude rolling motions of an
FOS. The Lyapunov's direct method
generalises the energy argument by
introducing energy-like functions which
are known as Lyapunov functions.
Since the method is actually based on
energy considerations it may be thought
of as an extension of Lagrange's studies
on the stability of conservative sys-
tems which in traditional naval archi-
tecture is known as "Dynamic Stability".

The Lyapunov*s direct method was pro-
posed at the end of last century but
its development and application is
relatively new because of the diffic-
ulties in constructing the Lyapunov
functions. However, during the last
decade a number of studies have been
devoted to developing techniques for
generating the various forms of Lyapunov
functions and as a result there exists
today a number of techniques which are
satisfactory and reliable as far as
engineering applications are concerned.
See for example, (16), (17), Same
further information is provided in -
Appendix 3.

The only limitation of this treatment
is that the magnitude of purely time
dependent excitation term must be
small as, for example, the amplitude
of wave excitation should be small
but there is no restruction on the
magnitude of any other excitation.

0) Properties of Steady State
Motion

In many practical problems an equil-
ibrium position may not exist at all. -
As for example the motion of a ship in
regular waves subjected to continuous
wave excitation would not have an
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equilibrium position. However, under
certain assumptions it is possible to
reduce the forced motion of a system
to that for treating the problem of an
equilibrium position. Thus, for a "
steady state motion we can introduce a
moving coordinate system which/would
perform the same steady state motion as
the system under study and by referring
the actual motion to this moving coor-
dinate system we can then consider the
"perturbed" motion as motion around the
equilibrium. Appendix 4 illustrates
how this is achieved in practice.

The effect of this approach is that we
must now have an approximate analytical
solution to the motion equation. Al- A
though a very close approximation is
desirable, in practice this is not al-
ways easy to achieve and from stability
point of view it is not necessary to
have a very close approximation. The
approximate analytical solutions can be
obtained chiefly with the aid of methods
such as Bubnov-Galerkin (I8) and Aver-
aging (19) methods and we note that it
is.essential to have a range of.tech-
niques to serve as cross checks and to
give greater credibility to the results.
The basic equations are transformed into
the variational form and by making y
use of the determined approximate sol-
ution the study of stability of steady
state motion is thus reduced to the
study of stability of the variational
equation. The actual stability analysis
‘can be carried out via the use of Floquet's
theory (20) or Lyapunov's direct method.

This approach is not restricted by the
magnitudes of motion amplitude or ex-
citation but is much more involved due
to the demand for a solution to the
motion equation.

5._ APPLICATIONS OF THEORY

For a theoretical method to have any
chance of serving the needs of the prac-
ticing naval architect and marine tech- M
'nologist it is,essential to relate the
theory.to practice. In the present case
this entails examining the capsizing
statistics, studying the way capsizing ‘
actually took place and identifying what“ ~
mathematical tool is needed to deal with
the various aspects of the problem.
When an FOS capsizes it is the usual
practice to consider first of all the
roles played by wind and waves because
ithey are closely associated with the
causes of instability. Only these two
aspects are considered in this paper but
it will be remembered that there many
other causes which can play active roles
in the capsizing process and these are
generally more dependent on the type of
vehicle and the operating location. For

7.

example, shifting of cargo, violent
motions of liquid in the tanks,
accumulation of greenwater on deck
and effect of icing can all alter the
stability characteristics of FOS or
create additional forms of excitation
as well as appearing as a combination
of both effects. These effects can
also be studied with the aid of the _
dynamic systems approach provided that
their influences can correctly be for-
mulated in the equation of motion.
To obtain a physical picture of ship
stability and gain hints on the mech-
anism of capsizing it is helpful to
study the available time histories of
the rolling motion (graph plots of
roll amplitude against time). An
examination of available records may
yield certain patterns such as those
shown in Figures 6 to 9 which even-
tually lead to the vessel capsizing.
These capsizings can be grouped under
the following headings:-

a) Non-Oscillatory.Capsizing
When the restoring moment of a ship
is very small in comparison with the
excitation moment due to wind, waves
and other causes, it is then possible
to have this type of capsizing,
Figure 6. .

b) Oscillatory Sudden Capsizing
This is one of the most interesting
types of capsizing because it can
occur even when the restoration
characteristics of a ship is satis-
factory according to traditional
understanding of stability, Figure 7.
This is usually caused by successive
series of waves. '

¢) Oscillatory Symmetric Build-Up

The amplitudes of rolling motion in-
crease rapidly and attain very large
values after only a few cycles, Figure
8. The general picture of motion is
very similar to that of the linear
resonance with possible introduction
of beat effect. Capsizing is likely
to be due to the action of a series
of successive waves.

A

d) Oscillatory Anti-Symmetric
Build-Up Capsizing

In some cases the rolling motion ap-
pears to be anti-symmetric with res-
pect to the axis of symmetry about .
the time axis, Figure 9. This pehn-
omena is again due to a ship travel-
ling through a series of waves and
during successive oscillations the
amplitudes of motion can attain such
large values which make the recovery
impossible.

I
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To analyse the stability of these four
types of capsizing it is possible to
employ the mathematical techniques
outlined in Section # and put forward
the following methods of approach:-

‘(a) The non-oscillatory capsizing
may be due to an unstable equil-
ibrium position and hence use
would be made of the character-
.istics of equilibrium position.

(b) A sudden oscillatory capsizing
. _mass comes from exceeding stab-

ility boundary and hence use
would be made of the domain of L
-attraction.

(c) A symmetric oscillatory build-
up capsizing may be due to the
system exceeding the stability
boundary or instability due to
resonance effects and hence
both the domain of attraction
and properties of steady state
motion would be required to
investigate its stability.

(d) An anti-symmetric oscillatory
build-up capsizing may be -
caused by instability of roll-
ing motion under the influence
of some persistent perturbations
and hence use would be made of
properties of steady state.

6. EXAMPLES OF APPLICATION

In this section we consider some ex-
amples to illustrate the application
of the developed techniques by study-
ing the forced rolling motion of box-
shaped vessels. The form of the equa-
tion of motion is as follows:-

Iu§*..a, 4+52- S4‘ Z14-\ + (W14 ‘F ":34. W3
5'

+k;qz+ |‘4°I:.|‘i1+\i*"‘5‘MA’ M4‘ imC°"fl

where WM = wind heeling moment

The stability treatment of equation is
dependent on the values of mass moment
of inertia, damping, resotring char-
acteristics, wind heeling moment and
excitation. By choosing three different
numerical values of the wind heeling
moment while keeping other parameters
constant it is possible to show clearly
the application of the procedure as
outlined in Figure 3. The numerical
details and results are given in

Appendix 5 , but the basic steps are:-

(a) Determine the system parameters.

(b) Calculate the new equilibrium '
position for the linear case

"allowing for the wind moment
and examine the stability.

(c) Calculate the new equilibrium
position for the non-linear
case allowing for the wind '
moment and examine the stability.

(d) Determine the Lyapunov function
and check whether the trajectory
is within the domain of attrac-
tions

(e) Determine the steady state sol-
ution and examine the stability
of the solution.

As each of these incidents may equally
occur during the operation of a FOS
under the varying actions of sea and
wind, any application of the dynamic
systems approach must go through all
the stages given in Figure 3 to serve
as cross checks although this may not
be necessary in some cases as the
stability can explicitly be determined
by one of the techniques. A

7. COMPARISON OF KEY FEATURES

The success of any method of calcul-
ation depends to a large extent on
the way in which it can incorporate
experience and for this reason the
traditional method has been so pop-
ular. However, it is useful to make
a comparison between the traditional
and dynamic systems approaches in
the light of the present consider-
ations. Thus, the strong and weak
points are highlighted in Table 1.
It is perhaps not too difficulty to
arrive at a conclusion from the seven-
teen features that the traditional
method has a role to play but there
is a need to apply and to devote fur-
ther efforts to the dynamic systems
approach because of its overall pot-
ential."

8. PROBLEMS IN PRACTICAL APPLICATION

The concept of determining the stability
of a system via the motion equation
can be readily appreciated by both the
designers and operators but the same
cannot be said of the theory of stab-
ility nor the computational details.
Indeed, before the dynamic systems ap-
proach-can be applied in practice it
must overcome a number of serious handi-
caps and the more important ones are
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outlined here together with sugges-
tions regarding how they could be over-
come:- -

I

a) 2)
The findings of the method must be
linked to design so that FOS may in- »
-elude-improved stability features.
This can be done by:- .

1) Incorporating the stability
assessment as part of the
overall computer aided ship
design procedure.

2) Providing design charts to 3)
illustrate the trends from
typical geometrical shapes
in selected sea states.

b) Practical Experience _
The approach must attempt to incorpor-
ate practical experience gained by
operators, particularly those operat-
ing trawlers and small vessels. This _ N
task can be done by:- 5).
1) -

1*)

Seeking the cooperation of
the operators in providing
information on circumstances
and conditions when the vessels
are regarded as having insuf-
ficient stability.

. 6)

‘Devising methods for process-
‘ing the practical information
to serve as comparison with
‘bheOI‘Y. '

2) 7)

c) Training in Understanding and
Usage

The advanced theories used in assessing
stability requires the user to possess.
not only naval architectural knowledge
but also adequate mathematical, stat-
istical and hydronamic skills as well
as the ability to think dynamically
of non-stationary systems. To provide
an appreciation of the subject, it is .
essential:- ' _ A

9.

there is a need for other p
methods which can fully in-’
corporate the motion effects.

Under certain basic assump-
tions it is possible to reduce
the problem of FOS stability
to the study of stability of
the equations of motion.
There are three possible ap-
proaches to deal with stab-
ility ofia system depending
on the magnitude of motion
amplitude and excitation.

The basic concepts of dynamic
systems approach are given and
its great potential has been
deomonstrated with the aid of
examples.

It is necessary to test the
dynamic systems approach in
practice in order to gain
experience in its application.

Further work is needed to in-
corporate the effects _
coupling and stochastic.ex-
citation in the dynamic sys-
tems approach. _

Procedures developed are not
restricted to a particular
type of motion equation.~

An appreciation of the theo-
retical background is desir- '
able but the practical ap- N
plication may not require
specialised knowledge.
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9. CONCLUDING REMARKS

Based on the work outlined in the paper,
the following concluding remarks can
be made:-

2)

l) Traditional approach has a role
in ship stability studies but
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APPENDIX l.

STABILITY or EQUILIBRIUM POSITION
The main purpose of this append-'

dix is to illustrate how the
stability of the equilibrium posi-
tion can be assessed and in Order
to signify the treatment a linear

. system is selected.- -

' For a motion equation of the
form-

Zj4_+2‘8v¢']4_+w‘q4=0

*5“ =
where

damping coefficient
natural frequency

the phase plane representation is y

Q4? ‘I40
. .

q‘ag -ufq4-2\“°1‘l.¢ (Al.l)

In a general form Al.l can be I
written as follows:

2),,-= M4 +1.?» k
. 51¢.‘-'= 12% “' L‘*% “A1”

where L, , La, La and L4, are constants.

The equilibrium positions are
found by letting the right hand side
of (Al.2) equal to zero. This leads
to @920 and $550
provided G1 - 1213 =|= (1 ,
Using the vaiues of L, . 2 , L3 and L4
we can deduce the stability of the
system. The simple way of achieving~
this is to seek a solution to equa-
ition (Al.2) as follows:

Let 443 Aaat 41¢: B?‘ and
substitute in (Al.2) yields

(L1-'1)A 4'17. B go '
~- p L3 -e»(l.,-MB-=9

" I h (Al.3)

_ For a non-trivial solution, we '
have ,

 I. <1.->1)
This leads to A; and Ag, being
evaluated from the relation:

7\..7)z = LQEW “"l4,‘*4[*"3 A

=0.

which yields also the properties:
7 c (:\r+:Xi)::iq-fL§'

v XXL: LL’-P".L1L3
u (Al.4)

; Thus depending on the sign of the I
real parts of PM and. Q1, the
stability of the equilibrium positions

.can be determined. These features are
illustrated in the.following Table 2.
- _. .. . --—- -- —~~——i~~-v-

APPENDIX 2

USE OF ENERGY CONSIDERATIONS FOR_
ASSESSING STABILITY _ .

A simple example is employed to
illustrate the application of energy
considerations for assessing the sta-
bility of a system. Let the equation
of motion be 'itnan. 1- Rm."

‘where _fY§Qfl%>=

  /W94) '
a general dissipation

- restoring term

Expressing (A2.l) in phase plane, we ~
have

/»f’ég."" 919 ' 1,,' (A2.l)

Z’ -_P____“7“"7",’..8_<f~40 1'4’ 1+ 4
The energy of the system is

'2

and rate of exchange of energy is

jzi-' I5‘ I/0710 +3949). (ALB)

On substituting (A2.2) into (A2.3) yield

E .Pz , R A

..- Pcq.»e.>q,j
Thus the rate of change of energy is
dependent upon the sign of

PHM7/0)
iénce Q; will always be positive.

.?[q4-#740) ‘I
is positive for some region of the phase
plane then the energy decreases along
all solutions except the zero solution
and as time tends to infinity the tra-
jectory tends to the equilibrium position.
For different signs of APYqz,qhJ

the stable and unstable systems are ‘
given in Figure (10).
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APPENDIX 3

LYAPUNOV'S DIRECT METHOD AND
LYAPUNOV FUNCTIONS 4

We have already seen, in
Appendix 2, how.one can obtain
some informationwabout the sta-
bility of a system from the
energy considerations. However,
in practice, it is often very
difficult to derive an expres-
sion for the energy as the
motion is generally defined by a
nonlinear and nonstationary sys-
tem of differential equations.
To overcome this difficulty
Lyapunov's direct method intro-
duces an energy-like function,
called, "Lyapunov function", to
provide information on the sta-
bility of the motion by making"
systeatic use of_these func— -
tions. The main contribution
of the method consists of cer-
tain theorems giving sufficient
conditions for stability and
instability in terms of suitable
Lyapunov functions.

For a single-degree-of-
freedom system it is possible to
attach a geometrical interpre-5
tation to the Lyapunov function.
Consider the phase plane equa-Z
tions of motion of a system as_

élqfqao _»' qua? (Q4-*q|°) i
and the corresponding Lyapunov
function V(‘l~=%). When we plot the
values ofVW$flQfor different va-
lues of qqand qwwe obtain a sur-
face, see Fig._ . So long as
the intersections of this sur-
face and the planes V=constant.
are closed and the trajectory
of motion reains within the
outermost closed boundary, the
motion is said to be stable.

\

The domain enclosed by this
outermost boundary is called the
domain of attraction. Depending
on the relative positions of the
domain of attraction and the
phase trajectories, we may encoun-
ter three different situations,
see Fig. (10),

(a) The motion trajectory remains
bounded and within the domain of
attraction. Then we call this
motion stable.

(b) The motion trajectory remains
bounded and within the domain of
attraction and approaches the
equilibrium position as the time
progresses. Then we call this
motion asymptotically stable.

Kuo and Odabasi

l(c) The motion trajectory leaves the
domain of attraction and this motion is y
called unstable.

Thus the stability of motion can be
investigated if we can determine the do-
main of attraction and examine the beha-

T viour of the phase trajectory with respect
to domain of attraction. As the domain
of attraction is bounded by a closed curve
or surface, we must therefore determine
the shape of this envelope.

The concept of closedness in geo-
metry is intimately allied with the con-
cept of sign definiteness in analytical
functions. A scalar function ,\/4 <1.-q,_.-<-.q,,)
is called "positive definite“ if
\/(0,0, - --.0);-.0 and \/(q,,q¢_, -._,qn) 79 '
for <q..q,, --wqn) #0 . Similarly nega-
tive definiteness implies \/(0.0) --— -0)‘-=
and \/(q.»q,,.~ --~/-1-D <0 f¢>r 4%. q=. - -- ma) 9* 0-1: \/(o,o,..,o)=-0 rand \/<q.,q..---~.qn)>,o(s.-'50)
for (q,,q,, --., qn; $0 the function is
termed "positive (or negative) semi- _
definite".

If V(q|»‘.|u-~»qn) is a positive
definite function, then V = K defines
a closed curve or surface about the
origin and by varying the constant K
we obtain a set of nested closed curves
or surfaces. So long as the function
\/¢q,,q,_,--.q..> is positive definite

these curves or surfaces remain closed.

If we can determine a positive
definite function which is associated
with the equations of motion, then the
condition V = O yields the stability
boundary of the domain of attraction.
We call this function a Lyapunov func-_
tion.

On the other hand if we take the
substantial time derivative of the func-
tion \/cq,,q.,, --,q,,) along the trajecto-
ries-of motion, i.e. '

D‘/- 3.)/_ <i>.>L '-15?" a+.+;~( aqgq‘ ythis derivative shows the direction of
intersection between the trajectories
and V = constant curves. In order to
have a stable trajectory the direction
of crossing must be inwards, thus imply-
ing D‘//Dt should be negative. Conse-
quently the condition of stability is
the negative definiteness of the time
derivative of the Lyapunov function
taken along the motion trajectory.
These two conditions are the sufficient .
‘conditions for stability.

Results of the Lyapunov's direct
method are given in the Lyapunov Sta-
bility Theorem which can be stated as
follows: .

“If the differential equations of
perturbed motion are such that it is »
possible to find a positive definite ,

\
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O
- V ‘-

function \/(Q,-Q1: ---qdt) for which the
substantial derivative DV/DI taken
along the motion trajectory is nega-
tive definite, then the unperturbed
motion is stable." ,

.

It can be shown that in the case
of stationary motions, Lyapunov func—
tion is equivalent to the dynamical
stability of Moseley.

The principles can be illustra-
ted with a simple example. Suppose
the equations of rolling.motion in
the phase plane are given by
0 0 Z 3

‘L,“i=o3 ‘in: "*°flq4‘3$"-’n9\o “'k qlv
Taking Lyapunov function as

. I 2. z ~a v(q..q.> =-5 <“>~%+=a.>
we guarantee the positive gefinite-
ness condition provided fl%\ is posi-
tive. The substantial time deriva-
tive of the Lyapunov function is"

P6: =flJ:Q4éIqC*T él-151+ = “"3914-qco'+ q\o (‘"52 q‘!-

_ z&‘u>nqw+‘<qi,) = kqao ‘If, " 3- 9“°n qt:
Thus the second condition requires
that' _  ’

c kqmqz - Zfwnqfi, (O

<

APPENDIX 4 .

STABILITY OF STEADY STATE MOTION“

In this appendix we shall show
how the stability analysis of a stea-
dy state motion can be reduced to the
stability analysis of an equilibrium
position. ' I

Let the equations of motion be

<5|;=I;(‘I.-Q2»-~-»‘i.<{) ,<:=»2.».,~>
Assume that a steadyastate~solution
exists and is the vector \P(D with
the compnnents 19,11), \9,_L+,)_,. -. , tpnut)
The real motion will deviate from the
steady state motion and we shall de-
note the components of real motion as
'~P,H;)+‘§,Lt), kPzL+)-+ 5,10, - . . - LP,-,l’c)+‘§,,Lt)
Substitution of (P,-(t)+'§;Hr) intq the
equations of motion yield the follow-
ing set of equations‘

q'>Z+g=.E(¢p",<p, ...}; .t)+ \) ?|< " °(
ll1 l z ~ kg‘ k qk_‘fidt)

and since (PH) is a solution of
Eq. (A4.l) we obtain

§=§{(%€4‘) F. +°<§~>]"‘=""'".’"’3 (A4 2)
' |(= I k qklgta) .

I3.

._ _.. ... .

where ( )q,,=‘{‘9indicates that the
term inside the bracket is evalua-
tedgat ‘ég = Quit) and LO /5521-70
as --§

kEqs. (A4.2) are the equations
of motion with respect to a moving
coordinate system which makes the
same steady state motion as the
system and are called the pertur-
bed equations of motion. As the
steady state solution is known to
be boundeQ_so long as the pertur-
bation § U‘,-3 also remains
bounded and stable then the motion
is stable. Thus the stability‘
analysis of the steady state motion
is reduced to the stability analy-
sis of Eqs. (A4.2). In many cases
the linear part of Eqs. (A4.2) ,
gives sufficient information about
the stability of motion and the
linear differential equation

é = .( %®q§§¢.¢*>  
is called the variational equations
of motion.

Let us illustrate now the
application with simple example.
Consider the undamped rolling
motion of a ship and the equation
of motion is given by y

§4+“°i%'“qt: ¥mc°5€t (A4 . 3 )
Furthermore we aipume that I

45¢) = on Cosd“
is an approximate solution of
Eq. (A4.3). The variational equa-
tion of motion is A

_\.§+ ' 3 kqi*.‘\‘l|+§9#‘-*1 = O ‘I
or

€*[“’€*'3k°‘2£°5afl1€'= O (A4-.4)
A3 2 |-|- CosZT[ t

A COS Vt’ " 2

Eq. (A4.4) becomes
k,=)..§\<<f c..2<rt].‘§-= 0

This is the well-known Mathieu
equation for which the stability
analysis is available.

..-
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APPENDIX 5

wonxan 'EXAMPLES '

In this appendix three worked
examples are given to study the sta-
bility of the rolling motion of a
box vessel under the influence of
wind and wave actions. The equation
of motion takes the form of

1434* 5184*dz44 '54,4’C'<H4.*“z‘\4\4‘,l

., 1,341,.k4q1;q“|+k5qj)A,,-WM +.fmcm"£
The vessel's particulars are:

Length

Breadth

Depth

A Draft

VCG
»

GM

Displacement : 4920.00

Parameters occurring in the equa-

‘60.00 m

12.00 m

8.00 m-

= ~ 6.67
4.40

H1

= m

- 0.73 m

I tonnes

tion of motion are found to be:

I,,=
4,...
d,,=
In
P;
k, =
kq ='

1.5 =
£1; =

 0"»
Important

intact GZ( ).44.
ezm

(Q4-7m3%

,,_f;i1Q_vmn
J 62 6%

O

12739.64 tonne m.sec2

0.0l49~sec'l

0.0225

0.733

~ 2.795 m -

m

—l4.922 m

19.431 m

-8.242 m

200.00 tonne m.
-11.00 sec

characteristics of the
curve are:

= 0.208 m

= 0.332 radian

= 0.788 radian

- 0.097 metre radian

Kuo and Odabasi

- The stability of the motion is
examined for three different wind
heeling moments while other parame- _
ters are kept constant.

EXAMPLE l

WM = 316.80 tonne m '
I , ~

Qguilibrium pgsition for the
linear case

(1)

Coordinates of the equilibrium
position are

$4~= 0.09 (s.1°)
74 = 0

GM (= 0.73 m) >0
and -

d,/I4, (= 0.0149 sec_l) >0
Stability: Equilibrium position
is stable according to Routh-
Hurewitz criterion.

 (2) gggilibrium pgsition for the
nonlinear case

Coordinates of the equilibrium
position are

\

94-= 0.07 (4.3°)
94= 0.

GM(= 0.92 m) >9
and

d,/I4, (= 0.0149 sec'l) )0
Stability: Equilibrium position
is stable according to Routh-
Hurewitz criterion.

(3) Establishing domain of
attraction

Lyapunov function _' 6
., *3

\/(qqfi,)=F,9Z*",ef,-J‘~1Z+*,i,+~94+o'5q4-
Values of the coefficients
for¢L$2;0

112
113
114
hs
he

0.4661
0.02610

-2.4003
3.2737

-1.3736 '
Values of the coefficients for

q4€U
hz 0.0187

-2.2667

—5.2886

-4.4987

-1.3736

1'13 ' =

h4
hs
he
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Checking the Stability of Motion_
yields ' »

Maximum possible O
half 1:611 = 0.1 (5-7' )

L Lyapunov function I
'value (=0.000277) 70 '

J

‘Stability: Motion is stable in
'"the sense of Lyapunov.

(4) Steady State Motion ' _

. Approximate solution (Method of
Averaging)

. "qf00745-0o245cu¢T+00065W'f
Stability of steady state motion
in the sense of Floquet yields
Coefficients of Hill's equation
in Table 3.

Stability: Steady state motion
is stable. ’

EXAMPLE 2 -

‘ WM = 668.80 ton‘ m

(1) Eggilibrium position for the
linear case

Coordinates of the equilibrium
position are

93- = .15 (10.6°>
44 = 0

GM (= 0.73 m) >0
dl/I4 (=0.0l9 sec'l).7O

Stability: Equilibrium position
.is stable according to Routh-
Hurewitz criterion. I

(2) Eggilibrium position for the)
nonlinear case

Coordinates of the equilibrium
position are 0

50 = 0.15(8.90°)
is = 9

GM (= 0.79 m))C7

d,/I4 (=0 .0149 .=.=ec‘1))0
Stability: Equilibrium position
is stable according to Routh-
Hurewitz criterion.

(3) Establishing domain of attraction

Lyapunov function

4

(1)

15.

.6

Values of the coefficients
for ,q%J?() y

h2 = 0.3946
n3 = -0.5512

 (n4 = -1.2105‘
2.6066

n6 = -1.3736
1'15 =

Values of the coefficients
for q4’£J)

hz = -0.7643
h3 = -4.2882
h4 = -7.2441

hs = —5.l65B

n6 = -1.3736
’.

Check the Stability of motion
yields

Maximum possible 0
half roll = .18(l0-2 )
Lyapunov function
value ' (=0 .000194) )0

Stability: Motion is stable
in the sense of Lyapunov.

Steady State Motion -

Approximate solution (Method
of Averaging)

q = 0.1566-0.02asc66<s't+0-0006 start
4 .

Stability of steady state
motion in the sense of Floquet
yields Coefficients of Hill's
equation as in Table 4.

Stabilit :, Steady state motion
is stable.

EXAMPLE 3

WM s 844.80 tonne m 4

Eggilibrium pgsition for the
linear case

Coordinates of the equilibrium
position are "

F4 = .24 (13.4°)
44 = 0

GM (= 0.73 m) )0

J,/I4 (=0.0149 se¢‘1)>Q
Stability: Equilibrium position

‘ i 4 5 _ 5,2 gs stable according to Routh- -
V‘qdq‘D=hzq4+‘1Jq2‘h‘fl#+11fig,+h‘q“4.fl Q4‘ 7 urewitz criterion, .

I

,2
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. tiqi--.. Q. .-..-in-6->4-snx----...
- ;-.- . . 1

_ I 0

(2) Eggilibrium pgsition for Stability of steady state
the nonlinear case motion in the sense of Floquet

, . yields Coefficients of Hill's
Coordinates.of the equilibrium equation as in Table 5.
are 4 0 A

Stability: Steady state motion
fig = _2;(;1_9°) is stable. A"
94 = 0

an (=0.59_m))O
J,/I.’ (é 0.0149 sec"l)

Stability:- Equilibrium position
is stable according to Routh-

~ Hurewitz criterion.

(3) Establishing domain of
attraction . A

g L a unov function
6. 5  6 7 »‘

V(q¢'IQ"§7fiA'fi4*flZ*574*&q4+?'sq‘?
9 Values of the coefficients

for t%*:;o sf

h2 = 0.2932

h3 = -0.7355
h4 = —0.5922

i h5 = 2.1809
h6 = -1.3736 - -

Values of the coefficients
- for

n2 '= .—l.552l

h3 = -5.9266
n4 = -9.6333
n5 = -5.5915

‘ h6 = -1.3736
Checking the Stability of motion
in the sense of Lyapunov yields

Maximum possible
half roll = 13.0 degrees

(Lyapunov function g‘
2 value ( =0 .00Oll4))@

.

' 0

Stability: Motion is stable in
the sense of_Lyapunov.

(4) Steady State Motion

Approximate solution (Method of
Averaging) '

q“: o.2011- 0.ozazcsm0,0004%’!
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Figure l Figure 2

expected to be large? g
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YES Is the motion amplitude]

~ [Es Solution Requireq
N0 ’-In *2” " 41* 0* " ' ’ 01° 0
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‘I
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\
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to variational form ~
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TABLE l A COMPARISON OF TRADITIONAL AND DYNAMIC SYSTEMS APPROAC§§§,

FEATURE RADITIONQL APPROACH
 

What is the basis of the) “U
method?

Use is made of t e t eory.o'
y statics and dynamics of

conservative systems.

Examination of the properties
A of the righting arm against

angle of inclination to deduce 6
wstability features of the vessel.

How is the stability being
treated?

Is the modelling realistic?, Insufficiently realistic
i*1 '*1ni "1 1 1 r-Anni‘ ' "" 7"’

Is there potential for
representing more accurately
the physical phenomenon by
the approach? -

Is the basic concept easy to
understand? . '

Very limited and is done via
the use of empirical factors. .

"'<—I I-n I" _u ' ~_ r—1n-I —‘_"“_ spur *I_-inf

Yes. Both the region of
validity and limitation con-
cerning applicability to FOS
in seaways are also fairly
obvious. I

How much theoretical knowledge Classical naval architecture.
is.needed to use the approach? 6 .

What kind of training is Conventional naval architecture
needed to understand.the training.
theory behind the approach _ '
by the designers?

DYNAMIC svswsns APPROACH
ise is ma-e oi equa 1608 0 ;
motion and stability theory and
in particular Lyapunov's direct
method.

Examining the stability of the
motion equations so as to.fleduce .
whether the system representing
the motion of FOS is stable.i

.More realistic. _'

Yes. By use of improved
mathematical models of the
physical-phenomenon.

6

The concept is simple and logical
but an appreciation of how such an
approach can be used in practice
to assess stability of FOS is"-
much harder to understand.

By using a computer program to do
the calculation it is strictly
possible to obtain results without
any theoretical knowledge.
However, this is highly undesirable
and an appreciation of approach
is essential if good use is to be
made of it. Knowledge of naval,
architecture, mathematics and
stability theory are useful.

Conventional naval architecture
plus mathematical skill in treat-‘
ing the equations of motion as
well as understanding the
physical nature of the problem.

N
O
O
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8.

9U

10.

11.

12.

13.

14.

15.

16.

17.

FEATURE

What is the amount of
computation involved in
its application?

Can the effects of external
loads be incorporated in 
the treatment?

Can the effects of non-
deterministic excitation be
incorporated?

Can the motion characteristics
be incorporated?

Can non-linear effects be
incorporated?

Can the method cope with more
than one degree of freedom
with coupling effects,
incorporated?

Is there any relation between
the two approaches?

Can the approach incorporate
feedback from practice?

\

Can stability from capsizing
be guaranteed if basic
conditions are met?

What is the future role of
the approach?

TRADITIONAL APPROACH '
Relatively small. Manual
methods are sufficient.

Yes, on their average values,
but their time variations can
not be introduced.

Yes. As in 9.

Yes, only for the restoring
term.

Yes. (see Dynamic Systems
Approach).

Yes. Statistical analysis of
casualties plays a major part
in refining the criteria.

No.

This approach will have a role
to play but until a better cri-
teria is devised it would be less
attractive as a method for use
in the stability analysis of a
wider class of FOS. A

DYNAMIC SYSTEMS"APPROAOQ
‘_,_____--.----I--'-'_""""'-'

It is essential to carry out the
calculations by the computer.
But it may be possible to devise
simple ways of using the results
in practice.

Yes, external loads can be
incorporated in the equation of
motion. I

Yes. The incorporation and
solution needing further studies
for FOS application.

Yes.

Yes. The treatment is more
involved. ~

' I

Yes.- However, the problem becomes
more complicated.

Yes. Traditional approach is a
very special case of Lyapunov‘s -
method of treating stability.

Not yet being used in practice
but there is no reason why
feedbacks cannot be incorporated.

No. Stability from capsizing is
assessed from probability of risks
under given operating conditions
and sea states. - .

There is still a lot of _
development work to be done
but it offers an essential
waygof-incorporating
stability with the motion
characteristics of ROS

Issqspopusonn
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TABLE 3

I 4 ' \
Coefficients of Hill's Equation

1

Constant coefficient = 0.356519

' an of (cos Znt) Ea of (sin 2nt) ~E Jag+b%

-.003256 6 y .000578 A 7 .003306\ q
Y .o00057 /1 -.000021 6 .0o0061_\
6 .000020. 6 -.000012 .000023 "““=

.00O000 ' .000000 . '.000Q00 6
i .000O00 .000000 F .000000 -

Coefficients of Hill's Equation

Constant coefficient = 0.303806

8 an of(sin6 2nt) of (sin '2nt) Ja%+b%V 0

—.001812 . 1 .O003l5 ~.0Ol839 is
—.000051 .000018 .O0O054
—.000020 - " .O00012 .000023

1 .0O0O00 .000000 ’ 5.000000
- .000O00 . .0000O0 .000000

TABLE

Coefficients of Hill's Equation

I Constant coefficient = 0.226527

2nt) (]a,%+b% ‘(sin 2nt

- —.OO104l - . .000l76 .0O1056 '
-.000080. .000028 .000084_
—.000031 " .0O0017 .000036’

' .000O00 .000000 .000000
 .000000 4 .000000 .000000 -

i Ingggality

0.640175
3.643420
8.643458

15.643481
'24.643481

TABLE 4 .

Ingguality

0.694355
3.696140
8.696171

15.696194
24.696194

Ineggality

0.772417
3.773389
8.773438

15.773473
24.773473
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PROACH FOR TREATING TE§_§§§§;Q;ZX

OF FISIIIIIG BOATS .

T. TSUCHIYA L

Fishing Laboratory, Tokyo, Japan as
1. INTRODUCTION

Thousands of fishing boats ranging
from trawlers to coastal fishing
boats go out for fishing voyages every
day in Japan. Most of the skippers are
skilful at controlling their fishing
boats, and have their own judgement
for the safety of the boats via the use
of empirical means although these
judgments are sometimes wrong. The
boats‘ hull form, construction,’
fishing method, and circumstances"
including the worst stormy weather
expected to encounter during the
fishing voyage are generally
different for each group of fishing
fleets. All the boats have wireless
equipent to catch meteorological
information to escape from the heavy
storm. These are the basic circumstances
to be considered when the stability
criterion of fishing boats is discussed
in Japan. A highly simplified
criterion-would not be suitable as most
of the fishermen will not recognize
its necessity because of the big gap
between their empirical feeling and
criterion. This is why a theoretical
approach is necessary for assessing
the stability of fishing boats in Japan.

6 _ACCIDENTS TO BE CONSIDERED .

This analysisiis based on the concept
that the stability of fishing boats
should not be judged by‘a simple
geometrical stability standard such as
minimum metacentric height GM and "
freeboard or the shape of righting
lever (GZ) curve, instead the following
factors should be considered.

a) The worst weather condition I
condition expected to be encountered

b) The maximum heeling moment
caused by the fishing operations,

\

c) The critical heeling angle-6
-limit or 9 -flood beyond which
the righting moment will be
lost.

d) The bulwark height, 6

e) The profile area on the water
line,

f) "The roll-damping characteris-
tics of the boat, etc. should
also be considered for this
purpose.

In this paper, three kinds of
accidents are considered theoretically
to be the main causes of capsize or
lost accidents of fishing boats, and
thus if a fishing boat has enough ‘
stability to prevent these accidents
then the boat is considered safe.
In order to investigate whether these
accidents will occur or not, a list
of 4C" Values are introduced and the
terms

are used to denote the three kinds of
capsizings, and the boat is judged
to be safe by this theory. (Refer
Table 2)‘ 6 “ 1"“‘*~"

The meaning of the "C" values'
are as follows:

(l) Coefficient. C2_2
' If a gust blows from weather

side of a boat at‘a moment when
it rolls almost syncronously in
the beam wind and irregular
waves and heels hardly to the
weather wide, then the boat heels
very hard to the lee side. This
condition is thought to be one
of the most dangerous conditions
for the boat, and the boat is

_considered safe under this
condition when the inequality

C2_{‘I'-.' A1'€a b/A|-338 71.0’
is satisfied; where a and b are
areas relating to the GZ curve
See Fig. (l) A

O
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Coefficient C2_f

In the above condition, if the
critical flooded angle 0 -£1666
(defined as the angle at which
see-water begins to immerse into
a vessel through its openings) is
smaller than the critical angle

6 -limit, then Area b should be
replaced by Area b‘ which is the
area up to B -flood instead of

B-limit, see in Fig. (1). In
such case, if , '

C342 Araab /Flrea 37 \-O
the boat is considered safe under this
condition.

Coefficient Cl_O '
Some of the fishing boats in Japan
were lost by flooded water or
shifted cargoes when the boats
heeled hard and could not get up '
easily on the rough sea. Those are
thought to be quite different type
of accidents from those explained
by c2_l or C2_f values mentioned above.

This kind of accident is considered
to be caused by the hard rolling motion
of the boat in the irregular waves until
the bulwark top immerses into the water,
which introduces a lot of sea water on
the deck. This phenomenon easily occurs
before the occurrence of the accidents
explained by C2_l or C2_f values
especially when the free board of a
fishing boat is very low or a boat rolls
very hard in the waves. In this report,
Cl_O is designated to investigate the
stability of fishing boars in such case,
and it is shown by the following equation:

C ____ y +145)

1'0 C B .I2n(9o -+-(KAH/\c~J.6M)-(150/11))
Freeboard at the
lowest point of upper
deck side line under
actual loaded condition
(m)

HB : Bulwark height at the
lowest point (m)

where FB min :

B : Boat‘s breadth (m)

W : Displacement (t)

KAH : Heeling moment caused by
steady beam wind at the
actual loaded condition
(t-m)

(4) Coefficient Cl_m
If heeling moment M exists due to
fishing operation or an unbalanced
load, Cl_m should be used instead
of Cl_O, which is designated by
following equation:

__ 2-Uramin +H3)
C Fm; E5_ 1.5.4 [_(\<:=.lZ-5i5+r~15)/\:~:. 6 M1 . (£1850/“D

(5) Coefficient C3_l

When a fishing boat is in
following sea or oblique sea, it
sometimes collects a lot of sea"
water on the deck. If the fishing
boat is not heeled hard at the
moment, the water is filled up to
the bulwark top of the boat and
the deck water sometimes capsizes
the boat by the dynamical heeling
energy. As it is quite clear that
C1_Q or C2_m and Cg-l or C2_f
values do not explain the accid-
dents, C3_l value is used to
investigate the possibility of
the accidents via the relation.

C-sat E Ar-ga B‘,/AFCB an

where a“ and b" are terms used in
Fig. (2) and GZ is the heeling
moment lever caused by shipping
water on the deck.

In the calculation, the effect of
scupper area is neglected, as it
is not so effective at the moment
to prevent the accident. When
c3_l value of a boat is more than
1.0, the boat is considered safe
under the condition.

(6) Coefficient C3_f
If 9 -flood of a boat is
smaller than Q-limit, C3_f
should be used instead of C3_1,
and the value is given as:

C3__F :__-_-' Area bm /fires a"
where b"' is the area up to

Q -flood in placeof 8 -limit
in Fig. (2).

Rolling angle 5b used in the
calculation of[Q@arC}§ value is
70% of syncronous rolling angle Se
in regular waves which is calcu-
lated by a simplified formula
based on Sverdrup-Munk's diagram
and self rolling period of a boat,
(1). Ge is also used for the
calculation of tlaerilnn which is
introduced from the concept that
rolling motion of a boat in
irregular waves is considered a
kind of narrow band irregular
oscillation and consequently, the
occurence probability of Q; in
irregular waves can be explained
theoretically as shown in Table l,
if 9c if assumed to be nearly equal
to 9 100,000. (Ref.2)



I
I
I4

Z».-___.-_-s.--@-i>-<»
I
i

1

|
s

0
1\

Tsuchiya

3. PRACTICAL USE _

Fishing boats are generally used
under many different loaded
conditions, and consequently all
the C values of such conditions
are necessary to be calculated to
judge the stability by this theory.'
But, those calculations are very
troublesome work practically, and to
simplify them, following diagram
method is used.

(l) when hull form and deck construc-
tion of a boat is fixed, contour

“curves of C = 1.0 under several
circumstances (named critical
curves hereafter) are obtained by
digital computer and they can be
shown on a cross coordinate of GM
and.midship freeboard or KG and
displacement,

(2) Each loaded condition of the boat
can be plotted on the same diagram.

(3) By relative position of the
plotted points to the critical
curves, anyone can easily realize A
whether C values of a loaded
condition under any assumed circum-
stances is more than 1.0 or not.
If trim of the boat changes widely
during the voyage, same diagram should
be prepared at two or three trimmed
conditions.

4. EXAMPLES OF APPLICATION.

For many kinds of fishing boats in A
Japan, such diagrams are"calculated, and
by the results, it is shown that this
theoretical criterion explains the
empirical stability standard including
skipper°s feeling for the fishing boat.

In Fig. 3 - 9, examples of critical
curves are shown for several kinds of
fishing boats used in Japan and also
European trawlers under assumed sea
states. In some of the diagrams,
critical curves by IMCO's new
criterion are shown to compare with
the theoretical ones. If the assumed-
sea state used for the calculation of
European trawlers, which is supposedly
caused by steady wind speed U = 26 m/sec
with gust, isssufficiently accurate then,
this theoretical criterion almost
coincides with traditional stability
standard for European fishing boats.
From those diagrams, it is possible to
estimate roughly how much the sea state,
hull‘form, heeling moment caused by
fishing operation, constructions on
deck, etc. affect to the stability of
fishing boats. Plotted points in the
diagrams are actual loaded conditions
of the boats.

3

5. CONCLUDING REMARKS

This theoretical approach is not,
of course, perfect and for instance,
capsized accidents occurred in
oblique seas, or lost accidents
occurred after heavy heel in beam
sea, are not considered. Therefore,
when it is used in practice,
reliability of this method should
be confirmed carefully by comparing
with many actual data of fishing
iboats' activity, and also with
empirical stability standards for
different kinds of fishing boats in
different areas.

On the other hand, theoretical,
approach for the accidents mentioned
above should be developed as early
as possible. It might give us
important suggestion for determining
more reasonable stability criterion
or permissible minimum freeboard of
fishing boats. 9
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Table l Relation between N1, aN/5 and k
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Maximum half amplitude expected »
in narrow band irregular waves of
N1 tlIIl€S

Number of irregular waves
Standard deviation of half amplitude

/
0.703
1.030
1.366
1.583
1.776
2.010
2.172
2.323
2.509
2.642
2.769
2.929
3.044
3.155
3.296
3.400

ii; ..‘<
0.21

0.30

0.40

0.47

0.52

0.59

0.62

0.68

0.74

0.77

0.82

0.86

0.90

0.93

0.97

1.00

of narrow band irregular waves
introduced by following equation:

y NI ,_ A
52- 3? )/N1

il
i

11

Wave height of irregular waves on
the calm sea level

anl/a100.000 i
>1

I
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Table 2, Factors being considered for calculation of C ralues

§_a.§l3.Q_1.:§. I C1 C2 C3

r

Steady wind velocity

. _*_
A _.2c:

Heeling moment
N value i necessary

Trmm (fixed value)
Critical angle of heel 9
Position of flooding opening
Bulwark Height H3
Dec erection
Deck

boats with bilge keel.
9 _ |3 S
°_ . , (deg)

Where N : Bertin's roll-damping coefficient
1?

S : gsteepness of synchronous waves
A if : Effective wave slope coefficient

** The value of'E%for fishing boats in Japan is assumed as follows:

Gk= 30 deg. for purse seiner
9f= 55 deg. for the other boats A

rhouse

* ékisscalculated by following equation, and N = 0.020 is used for steel

?-..
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The-symbols in Fig. l are as
follows:

6%: Rolling angle at a time
of rolling nearly synchro-
nously in irregular waves
(half angle} (deg)

Heeling angle caused by the
steady beam wind (deg)6%“:

9;= Critical angle of heel (In
_case the heeling angle ex-
ceeds this angle, the posi-
tion of a vessel's centre of
of gravity moves by a large
margin, because the load on
the vessel makes a large
movement, therefore, the sta-
bility of the vessel is lost.),
(deg)

l

eafiwfit

La”: Heeling moment lever caused
by steady beam wind (m)

1
Dw : Heeling moment lever caused

by a gust (m)
Note:
In the seas adjacent to Japan, a
relationship of Dw' = l.5 x Dw is
known statistically.
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PRAC’IlI§C_1}_L__ _1_l_§_’_P_B_QACII TO SI-IIP STABILITY

by

G. NIELSEN

Directorate of Maritime Education

‘Denmark

1, INTRODUCTION

The paper now to be presented is made
up of a few scattered points of view
which are meant to represent those
who employ and train the men whose
duty will one day be to bring the
ships with their passengers, crews
and cargoes from port to port.

Previously, in most cases ships were
built and arranged according to the
principle that the cargo had to be
adapted to the ship, but today the
situation is that ships are built to
satisfy existing transport require-
ments for certain definite units and
consequently we are to an ever increas-
ing extent, designing ships to suit
the cargoes, This fact, in connection
with the increased size of ships, has
resulted in a number of problems to _
which solutions are sought by national
authorities, classification societies,
universities and independent research
institutions in cooperation with the
shipowners and the shipyards.

Q

The stability problem has been attack-
ed from widely different quarters,
and the setting up of IMCO and the
activity of that organization has led
to cooperation and exchange of research
results, the effect of which is that
a vast amount of information and know-
ledge is available to us today. So
vast indeed that few persons, if any,
are capable of grasping a sufficiently
comprehensive all round picture of the
situation. Introduction of the elec-
tronic computer together with the use
of complex mathematical models has
enabled the description and treatment
of the problems to be carried out in_
a manner not dreamt of before the
Second World War. If conventional

aids were to have been used in the
process, this would have taken up
so much time as to be quite im-
practicable.

This,.however, has the effect that
many results are presented andp
registered in an elegant language
of formulas or are prepared for
programming for use in the computer.
In the documentation of shipyards
or research institutes intended for
national or foreign authorities,
who of course have technical experts
at their disposal, a similar form
of presentation is used.

Together with the growing under-
standing and knowledge of the fac-
tors which are crucial as far as
sufficient stability is concerned,
the data supplied to ships by ship-
yards have become more comprehensive
and detailed. In many cases the
information is the same as that which
is required by the supervising
authority in order to decide whether
or not the ship can be accepted.

The ship will also frequently be
furnished with particulars for the ‘
purpose of showing the authorities
of foreign countries that the ship
in a certain condition complies
with a given criterion,

It should be borne in mind, however,
that the information which a spec-.
ialized expert is capable of ex-
tracting directly from the document-
ation need not emerge quite so eas-
ily for a ship's officer, master or
mate. .

\

Although the period of training for
the mates and masters gives the
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navigator a sound basis for master-
ing stability problems, it should be
remembered that the problems sur-
rounding the stability of ships only
represent a small - though important
_ part of the navigator*s duties.

It is important that the information
which is to be used in practical
everyday work is presented in the
simplest possible manner, and if it
is necessary for the purpose of doc-
umentation required by foreign author-
ities to supply tables with information
which is of no use to the navigator
then such tables should be placed in
a separate booklet.

During the last generation, where
those on board wanted to judge the
sea-keeping capabilities of their ship,
it has been the custom in Danish ships
to note the metacentric height and
plot the isocarene GZ curve and con-
sider the flow of the curve without
really having on board any particulars
on which to base such evaluation.

The appearance of the IMCO criteria
has changed the situation, To intro-
duce these criteria a number of new
concepts were used about which the
navigator could not be assumed to have
any previous knowledge. Although, out
of interest, the members of the prof-
ession have made an effort Qf their
own accord, or through instruction
under the auspices of shipping com-
panies, to increase their knowledge,
it must be admitted that as far as
stability matters are concerned there
is a communication gap between the
technical person and the sea-going
navigator. »

It is possible, indeed probable, that
the continued work of scientists and
technicians in theory, on model and
full scale experiments and also on
statistical evaluation of experience
gained from marine casualties will
result in the establishment of stab-
ility criteria for different ships,
cargoes and weather conditions. If
complied with, such criteria will
provide the necessary condition which
will enable the ship to survive vir-
tually any situation, but if the men
responsible for the loading and hand-
ling of the ship fall short in this
respect casualties will continue to
occur.

An attempt is made in the following
sections to outline guidelines to
assist in the formulation of these
instructions which are furnished as
an aid to navigators on board ships.

“-mielsen
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During the period 1965 to 1967 a
number of losses and casualties
happened to smaller Danish ships
which led to the appointment of a
Commission under the Ministry of
Maritime Affairs. Having invest-
igated the casulaties the Commission
produced a report (1) which shows
that out of 22 casualties invest-
igated capsizing had certainly occur-
red in 10 cases. Further, it appear-
ed that in none of the 10 cases, in
which the ships were intact, had
capsizing taken place without shift-
ing of cargo; for instance, timber
deck cargo, broken stones, salt,
soda, amonium sulphate, china clay
and wet sand, which are not consid-
ered liable to shift. The cargo had,
generally speaking, in all cases been
dealt with in accordance with ordin-
ary practice.

The Commission made the remark that
lack of adequate stability criteria
for intact ship loaded with non-
shifting cargo, with shifting cargo
and with cargo not liable to shift,
and to some extent lack of exper-
ience of the officers in handling
small ships as well as inability to
recognize the shifting character of
the cargo, were the reasons why
firstly the cargo was not secured
either by trimming or shifting
boards and secondly that in bad
weather the ship was not handled in
a way to reduce the influence of
rough sea by changing course and
speed.

Among the conclusions deserving a
mention, the Commission stated that
the stability criteria contained in
IMCO recommendation No. 167 ought
to be put into force as soon as poss-
ible. Likewise the Commission pro-
posed that IMCO's Code of Safe Prac-
tice for Bulk Cargoes (1965) should
enter into force after certain sup-
plementary investigations, including
investigations in case of a list.

Caused by the loss of a small gov-
ernment ship in 1970, another com-
mission was appointed with the object
of bringing forward proposals for
securing of ships‘ stability.

The Commission recommended that
IMCO's Recommendation on Intact
Stability for Passenger and Cargo
Ships under lOO m in length and the
corresponding recommendation for
fishing vessels with a few modific-
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ations, should, until further notice,
form the basis of approval of new
ships in Denmark and also for ships
above 100 m in length.

In_connection with preparation of
its report (2) the Comission trans-
formed the IMCO criteria so that they
all appear as GM-minimum requirements.

The transformation is considered in
the next section and, as can be seen
ofrom Appendix I, this basic principle
leads to a simple but clear manner
for presentation of calculation res-_
ults. A

TRANSFORMATION OF IMCO CRITERIA
. FOR DIRECT DETERMINATION OF

' MINIMUM GM A
The minimum requirement to stability
mentioned in Reg. 5.1 of the IMCO Rec-
ommendation can, with reference to
Figure l, be stated as follows:

1) The hatched area el should be
~ ' greater than or equal to 0.005

metre-radians.

2) The hatched areas el and e
should in all be greater than
or equal to 0.090 metre-radians.

3) The hatched area e2 should be
‘- greater than or equal to'0.030

metre-radians. A

h) The righting lever GZ should not~
be less than 0.20 m at an angle
ofoheel equal to or greater than_
30 ._ .

5) The maximum righting lever GZ
A should occur at an angle of

heel QM preferably exceeding
309, but not less than 25°.

6)‘ i The metacentric ,height GM
-should be greater than or
equal to 0.15 m for cargo ships
and greater than or equal to
0.35 m for fishing vessels.

It appears from Figure 2 that GZ =
MSi+ GM sin. 6, and it is now in common
use in Denmark that by calculation of
stability, MS is determined for a
certain amount of displacements and
angles of heel. By means of these MS
curves a distinct coherence between
GZ and GM for any displacement and
angle of heel is established.

¢,.-. I614“_[nsJ9+j ems.-.ed9
0 O 0

OF

.. -._..._ .... .,_. _.__._...._.... -~

3.0

sa QR 30

; qy + GM . (I -' C0530‘)

I

/

(when e =)L+0°, of is in this and
the fnlIowing formula substituted6by #0 )

The IMCO criteria can therefore be
written as follows: >

or: 6": gggg -430

A " 0,/34
2) Reg. 5.1 (a) 2: 2,-&,z9»°99'°1

0,050-Q5‘,

1- C069,; .
3) Reg. 5.1 (a) 3: egg 0103001

. ,o50 -‘fieWar: 6”; 0 -+420
I  0.055-6:494‘

L»)t Reg. j.1 (b):6ZZ0’z0m'

for at least one value of 6
in the interval 30° to 6f°.

1

or: ‘G71;

or. and we mm’
0,20-We _
55:16 lsThe minimum value of

found by successive insertion of a
series of 6 values in the interval
309 t¢ ef(u0°). —

(C ) :_

h

Q.

onx33 |\\lA

5) Ree-
_ ) - owhere Q’.

or: - §%5),,,,
- _ . mm.

In Figure l the designation 'e' is caaan -v C ' ‘ ' boveused for the area unde th H, f \ The minimum value is found as a _ ,
stability’ i.e. _ r e C e O however, with the interval starting

M, . q 9, + an ('4-Coa9Q {W @;<‘*
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at 25° and without other limit upwards
than 6 , as a mgximum is acceptable
also 1%.» 0M7 1+0 . -.

6) Reg. 5.1 (d): GM >0.l5 for cargo
' and passenger ships

GM = 0.35 for fish-
ing vessels

For passenger ships, further require-
ments are: y

P‘.

Reg. 5.2 (a) P _
" om. A

_ KM-0.56
Reg. 5.2 (b) I .

 :+ 8.6.‘;ya.where

AM is the moment in metric tons due
P to crowding of passengers in one

side .

L length of ship at waterline in m

V service speed in m/sec

d mean draught in m

When determining M it is supposed that
all persons on boagd are placed on
all open decks with a density of four
persons per sq m as close as possible
to one side of the ship, assuming the
weight to be 75 kg per person or 300
kg per sq m.

Immediately following this work of
the committee, a working group pre-
pared a calculation form with the pur-
pose of securing the stability in
smaller ships and a co-operation with
owners of coastal ships and the Danish
Ship Research Institute (DSRI) has
been initiated.

Appendix II is an example of the men-
tioned calculation form and includes
instructions. The information thus
given is intended specially for use
by skippers and is attached to dem-
onstrate its simple and exact form.

A. PRESENTATION OF GRAIN LOADING
REGULATIONS

On 9th December, l97l, a Danish vessel
of considerable size carrying maize
capsized in the Pacific during a voy-
age from Mexico to Japan. The Ministry
of Commerce brought about an invest-
igation, and on 15th May,-1972, a

Nielsen

statement was issued (3). An im-
pediment to the investigation was
that the master as well as the chief
officer died in the accident. How-
ever, based on the official enquiry
and details of the loading condition
on departure the following descrip-
tion of the capsizing, which is a "
short extract from the report, could
be given. _

O

A small list to port side was com-
pensated for by using fuel from the w
port side fuel tanks during the first
part of the voyage. A8 the gist in-
creased up to about l0 - 12 , fill-
ing of No. 5 starboard wing tank with
water ballast was started, and the
list was brought down to about 1 .
During an alteration of course caused
by damage to No. l hatch the wind
now came in on the port side and the
ship fell gowardg starboard with a
list of 27 - 30 . By pumping water
ballast from No. 5 starboard wing
tank to No. 5 port side wing tank.an
attempt was made to bring the ship
to an upright position, and at the
same time filling of port bottom tank
No. 3 began. The list now increased
to #00 and the ship had to be aban-
doned.

Calculations based on the principles
of the equivalence rules to SOLAS
Chapter VI showed that the heeling
angle in the loading-condition for
the voyage would be greater than the
assumed angle of 10° with the horiz-
ontal plane of the maize, which had
caused it and thus would have a self-
increasing tendency. _

There is no doubt that the accident
was started by shifting of the maize
and_the list having had a selfincreas
ing tendency. It must be considered
a fault to attempt balancing the list
by fuel cbmsumption from one side
only and one-sided filling of No. 5
wing tank. It is obviously a fault
to create two free surfaces by pump-
ing from No. 5 starboard wing tank
to No. 5 port side wing tank. Pro-
ducing another free surface by fill-
ing bottom tank No. 3 must be ass-
umed to be catastrophic. 5 '

A possible correct procedure must be
to try to improve the stability from
the very first by filling the bottom
tanks one by one paying no regard to
the vessel being brought to a draught
deeper than the load lines.

Calculations showed that the ship,
even though complying with SOLAS
1960 Chapter VI, did not comply with
the rules of equivalence. ‘
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The capsizing caused precipitation of
the work by a_committee on implement-
ation of IMCO recommendation No. 18h
for Danish ships concerning equivalent
rules for SOLAS 1960 Chapter VI.

Doubt was expressed from various sides
in Denmark as to the application
in practice of the equivalent rules
for navigators at sea. The problem
was solved in a co-operation between
research organisations, industry and
educational institutes as production
of a layout for the Grain Loading Stab-
ility Booklet was started based on
DSRI's preceding work on the equivalent
rules. The explanations to the indiv-
idual tables of this booklet are ex-
pected to be ready during 1975.

In a booklet prepared for use in Den-
mark, see Reference [4], the various ,
suggested alterations to the equivalent
rules have been taken into account.
However, the booklet has not been
brought quite up to date with the fin-
al formulation of SOLAS 197% Chapter
VI, but it appears that the final
result will be a booklet suitable for
practical use on board ships loading
grain. i

5. UNCONVENTICNAL SHIPS
As mentioned in the introduction, dev-
elopments have brought about special
purpose ships - gastankers, container
ships, roll-on/roll-off ships, to
mention a few. These developments
have led to the preparation of various
regulations with requirements for con-
struction of the ships as well as for
their operation. A

By taking into account that environ-
mental problems also require attention,
everyone will surely appreciate the
amount of literature which must be 7
"studied by those-carrying responsibil-
ity on board. '

As the crew, often with short notice,
may happen to have responsibility for
unconventional types of ships, it is
essential that exact descriptions and
instructions are ready at hand in cases
where it is to be expected that the
operating of the ship would differ
from what the crew has previously ex-
perienced. .

Thus, an instruction of this nature is
very useful, although it should be in
a suitable form and there is a need to
use very clear language.

6. CONCLUSION

The marine casualties referred to in

5.

the foregoing which, alas, are but
few among many, seem to indicate
that in many cases there is a lack
of understanding as to where the
limit of acceptable stability is
and also insufficient understanding
of the principles which make it
possible to take the right pre-
cautions to prevent or reduce the
consequences of a casualty which
has occurred or which is developing.

While previous stability criteria
in nearly all cases relied on elem- '
ents derived from the varied positions
of the ship in an immovable mass of
water with plane, horizontal surface,
a number of the papers read at this
conference would seem to indicate
that other parameters derived from
dynamic conditions in the ship and
its surroundings will be introduced.

A great number of new research res-
ults should be capable of being
described without recourse to higher
mathematics, and in order to motivate
sea-going personnel to follow devel-
opments it would be a blessing if
someone could and would take upon
himself the task of popularizing the
results so that people other than
those with highly specialized train-
ing, by keeping up with these matters
in their own technical magazines, may.
acquire some background for under-
standing the principles behind new
criteria, methods of calculation or
directions for action in situations
involving risk of accidents.

It is important that the information
supplied to the ship is simple and
precise and written in a language
which can be understood by the nav-
igator. The problem must be dealt
with in two stages:

1) .An attempt should be made
it during training of the navig-

ator to provide him with
sound basic knowledge and,
when joining ships where
special knowledge is im-
portant, to provide the nec-
essary follow-up training.

2) The expert, when formulating
technical information for
use on board ship, should
always endeavour to meet
the level at which those on
board ship may be expected
to work and to formulate
it in such a manner that --

A only those particulars which
are relevant to the navig-
ator are given without in-
volving technical data or
documentation which may only
prove useful to national or
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I foreign authorities.
\

Since the results of the conference
no doubt will have much impact on
the future work at IMCO, it is my
view that this gathering is the '
right forum to emphasize the wish of
industry that the obligations im- _
posed on those responsible on board
by additional provisions must be
reduced to the necessary minimum,
and finally I would like once more
to underline the necessity of pro-
viding for exchange of experience
between technicians and ships‘
officers. There is no doubt at all
that seamen have a store of know-
ledge based on experience only wait-
ing to be formuhated so that it may
be included in the field of~activity
of scientists. \

I wish to wind up this paper by
venturing the postulate that tech-
nicians may very well be capable of
handing over to the shipmaster such
a ship as will possess the necessary
conditions for survival in almost.
any conceivable situation, but for
the time being these conditions will
not in practice amount to more than
75% of the sufficient conditions.
This paper should, therefore, also
be considered in the light of the
desirability of bringing the remain-
ing 25% into the fold.

7o ‘

.
- \
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APPENDIX I

EEQSEETATION QT CALCULATION RESULTS

The transformed form set up above
allows a direct calculation by com-
puter. By means of ordinary available
programs hydrostatic data are calcul-
ated and drawn on a curve sheet. The
MS values are also calculated, and
these calculations should be carried
out for constant moment of trim. The
results are presented as isocarene
MS-curves and, if requested, also as
isocline MS-curves.

For a number of displacements, the
GM minimum requirement corresponding
to each of the GM formula stated is
then calculated, and the results are
drawn graphically, the GM-values being
plotted.against the displacement and
with an additional scale for the cor-
responding values of mean draughts
(see Figure 3).

The upper envelope represents the
minimum requirements to GM corres-
ponding to each displacement.

Finally, a diagram showing the maxi-
mum allowable KG is plotted against
displacement, A , or showing A x
KG max against A.. Whether the first
or the second way of presentation is
preferred, plots corresponding to
each individual loading condition
are inserted in the diagram. A load-
ing condition can only be approved >
if the corresponding plot lies below
the curve. ‘,

When using the curve A x KG, the ad-
vantage is obtained that for a load-
ing condition which does not meet
the requirements - the plot lies
above the curve -'it is easy to find
how much more ballast or less cargo
is needed to place the plot on the
right side of the curve. ’

Figure Q shows such a graph,'where.A
x KG is plottedwagainst A. Different
loading conditions are shown. Two of
these, A and B are unacceptable, the
plots lying above the curve. OPoint A
can be brought on to the curve, if
ballast is added to the loading con-
dition. Assuming that ballast can
be placed 1 m above keel a line is
drawn from point A with a slope taken
from the additional graph in the right
hand side. Where this line intersects
the KG-curve an acceptable condition
is obtained. The horizontal move of
the point A to Al gives the increase
sof the displacement, i.e. the nec- A
essary amount of ballast. Likewise
point B being a deck loading condition

7.

can be changed to the acceptable
point B1 by removal of some of the
deck cargo.

The graph is particularly useful on
board for examination of conditions,
which are not calculated beforehand,
A x KG representing the total ver-
tical moment. Calculation of KG or
GM is therefore superfluous, and
the total control work only involves
insertion of A x KG against A
and making sure that the point lies
below the curve.

I

\
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APPENDIX II

GUIDE FOR CONTROL OF STABILITY FOR
CARGO SHIPS B§LOE;lQQm,IN_gENGTH

The present guide describes a simple
method enabling the-master to ensure
before a voyage that his ship has
enough stability. '

The method is devised for cargo ships
below 100 m length which are fully
or nearly fully loaded, and which are
on a nearly even keel. However, the
method can not be applied to shift-
ing cargoes such as grain or similar
cargo.

The idea behind this is, by means of
the form on page l3,to calculate the
ship's displacement and vertical
moment. These two values are plotted
into the diagram which is titled the
Capsizing Safety Diagram.

If the intersection point lies below
the curve in the diagram, the ship
complies with the stability criteria
given by IMCO as a measure for safety
against capsizing under normal con-
ditions. '

The calculations must be made before
departure from loading port for the
departure conditions as well as for
the expected condition of arrival,
taking into account consumption of
fuel, freshwater and provisions during
the voyage.

Calculation Form (Figure 5)

The attached form for calculation of
displacement and vertical,moment com-
Rggses four columns, Q§[q%))@D and‘ .In column (A) wéig ts in metric-
.al tons are inserted, the sum of which,
Sum Q5] , represents the ship's total
displacement. With regard to weights
of LIGHT SHIP, STORES, CREW and PROV-
ISIONS these are considered to be con-
stant and may, therefore, be inserted
in the form beforehand. -

The weight of the cargo in metrical
tons is inserted as stowed, abreast
HOLDS, TWEEN DECK and-DECK CARGO with
the option of subdividing each room
into, for instance, forepart and
afterpart.

The weights of fuel, ballast and
freshwater are inserted abreast the
tanks in question.

. /'~. _

To be inserted in column (B) is the
height of the centre of gravity above
the keel measured in metres for each
of the weight values in column (QD.

- Q
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Also in this connection the values
for LIGHT SHIP, STORES and PROVISIONS
are considered constant and, there-
fore, inserted as fixed figures.

Capsizing Safety Diagzam

In the capsizing safety diagram, a
curve is drawn indicating the values
for the vertical moments correspond-
ing to varying displacements. This
curve is established by IMCO express-
ing that the ship can be considered
safe against capsizing under normal
conditions.

The_left terminus of the curve cor-
responds to the ship being half-
loaded.

The curve from this point to the
point corresponding to an approx-
imately two-thirds loaded ship is
dotted and the remaining curve is
fully drawn. 5

The explanation hereof is the
following:

The IMCO-criteria have been set up
on the assumption that the ship is
fully or nearly fully loaded cor-
responding to the fully drawn part
of the curve. The dotted part of
the curve therefore indicates that
the result of the calculations of
these loading conditions is only a
ggidance for judging the stability
Of the Ship 0

0n the horizontal scale of the dia-
gram SUM (3? obtained from column CA}
of the calculation form is plotted
and a vertical line drawn through
this_point.

0n the vertical scale of the diagram
SUM\ + obtained from column

(Q) of the calculation form is
plotted and a horizontal line drawn
through this point.‘

If the point of intersection of the
two lines is placed below the curve
the ship has sufficient stabiligz to
be safe against capsizing under nor-
mal conditions.

If the point of intersection of the
two lines is above the curve the
ship has insufficient stability and
it will be unwarrantable to leave
harbour. In the latter case, pre-
cautions must be taken - filling the
ballast tanks, removal or unloading
of cargo or.the like - to improve
the stability and another calculation
must be made for the altered condi-
tion to ensure that the point of
intersection plots below the curve.
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By such alterations the ship should
continue ta be on a fairly even trim.

The centre of gravity in metres above
keel for different Parts °f.the Cargo
is taken from the ship's capacity
plan. Having inserted the cargo on
the plan, the centre of gravity above
keel is estimated and afterwards the
distance from the keel is measured.

For tanks which are filled or partly
filled, centres of gravity are like-
wise estimated. '

In eolumn (éi are inserted vertical
moments for the different weights
obtained by multiplying the values
in column (Q; b the corresponding
ones in column (5 .

The sum of the vertical moments res-
ults in SUM @,-. In column are
inserted corrections for free surfaces
which must be added to the total ver-
tical moment for that or those tanks
which are either filled or empty. -

If a tank is empty or filled the fig-'
ure abreast that tank is struck out
and thus is not included in the total
correction for free surfaces SWM Q2.
At departure the correction for free.
surfaces should, however, be made for
fresh water tank and fuel oil tank,
from which comsumption takes place,
whether such tanks are filled or not.

SUM CE; is passed to column (Q; and
is added with son (Q) to sun (Q) +
<5) which gives the vertical moment.

I
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ON DANGEROUS SITUATIONS FRAUGHT WITH CAPSIZING

by

I V.S. Dorin, E.P. Nikolaev, N.N. Rakhmanin

Krylov Research Institute, Lenningrad, USSR.

1. INTRODUCTIQN

While formulating the problem of ship's (i)
intact stability regulations, it is
advisable to accept that

(i) The diagram of stability (on
condition of considering the
free trim when calculating the
righting arms) completely
defines the ability of the
ship to return to the initial
position after ceasing of the

Y heeling moment, which caused
the inclination.

(ii) It is impossible to ensure the
immunity of a ship against

» capsizing in any situation
regardless of environmental
circumstances, prudence and
good seamanship exercised by
the Master. Some specific
ocean vehicles are the only)
exception. A
The improvements in stability
usually brings forth the A
deterioration of other qualities
of a ship, ensuing from V
changing the relations between.
the main dimensions, the hull
shape, the stowage of cargo,
the order of consumption of.
stores and ballasting.

(iii)

Considering the above propositions the.
. problem of intact stability regulations

becomes that of development of the
requirements for diagrams of stability
which would provide a rational minimum

I of the danger from capsizing and of
excessive heeling during the ship's
operation.

The capsizing of a ship or her
inadmissible heeling may result
from: \

a static or a dynamic effect
of some heeling moments,

(ii) a reduction in stability
caused by various phenomena,
circumstances bringing about
a simultaneous reduction of
stability and the arising of
heeling moments.

(iii)

The negative factors pertaining to
these three categories are manifold
and may be regarded as random.
Because of the random.character of,
these factors which must be considered
while developing stability regulations,
the requirements for the stability of
ships may have but a comparative A
character. ;

,V - ~~ _ -—\_ i 24-; _ ‘_._:_._ __.——_._r __ k_ y '
-' ““' -¢~ »"-.§I<-7~_—’. -__.__ ‘~ ‘ ___ ~-~ -~ - . __ . 4; ._~ ‘-_._

, I - “' — _ __‘_ ""“ "- “'~—<-7 ‘_- -— _»-1; -__-.1-ex.-—. —- ,_

In other words, we may speak only
about the indirect requirements for
the probabilityiof,non—¢3P8izing and -
non—appearance of the heeling angles
exceeding some given angles, under
certain conditions (in certain
situations).

Such approach to-the intact stability
regulations brings forth three main
questions to be solved:

(i) Under what conditions (in
what situations) must the
stability regulations be
carried out? I . '

(ii) What must be the standard of
requirements? Equal for all A
ships or different for ships
of different purposes operating

I _ -023% .
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in different conditions, the ' heel may be classified in the
probability of non—capsizing following way: I
and the probability of non-
appearance of inadmissible (a) Factors generating the heeling
heeling? _ moments»

(iii) What must or can be numerical / _ n _
values of the criteria -I al. The static pressure of wind on
defining the adequate intact the side surface of a ship. ~
stability? I a2. The dynamic effect of a gust

_ on a ship.
The views of the authors on these ~~ a3. The rolling effect of the waves
questions are given in the following a4. Forces affecting a ship at
sections, , " circulation. A

i A a5. Crowding of passengers on one
2. DANGEROUS SITUATIONS side.of a ship.

A ' Q _a6. Non—symmetrical position of
The probability of simultaneous cargo and stores in regard to
acting of all the unfavourablyl the centre plane.
negative factors affecting the 7, a7. Shifting of the cargo. .
stability or causing a dangerous
heeling is apparently very small. (b) Factors reducing stability

{B -bl. Non-rational location of
At the same time certain factorsA
may be decisive for ships with

A cargo which elevates the "
ship's centre of gravity.

some specific peculiarities of
design and conditions of operation.

b2. The lowering of the centre of
buoyancy when the ship's

Therefore it seems reasonable to
identify a certain combination of
negative factors (a certain situation) draft changes as a result of
which must be carried out for testing I partial loading of cargo and
of the stability of any ship. It is consumption of the stores.
also reasonable to identify the Q b3. ~The appearance of free
additional factors which need to be surfaces in tanks as a result
regarded while testing the stability of consumption of fuel, water,
of ships with some peculiarities of V or oil. t"

1: b4. Non—rational order of
consumption of the stores

design and operation.

which elevates the ship's
‘ centre of gravity or brings

about larger than the necessary

The identified situation is to be
tested and must satisfy three
conditions: i

(i) The situation must be realistic I minimum free surfaces.
enough on the probability of " b5. Icing of topsides.
simultaneous acting on the ship 4 b6. Wetting of the deck cargo.
of a combination of negative b7. .Reduction of ship's stability
factors corresponding to this A . in following seas. L
particular situation must be
large, (c) Factors reducing stability and

(ii) The consequences of the influence generating the heeling moments
on a ship of the given simultaheously I
combination of factors must be '
determined by as large a number 7" cl. Non-symmetrical icing.
of ship's parameters as possible w. c2. Non-symetrical wetting of the
such as for principal dimensions, ’ deck cargo.
shape of hull, architectural c3. Crowding of passengers on a '
type, etc. A higher deck.

(iii) The procedure of the calculation c4. Water trapped on deck during ~
- should be sufficiently simple. the motion of a ship in heavy A

A ' seas.
Conditions (i) and (iii) are
evident. As to condition (ii), From these factors a6, bl, b4 may

I it arises from the wish to occur only in case of breaking by
generalize the main stability the Master the instructions on the
criterion, so*that it could be loading of cargo and the succession
applied to non-traditional types of consuming the stores. Factors

p of ships of unusual architectural cl and c2 may arise only when the
forms. D I A ship takes a certain course relative

‘ to wind and waves. The heel which
The main unfavourable factors appears as a result of their effect

_ which affects the ship's can be corrected by changing the
safety with regard to capsizing course.) In practice it is advisable

A or the appearing of a dangerous to eliminate the danger of factorA
a7 by means of some designing

1
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measures and corresponding stowage.
Therefore it seems right not to
consider these factors in stability
regulations. we must consider the f
necessity to eliminate the very
possibility of their appearance
during the ship's operation.

Factors b3,b5,b6, may under certain
circumstances exercise continuous
effect on the ship and they must be
taken into account while testing the
stability for any situation._ 7
Naturally, for certain ships they can
physically appear for example, the
wetting of the deck cargo on the timber-
carriers, the icing of the ships
going in areas where icing is possible.

x

we can hardly imagine the situation
-when all the adverse factors would
affect the ship at the same time. For
that we must accept the possibility
that the_Master would permit the
ship to perform circulation at full
speed in rough seas having a heel
caused by the static effect of wind
on her windage area, when all the 7
passengers would crowd on one side,
and at the most unfavourable moment,
with the ship being on the crest of
the following wave, she would suffer
the dynamic effect of the squall. It
is evident that, exercising prudence
and good seamanship, the Master will
avoid such a situation. The possibility
of simultaneous action on the ship of
the unfavourable combination of wind
(factors al and a2) and rolling
(factor a3) seems muck more real. As
to the other factors (a4, a5, b7, c3,
c4,) it is more advisable to regard
their influence separately or in
combination with factor a3 when it
seems relevant. Some of these factors
may prove decisive for ships of
different types with different
peculiarities of design or other
special features.

Thus, it is expedient to demand that
ships suffering rolling in heavy seas
should not capsize-as a result of the
_squall_Qfma certain force. Irrespective
of this, th€“§tability“of-a ship ~ we
must be sufficient for her to avoid _
a dangerous heel or loss of stability
when influenced by each of the
following factors: _

heeling moment caused by the forces
(arising during circulation:
heeling moment caused by the crowding
of passengers on one side:
heeling moment caused by water
trapped on the deck during the
motion of a ship in rough seas:
reduction of stability while going
in following seas?
heeling moment and reduction of
stability due to crowding of

. .

passengers on a higher deck. .
heeling moments caused by specific~
distribution of hydrodynamical and
aerodynamical forces affecting the
hull and the appendages of novelty
crafts such as aircushion vehicles,
hydrofoil boats, etc.

3. CONDITIONS OF NAVIGATION '

It is obvious that the dangerous
situation may occur at any moment of
the trip. Strictly speaking, while
developing the stability regulations,
one must consider a different
probability (for ships with different
character of service) that the
dangerous situation will occur at the
worst load condition. But, since it
is rather difficult to consider this
circumstance, we may accept the equal
(for all ships) probability of
meeting with the dangerous situation
while a ship is in the worst load
condition with regard to stability.

Since the probability of a certain
combination of weather conditions
depends on areas of navigation, it
is reasonable not to put forward
equal requirements for the stability
of ships navigating in different
geographical areas. The research,
specially carried out in (4). Proved
that the probability of capsizing of
the ship in different regions of the
ocean differs by several orders due
to different exceedance of the '
dangerous combination of wind and
waves .

In the modern state of short-term
weather forecasting and the existence
of means of comunication, ships
which are a certain distance off the
port, may avoid a dangerous situation
With regard to this, it is advisable
to vary the rigorousness of stability
requirements, easing calculated
weather conditions for the ships, which
due to their service are used on
limited distances from their posts of
shelter.

4. RIGOROUSNESS OF STABILITY
REQUIREMENTS

For the assumed dangerous situation
and chosen conditions of navigation
for which stability calculation will
be made the rigorousness of the
relevant requirements is determined
by the combination of the calculated
wind speeds and amplitudes of rolling
as well as by the values of the
maximum permissible angle of heel
during circulation of the ship and
crowding of passengers on one side,
by the values of the minimum
permissible stability in rough seas

p
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with the water trapped on the deck.
All these values may be identified on
the basis of: ‘

— generalization of data on stability
of successfully navigated ships,

— analysis of stability of the
capsized ships and those which had
inadmissibly large angles of heel,

— carrying out special experiments.

But using only one of the above three
ways does not seem right. If we take
into account the stability of successfully
navigated ships only, the requirements
may be far above the margin of safety.
If we take into account the data of
capsized ships only, the requirements
are inadmissibly under the margin of
safety, since we do not know how much
the stability of a capsized ship is
under the margin of safety ~ A

CALCULATION SCHEMES FOR THE BAS
DANGEROUS SITUATION AND FOR
ADDITIONAL FACTORS

For estimating the ship's ability to
withstand the simultaneous action of
wind and rolling, it is possible to
apply the scheme used in (l). Here
the ship is considered to have
sufficient stability in regard to the
main criterion if under the most
unfavourable condition of loading,
the dynamically applied heeling moment
produced by wind pressure is equal to,
or less than minimum capsizing moment.
The main criterion is adopted on the
assumption that the ship is rolling
in resonance conditions and is at the
same time exposed to d amic effect

of minimum moment capable of '
capsizing a ship.

The minimum.capsizing moment is to
be determined from the diagram of _
statical stability assuming the
work performed by the capsizing and
righting moments to be equal and.
taking into account the effect of
rolling. AFor this purpose the curve
of statical stability is continued
into the region of negative abscissa
for a length equal to the amplitude
of rolling am see-Fig. (1). Then
a straight line FEE parallel to the
abscissa is chosen so that the
stripped area§_$, and S; are equal.
The ordinate Qwj corresponds to the
minimum capsizing moment: Ma”: Qmw
In accordance with the proposed_
concept, the main stability criterion
may be written as follows:Mh“[§ Map
Here Mhul is a dynamically applied
heeling moment produced by wind
pressure. _ -

The heeling moment produced by the
centrifugal force at the helm circle
is proposed to be estimated from
G.A. Firsoff's formuia:

D V 1' ': l— < ii)

here D — displacement of the ship,t:
L - length of the ship measured

at the load waterline, m:
7" - draught of the ship, mt

Z3_+ height of the ship's centre
of gravity above the base
line, m:

— accelerationzof the gravity
force, m/sec 7W  5

of wind pressure under squall conditions. d?- speed of the ship, at the
with the above assumptions in mind,
it is expected that the most unfavourable
conditions for stability would arise
when, at the beginning of the external
heeling moment caused by a squal, the
ship has the greatest list from
resonance roll in the direction opposite
to that of heeling moment and performs
a swing under the action of both the
heeling and the disturbing moments of
waves. - '

The compilation of an energetic balance
accounting for the moments produced
by the forces affecting a rolling ship
as well as for the heeling moment
from the squall with regard to the
swing performed by the ship, enables
us to obtain an approximate equation
of works for determining the ship's
heeling. If we then assume that the
disturbing moment of waves is fully
compensated by the damping moment and,
furthermore, that the external moment
applies instantly and keeps constant
during the whole period of swing, it
becomes possible to fix a simple
procedure for the determination

»

beginning of the helm circle
assumed as equal to 80 per
cent of the full speed, m/sec /

In this formula the radius of
circulation is so accepted as to
provide the maximum value of the
heeling moment caused by the
centrifugal force. u

It is suggested that the heeling
moment due to passengers crowding on
the ship should be estimated with
regard to the peculiarities of space
and deck planning for the ship
concerned.

As to crowding of passengers on the
ship's side and the helm circle A
performed with sidescuttles, doors,
etc. being open, they are not
prohibited if the weather is calm.
These factors usually take place
when the ship is approaching the
port, and their effects may form a
sum. Therefore, they are proposed
to be considered both apart and
sumed up.
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The influence on the ship's stability
of the crowding of passengers on the
higher deck may be estimated from
the known formulas of statics given
for a load shifted along the
vertical line.

Water trapped on the deck may be
dangerous for comparatively small
low—freeboard ships < (DOM) ‘
where the size of the deck-well is
relatively large. The danger is
connected with the appearance of a
specific heeling moment, whose
character of influence depends on ‘
the ship's course relatively to
waves.

When going in countering or
following seas the ship has
inevitably an angle of heel, and
after burying bow or stern into the
wave performs a dynamic inclination
under the action of the heeling
moment Ffly, , created by the water
trapped on the deck and acting like
a liquid load (5), (6), (7). The
moment Phw is shown in the fig.2
as function of heeling angle 5%
The dynamic effect of this moment
serves the reason of inclination of
a ship by angle 5% , which is easy to
determine processing from the
equality of areas ;fi and.5Z ,
limited by the curve Mum and the curve
of restoring moments Hg Fig (2).
Normalizing the angle value $2 one
may avoid the danger of capsizing in
the given situation.

When the ship is going in beam seas
the danger of capsizing may arise
due to‘the systematic flooding of
the deck over bulwark. The main
feature of the systematic flooding
is that the water from the previous
wave has not flown overboard by the
moment the next wave covers the
deck. The periodic disturbing
action of_the waves is aggravated by)
the influence of the static moment

fiwg , which as different from
the moment MW; does not disappear
when the gunnel is submerged under
the water ($2 659 , but preserves some
finite value (6). Under its
influ nce the ship acquires a static
heel ég Fig. (3) , and her rolling
becomes unsymmetrical (8). To avoid
the danger of capsizing under the
influence of moment Ffimi, it is
necessary to fulfilithe requirement
giben in (9)

Qv""'(9s4"-Pa) >56
where @V- angle of the static

stability diagram
I vanishing point‘

#% - amplitude of reiative rolling: _
Cg --some positive value which

can be the object of
- the regulation.

The reduction of ship's stability
in following seas can take place for
a more or less considerable periodA
of time according to the relation
between the ship's speed and the
mean speed of waves. As a rule,
this reduction proves the biggest
when a ship's middle gets on the
crest. The reduction, for a given
shape of wave profile, may be_
determined from the hydrostatic
calculation (10) and be considered
in stability regulations. It is
necessary to point'out that due to
the irregularity of the seaway,
the estimation of this factor in the
determined presentation can be -
regarded arbitrary to a great extent.
Therefore, direct application of
this estimation in the form of "
restoring moment reduced by the
action of following seas may lead to
superfluous rigorousness of intact
stability regulations. At the
moment it is more reasonable to
recognize the approach, based on
the indirect consideration of the
taken factor as a requirement to
some elements of the stability
diagram for calm weather condition,
as it is done, for example, in_(l).l
The alternative to such an approach
is the correct analysis of the
factor under study from the
probability standpoint. But such
analysis will inevitably lead to
the estimation of a ship's
capsizing probability from the
standpoint of random processes (ll),
(12), and consequently, to
probabilistic scheme of stability.)
regulations.

6 . CONCLUSION

The authors consider that on the
basis of all this, taking into
consideration the national experience
of intact stability regulations, it
is possible to evolve a satisfactory
scheme of regulations, which would
allow for physical peculiarities of
interaction of a ship with the factors
reviewed in this paper. Although the
major factors dangerous in relation
to ship capsizing are studied well,
it is thought expedient to undertake
a further study of the process of a
ship's capsizing inpa relatively
seldom situations connected with such
factors as the loss of manoeuvrability
broaching, parametrical rolling in '
following seas, etc.

\
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