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PREFACE

STAB’97 is a follow-up Conference which continues the trend set by previous
Conferences held in Glasgow (1975), Tokyo (1982), Gdansk (1986), Naples (1990) and
Melbourne, Florida (1994) Being traditionally engaged with the most contemporary and
important problems of stability and safety of ships and ocean vehicles, the STAB Conference is
acknowledged as one of the most prestigious international events in the field of Marine Science,
recognized not only by scientists, naval architects, shipbuilders and designers but also by officers
of all branches of marine administration and control organizations, regulatory agencies, ship
owners, marine consultants and operators, etc

The topics of the Conference can be classified as follows
* Theoretical and Experimental Studies on Stability of Ships and Floating Manne Structures
* Advances in Experimental Technique for Investigations on Stabulity
* Stability criteria Philosophy and Research, Realistic Stability Criteria
* Operational Stability - the Influence of Environment
» Damage Stability
* Stability of Fishing Vessels
* Upgrading of Stability Qualities of Ro-Ro Ships
*» Stability of Nonconventional Ship Types and Special Crafts
* Risk and Reliability Analysis in Stability and Capsizing
* Application of Expert Systems and On-board Computers Stability Monitoring and Control

The technical papers on these topics are distributed in two volumes of the Conference
Proceedings The second volume includes also State-of-the-Art Review Reports as well as written
contributions subject of two Panel Discussions

1 Damage Stability and Safety of Ro-Ro Vessels

2 Capsizing in Beam Seas - Chaos and Bifurcations

The Conference is organized by a local STAB’97 Secretariat with wide international participation
We are especially grateful to the members of the International Programme Committee and the
International Advisory Board of STAB’97 as well as to the members of the ITTC Specialists
Committee on Ship Stability for their considerable support and valuable contribution

I would like to take this opportunity on behalf of the Organizers to thank the authors from about
30 countries having prepared interesting papers and written contributions in full accord with the
objectives of the STAB 97 Conference

We look forward to the continuing success of STAB Conferences in Australia and other countries
in the future

Peter A Bogdanov
President of the STAB’97 Conference
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“Numerical and Physical Modelling of Ship Capsize in Heavy
Seas: State of the Art”

by
D. Vassalos (Chairman), M. Renilson (Secretary), A. Damsgaard, A. Francescutto, H. Q. Gao, M.
Hamamoto, J.0O. De Kat, J. Matusiak, D. Molyneux and A. Papanikolaou
The ITTC Specialist Committee on Ship Stability

ABSTRACT

During the 21¥ ITTC, the Executive Committee approved the setting up of a ten-member Specialist
Committee on Ship Stability. The main tasks recommended are to examine the techniques for
carrying out model tests to investigate the capsize of intact and damaged vessels and provide
- guidelines for such tests, and to assess the methods available for numerical simulations of capsize of
intact and damaged vessels. Such a committee is to provide a focal point for monitoring, reviewing
and planning research, liaising with regulatory agencies, disseminating information and facilitating
implementation and technology transfer. In this process, there are several issues to be addressed
and questions answered. This paper is an attempt to identify, evaluate and present siate-of-the-art
developments concerning the numerical and physical modelling of ship capsize in heavy seas and
discuss the problems anticipated in the reduction of the relevant “tools” to practice (in the
assessment of stability and in ship design, operation and management) as regards validation and
standardisation. Preliminary plans by the committee for addressing these problems both in the
immediate and in the foreseeable future are also presented.

INTROBDUCTION number of serious casuaities for Ro-Ro vessels

alone still averages one per week [1], the
Stability has always been treated empirically, stamlity problems with fishing vessels,
mainly because of the inherent complexity of  pleasure and small craft are still at large and
the problems associated with a meaningful new challenging problems emerge with the
freatment of it but also due to the fact that plethora of uncomventional high speed ship
efforts expended towards an improved designs flooding the market at an ever
understanding of the subject were sporadic, increasing rate. Recent events, however, were
discontinuous and uncoordinated, despite the to change this state of affairs. Firstly, the
fact that great minds have in the past devoted — Herald of Free Enterprise tragic accident
their lives to advancing knowledge in this area. triggered a chain of events that raised stability
As a result, a great many safety issues related awareness among researchers and the wider
to ship stability remain unresolved. The public alike. Secondly, and amongst debates
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concerning suitability of stability measures, the
Estonia disaster shook once more the
foundations of the profession casting the final
blow in the killing of the stability “abacus”.
Stability appears to have been reborn as a
subject that commands the respect of the whole

industry  with  researchers,  regulators,
administrators, designers, owners and operators
working in fune to provide improved

methodologies, procedures and measures to
ensure safer ship designs that satisfy enhanced
safety standards whilst competing effectively
with other transportation modes. The road
ahead to achieving this is filled with many
obstacles but for the first time there is strong
international co-operation and co-ordination of
efforts with the subject attracting considerable
investments centrally. In fact, the amount of
research undertaken over the past few years far
outweighs all research ever undertaken in this
subject. More importantly, there are strong
mndicators that this is not a short-term surge that
will fade away together with the memory of the
recent fragic events. Long-term programmes
have started world-wide and associations
between researchers are being formed to ensure
ship safety utilises fully state-of-the-art
knowledge and evolves continuously with
technological  developments and  social
expectations.

Such concerted efforts by the international
maritime community have forced stability to
the forefront of developments, overcoming the
inertia of the shipping industry and leading to
scientific approaches to addressing stability.
This, in tum, is paving the way to evolutionary
changes in ship design, where fundamental
aspects of safety are dealt with as central issues
with serious economic implications rather than
as simplistic compliance with prescriptive
legislation. On the basis of the international
stability climate alone, it requires little
predictive powers to foresee intensified
activities in the next five to ten years with a
strong need for scientific support to resolve
burning issues, currently on the Intermational

14

Maritime Organisation’s (IMO) regulating
table, each with huge economic implications.
For the first time, there is little doubt among
the shipping community that decision making
in the years ahead, concerning safety standards
and safer ships, will have to be shaped by
scientific =~ arguments  simply  because
developments happen faster than experience is
gained, thus increasing the inherent potential
for unsafe practice and inappropriate safety
standards. Reliance on the ability of the
scieniific community to simulate raw data and
experience needs to be cultivated and utilised
effectively and suitable “tocls” consolidated in
preparation for the inevitable changes in ship
design, operation and management.

The role of the ITTC in this prevailing situation
can not be overemphasised. Setting up a
specialist comumittee on ship stability offers a
focal point for monitoring, reviewing and
planning research, liaising with regulatory
agencies, disseminating information and
facilitating implementation and technology
transfer. In this process, there are several
issues to be addressed and questions answered.
This overview is an attempt to guide discussion
to those problems at hand that are relevant to
ITTC.

ITC  STABILITY COMMITTEE -
TASKS, ISSUES AND KEY QUESTIONS

Deriving from the above, the following tasks
were recommended by the ITTC Executive
Committee:

o examine the ftechniques for carrying out
model tests to investigate capsize of intfact
and damaged vessels and provide guidelines
for such tests
Iphysical  model
specification]

testing -  test

e assess the methods available for numerical
simulations of capsize of intact and
damaged vessels




[oumerical modelling/testing)

The issues arising therefrom can be
summarised as follows:

o [ntact stability and operational safety

» Damage stability and survivability

e [Stability at speed] - this is clearly an area
of concern currently being addressed by the
HSMVs Committee. |

s Validation of research resulis

e Reduction of resuits to practice
= Rules and criteria
=> Operational guidelines
=> Design practice

These, in turn, give rise to a number of key
questions:

e Is understanding of ship capsize phenomena
deep (clear) enough?

o Are time-domain simulation “tools” reliable
encugh?

o Are relevant experimental results accurate
enough?

e [s standardisation of testing feasible?
(numerical/experimental)

A brief overview on the above is presented in
the following, leading to a number of points
that merit careful discussion.

MATHEMATICAL MODELLING OF
SHIP CAPSIZE IN HEAVY SEAS

During the last four decades, research into ship
behaviour at sea has, of necessity, been sub-
divided into three overlapping and inter-related
areas which, nonetheless, have gone their
separate ways in terms of theoretical and
experimental work and associated progress
deriving there from:

Seakeeping addressing ship behaviour in
the longitudinal ~ plane
(mainly heave and pitch
motions) in head seas.

aN0euVIin, addressing ship behaviour on
the horizontal plane (surge,
sway, yaw motions) in still
water.
Stability addressing  extreme  ship

behaviour in the transverse
plane {mainly roll motion) in
Waves.

Of the above, the subject of seakeeping has
attracted the most effort, particularly at the
early stages, mainly because it was more
amenable to analysis by linear theory. As a
result, the subject has progressed very rapidly,
reaching the point where ship behaviour can be
satisfactorily assessed even in extreme
environments. The other two subject areas
have simply staggered along, mainly because
of severe non-linearities 1n the force
mechanisms goveming ship behaviour, relying
heavily on support from experimental work
using physical models. It is true to say,
however, that due to limitations in computer
capabilities, several research avenues have

‘been explored, particularly in the area of

stability, both at the conceptual (eg.
topological stability) and the working levels
(e.g. capsizing sequences and modes). To this
end, progress was achieved trough a
combination of theoretical, experimental and
intuitive means based on careful thinking and a
great deal of effort. The masstve advances in
computer technology recently, coupled with
increased understanding in general ship
dynamics, enabled researchers to delve into
numerical simulation of ship behaviour at sea,
using progressively more complex and,
occasionally, more representative mathematical
models of the dynamical system.

The influence brought upon research from
these developments was threefold. Firstly, it
affected a shift from physical model
experiments to numerical experimentation
without, of course, the physical understanding




afforded by the former. Secondly and, more
importantly, it affected the research approach
itself, in many ways substituting original
thinking into the problem with undirected
numerical exploration into ship dynamics.
Thirdly, the fraditional boundaries of the
aforementioned three separate research areas
started to become progressively more diffused,
leading to researchers joining and expanding
manoceuvring and seakeeping in order to study
ship stability. Ship behaviour at sea, therefore,
is progressively becoming a singular research
topic, as indeed it should. Much as this state of
affairs provides a cost-effective environment
for experimentation, the need for creating a
research-effective environment has somewhat
been overlooked. A structured framework that
would enable researchers to identify and define
meaningful objectives and a focus on ship
dynamics research, one that is based on clear
thinking whilst utilising recent developments
has now become more essential than forty
years ago. A much needed boost in this
direction, at least in terms of providing food for
thought, has been given by the recent re-
discovery of non-linear systems dynamics and
its application to ship stability.

Considering the above, the state-of-the-art
concerning mathematical/numerical
modelling/testing of a vessel’s stability can be
summarised as follows:

Intact Stability

6 D.OF. coupled non-linear models with an
auto-pilot based on some form of strip theory
or 3D formulation, valid for zero to moderate
speeds, containing some empirical information
derived from model tests. Hydrostatic and F-K
forces accurately calculated with diffraction
forces less accurate. Interactive simulations in
regular/irregular waves in the presence of wind
and current are possible on PC with animation
capabilities and ability to predicting a wide
range of capsize modes. An example
demonstrating state-of the-art capability is
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shown in Figure 1, [2]. The polar diagram was
derived from a large matrix of time-domain
simulations in irregular waves for a ship in a
given loading condition, indicating roll motion
amplitudes as a function of ship speed and
heading angle. Developments aim to provide
bridge support. Other parameters include:
likelihood of broaching, swurf riding and
capsizing. However impressive such
developments might be, a great deal stil
remains to be done before these the derived
“tools™ are applied routinely to practice. For
example, most auto-pilot models used in time-
domain simulations are of relatively simple
nature and these may not resemble present-day
control  algorithms on  board  ships.
Furthermore, in extreme weather the helmsman
is likely to take control of the wheel. Knowing
that the auto-pilot model has a strong influence
on the end results, such deficiencies must be
accounted for before embarking on extensive
simulations.

Results demonstrating the capability of the
dynamical systems approach are shown in
Figure 2, [3], referring to a surge-sway-yaw-
roll model with an auto-pilot. Starting from a
stationary state {(in this case a steady surf-riding
situation), it is possible to gain a feel of the
global picture of what might ensue as a result
of taking action, such as changing the propelier
revolutions, in the whole range of heading
angles. Considering that it represents only a
“slice” from a 12D phase-space, this figure
helps to provide only a hint of the complexity
surrounding ship capsize.

Damage Stability

A similar model drifting at zero speed, coupled
to a water ingress model. All terms in the
coupled systems change with time in the
presence of progressive flooding. An example
demonstrating state-of-the-art capability is
shown in Figure 3, [4]. The resulis show the
capsize (roll motion) of a damaged RoRo
vessel subjected to progressive flooding in




irregular waves with freeing ports on the RoRo
deck (compartment 1: damage below the
bulkhead deck; compartment 2: damage above
the bulkhead deck).

Discussion Points

e ship capsize physics not yet completely
understood

¢ modelling of critical waves (wave packets)
in extreme seas, i.e., understanding, realistic
description and accurate  numerical
modelling of extreme sea conditions,
estimate of probability of occurrence as well
as fully non-linear methods of calculating
extreme ship motions in these and
probabilistic characterisation of the ensuing
response are demanding challenges.
Furthermore, probabilistic approaches can
hide uncertainties in the modelling of
hydrodynamic phenomena

s problems with new unconventional designs

s problems with high speed craft

¢ accurate modelling of water ingress and
flood/water vessel interaction (water on
deck intact - fishing vessels, water on deck
following damage - RoRos, water over
bulwark - open deck container ships)

¢ human factors

e conversion of numerical models to
engineering “tools”

PHYSICAL MODELLING OF SHIP
CAPSIZE IN HEAVY SEAS

As indicated in the previous section, vast
improvements in computer capacity and power,
coupled with developments in non-linear
systems and the continuously increasing level
of awareness with regard to enhanced safety
standards at sea, have provided the right
nurturing environment for rapid developments
in time domain simulation methods of extreme
vessel behaviour in the marine environment.
In parallel, the need for the use of experimental
facilities re-directed itself towards a new focus.
Namely, testing for vessel behaviour in
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simulated extreme environments for prediction,
validation, assessment, data generation
purposes. For research into ship stability in
extreme astern seas, all these aspects must be
explored for achieving meaningful progress.
This, normally involves the following:

Type of Tests

8 captive/partially captive tests
to measure wave forces on the model in a
range of conditions representative of
extreme environments. In addition these
facilitate both the understanding of the
mechanisms involved and the development
of time-domain simulation models.

¢ free-runming tests
to facilitate wvalidation of computer
simulation models as well as enhanced
insight into the complex phenomena of ship
capsize; measurement of motions, position
and attitude of model; capsize events

o free-drifting tests (damage)
measurement of water ingress, motions,
position and attitude of model; capsize
events; survival time

¢ visualisation tests
enhanced insight and understanding of
capsize physics and for analyses purposes

o full-scale tests
seakeeping and manoeuvring data

An indication of the contribution of model
experiment results to improving the stability
and operational safety of ships is shown in
Figure 4, [5], referring to model experiments in
severe astern seas carried out in Japan during
1994-95, the results of which were used to
support the draft IMO guidance to master for
avoiding dangerous situations in astern seas.
Capsize modes corresponding to parametric
resonance, harmonic resonance, pure loss of
stability and broaching-to have been recorded.
Experimental investigations can be extremely
useful in this respect but again a great deal
must be accomplished towards standardising
physical modelling/testing of ship capsize and




maximising the benefits that can be gained
there from. For example, the accuracy of
generating  extreme waves from the
superposition of harmonic waves and using this
as a basis to characterise the probability of

encountering  dangerous  situations and
capsizing, merits further thought and
discussion. Figure 5, [6], presents a

comparison between results derived from time-
domain simulations and those from physical
model  experiments, showing excellent
agreement. However, the numerical models
describing both the vessel motion and the water
ingress are very simple, raising a series of
questions in need of close scrutiny.
Furthermore, the experimental results, because
of the severe limitations in the cost and time
required for model experiments, often rely on
single outcomes to define a mean boundary of
survivability in random waves. As aresult, it is
not uncommon for experimental data to
provide erroneous information which needs to
be carefully processed.

Discussion Peints

e representation of the extreme wave
environment and characterisation of the
extreme model response

¢ lack of special experimental techniques and
procedures with strict requirements on
accuracy

s (cheap) sensor technology

e dependence on initial conditions

¢ f{rapsient flooding (damage)

STABILITY/SAFETY ASSESSMENT

A clear tendency of moving from prescriptive
to performance-based safety regulations is
emerging internationally.  Introduction of
performance standards is seen as beneficial
from industry as these allow to consider
dlternative designs as well as a rapid
implementation of technological innovation. In
this respect, the analysis of alternative design
solutions requires the development of a
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standardised  approach to  demonstrate
compliance with the requirements of intact and
damage stability regulations by a combination
of physical model experiments and numerical
model tests whilst applying probabilistic
techniques in the process of assessing stability.
The trends emerging in terms of stability/safety
assessment can be summarised as follows:

Static stability + =
safety margin
(prescriptive criteria) -

Dynamic stability

{performance-based

useful for comparative criteria)

assessment of vessel IMO - New Load Line

safety but can be Convention;

misleading as the Equivalence tests for

physics governing RoRo vessels; New

static stability can be High Speed Craft

much different for the Code

physics governing

dynamic stability

Deterministic =  Probabilistic

Methods Approaches

Single-level =  Multi-level

(mode-specific (muiti-mode,

approaches) integrated approaches/
systems

VALIDATION/VERIFICATION

This, in itself, is a topic that merits wide
ranging attention. For the purpose of this
review, the following discussion points are put
forward:

Discussion Points

What to validate?

¢ mathematical model (equations)

¢ npumerical model (algorithm)
behaviour (motions, capsize
probability of occurrence)

trends, relationships (parametric studies)
criteria (limiting parameters)

regulations (“equivalence” tests for RoRos)
procedures (probabilistic damage stability)

modes,




How to validate? (define procedure, set

standard?)

s ITTC efforts (container ship seakeeping
benchmarks, semi-submersible drift force
studies)

® deterministic tests
mathematical models

¢ sensitivity studies (discretisation mesh, time
stepping procedure, duration of simulation)

¢ comparative studies (linear-approximate
non-linear, fully non-linear , 2D, 3D}

¢ blind bench-marking for unknown cases and
bench-marking of known cases.

using simiple

DESIGN/OPERATIONAL OUTLINES

Trends in this area can be briefly summarised
as follows:
design: define key factors affecting ship
safety against capsizing,
establish relationships between
ship design parameters, limiting
stability and  environmental
parameters

operation:  provide guidelines to avoid
dangerous situations leading to
capsize .

Discussion Peints

The hydrostatic righting arm curve in calm
water, conlinues still to provide the best
platform for judging safety against capsizing
but understanding vessel dynamiés in extreme
seas is now of paramount importance. In this
respect, prescriptive criteria are giving way to
performance-based standards and “Design for
Safety” is slowly emerging as a priority area
and a means {or addressing ship safety in place
of the traditional regulations-based approach.

PROGRESS TO DATE AND
PLANS

FUTURE
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The first meeting of the Stability Commiitee
was held in Trondheim following the 21
ITTC, in September 1996, to discuss general
issues and appoint a secretary. The second
meeting was held in Osaka in conjunciion with
the Second International Workshop on the
“Stability and Operational Safety of Ships”. At
this meeting the recommendations from the
Execufive Committee were discussed and the
following internal working groups and co-
ordinators established, with the first task of
completing state-of-art review reports within
the first year:

» QGuidelines for niodel tests on intact stability
(M. Hamamoto, Osaka University)

o Techniques for mumerical simulation of
intact stability (J.O De Kat, MARIN)

¢ Guidelines for model lests on damage
stability {(D. Molyneux, IMD}

e Techniques for numerical simulation of
damage stability (A. Papanikolacu, NTUA)

The next meeting will be held in conjuriction
with the Third International Workshop on the
“Theoretical Advances in Ship Stability and
Practical Impact” in Crete. It is, in deed, the
mtention o use these round-table-discussion
workshops as a platform for addressing in-
depth the problems at hand with all known
experis actively involved in the area invited to
patticipate. Finally, liaison has been
established and collaboration sought with a
number of other specilalist committees
including: Loads and Responses, Manoeuvring,
Safety of High Speed Marine Vehicles,
Environmental Modelling and Model Testing
of High Speed Marine Vehicles.

CONCLUDING REMARKS

Considering the above, the following summary
remarks can be made:

e Progress in understanding ship capsize
phenomena and in developing numerical
“tools” and experimental methods for




qualifying and quantifying the associated
extreme behaviour has been impressive,
particularly over the recent past.

o However, lack of complete understanding of
ship capsize physics, lack of standard
procedures and methods and hence lack of
appreciation of the effect of the unavoidably
adopted “shortcuts” in addressing this
problem cast serious doubts on the
reliability of the developed “tools”.

¢ Many problems still remain in need of
solution before a satisfactory answer can be
provided to the questions raised.

¢ For the first time in Ship Stability Research,
there is a focal point for co-ordinating
efforts on an international scale, in the form
of an ITTC Specialist Committee. There is
much pride as there 1is enormous
responsibility in undertaking this task, a fact
readily acknowledged by all the Committee
members.
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ABSTRACT

During the seakeeping tests carried out in the
Ship  Hydrodynamic  Laboratories of
ICEPRONAYV S.A.Galati the occurrence of the
induced roll motions of a 2700 dwt
multipurpose cargo ship model was observed.
With the aim of a better understanding of the
possible excitation sources of the induced roll
motions and of the complex phenomenon of
transverse stability in longitudinal waves, an
experimental and theoretical scientific c¢o-
operation between the University of Trieste,
ICEPRONAV S.A.Galati and University of
Galati was developed.

The problems are formulated and solved within
the linear hydrodynamic theory of a non-viscous
fluid.

In order to reproduce the real physical
phenomenon, free-running, semicaptive and
captive model test were correlated.

The Ship Hydrodynamic Laboratories of
ICEPRONAV S.A.Galati have performed the
measurements for ship model motions, the
radiation and diffraction hydrodynamic forces
and moments and the restoring moment in
longitudinal waves.

The results of this complex experimental
program provides important data which should
validate the specific theoretical modules as well
as the general theoretical model of the ship
behaviour in longitudinal waves, the
comparison  between  theoretical  and
experimental results being presented.

NOMENCLATURE

Ay added mass

B; damping coefficient

Cx  restoring coefficient

D¢;  linear coefficient of damping

Dy  non-linear coefficient of damping

Fn Froude number

Fis heave exciting force

Fiu  roll exciting moment

Fs,  pitch exciting moment

Is roll moment of inertia

Is pitch moment of inertia

GM  metacentric height (still water)

Ks(t) function of time in Bernoulli equation

K; cubic restoring coefficient

L length between perpendiculars

Mp  diffraction component of the restoring
moment

My Froude-Krylov component of restoring
moment

Mz  radiation component of restoring
moment

My  restoring moment component due to the
pressure field changes when the ship is
running in still water

M, total restoring moment in longitudinal
WwWaves

U ship speed

g gravitational constant

hy wave height

K wave number

m mass of body

p fluid pressure
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Po atmospheric pressure

time

heave motion

velocity potential

incident wave potential
diffraction potential

forced motion potential (radiation
potential)

velocity potential due to the steady
meotion in still water

wave length

circular frequency of encounter
roil amplitude

pitch amplitude

wave amplitude

& poeon-

o8 g

LINTRODUCTION

The mvestigation of hydrodynamic qualities
regarding the transverse stability of the ship on
longitudinal waves represents a problem of an
upmost mmportance. The theoretical model is
rendered by considering the ship heeling when
the velocity potential function of the fluid
motion for an asymmetric body must be
evaluated. Taking into account the hypothesis
of the linear hydrodynamic model, the velocity
potential may be written (Boroday, [1]) under
the form

=@, +P, +D, +D,. (1
The sum of potentials @, and @ describes the
diffraction problem, which is generated by the
interaction of incident waves with the inclined
ship hull, considered to be fixed in waves. The
radiation potential describes the radiation
problem, which is caused by ship forced motion
in still water at fixed heel angle. The transverse
stability of the ship in longitudinal waves is
characterized by the restoring moment defined
as equal and opposite to the hydrodynamic
moment of the heeled ship as regard to the
longitudinal central axis

M (¢.)=My + M, + M, + M. ()

30

In order to develop performant computer
programs for ship transverse stability evaluation
in longitudinal waves, it was considered that an
extensive experimental research is necessary for
the investigation of the physical aspects of ship
inclining,

During the seakeeping tests, carried out for the
2700 dwt cargo ship model, the occurrence of
the induced motions on regular longitudinal
waves were observed and measured, both for
Froude numbers Fn = ( and Fn = 0.25.

Figs.1 and 2 bear the non-dimensional transfer
functions of the induced roll motions on head
waves and following waves respectively, as
functions of L/AL ratio. The non-dimensional

. The

form is obtained by using the ratio

’ a
maximum response is obtained in the second
instability domain that corresponds to the main
resonance.

12
wf(kf;a)1

08
06 |
04

02

¢

Fig. 1 Non-dimensional transfer functions of
roll motion on head waves

When studying the ship's transverse stability in
waves, two main directions could be identified :
operational stability and capsizing.

The first is referred to the optimization of
transverse stability characteristics so that the
ship accomplish its aim in economical efficiency
and safety conditions, being considered in
moderate sea state. The second direction aims
to ensure the ship's safety in storm conditions.
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Fig. 2 Non-dimensional transfer functions of
roll motion on following waves

The theoretical and experimental researches
aspects presented in this paper are meant to
solve the problem of operational stability at
small heel angles, between 0° and 15°. The
linear hydrodynamic model represents the basis
for the theoretical and experimental
investigation methods developed for solving the
operational transverse stability problem.

2. RADIATION PROBLEM

The hydrodynamic coefficients for the ship in
upright position have been calculated with the
source distribution method by using the version
suggested by W.Frank [2]. The method given
by LELs [3] was applied to theoretically
determine the hydrodynamic coefficients for the
case of a heeled ship.

The experimental determination of hydro-
dynamic coefficients was performed on the
basis of the forced harmonic oscillation tests of
the ship model in stil water by using a
mechanical oscillator. The radiation
hydrodynamic pressure field actuates on the
model body. The radiation hydrodynamic forces
and moments were measured by means of a six-
component dynamometer mounted between the
ship model and exciting legs of the mechanical
oscillator. The hydrodynamic coeflicients were
calculated with the relations given by G.van
Oortmerssen [4], by knowing the amplitude of
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the imposed harmonic motion and the phase
difference between excitation and the physieal
system response.

The experimental tests have included forced
harmonic oscillation tests at zero speed with
heave motions having the amplitudes of 1 cm,
2 cm and 3 ¢cm and with pitch motions having
the amplitudes of 1°, 2° and 3° . Experimental
measurements have been performed for heeling
angles of 0°, 5°, 10° and 15° within the
frequency range between 0.4 Hz and 0.85 Hz.
The table 1 lists the ship's main particulars and
mechanical characteristics, at full load
condition, as well as the ship model ones
realized at 1/30 scale.

Examples regarding the evolution within the
frequency range of the theoretical and
experimental hydrodynamic coefficients, are
given in figs.3 and 4. The non-dimensional
hydrodynamic coefficients, independent of the
ship's speed, are given on the ordinates and they
are calculated with the following relations

S

M= s s B =
At Im_-;‘;d i Bl = ﬁ
Now iy Bt

On the graph abscissa, the non-dimensional
circular frequency of harmonic motion is
determined by the relation

@ =0-JL/g. (4)
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An important aspect concerning the ship's
transverse stability consists in evaluating the
dependence of hydrodynamic coefficients
against the imposed heeling angle. In the case of
small heeling angles, between 0° and 15°, no
significant dependence has been found. The
coupled hydrodynamic coefficients depend on
the heeling angle. However, the hydrodynamic
forces and moments due to coupling effects are
much lower than the main radiation
hydrodynamic forces and moments.

At the same time, a maximum local vaiue of the
pitch added mass, A%, near the circular

frequency M = 2.5, has been recorded
experimentally, at all heeling angles. The
phenomenon represents an expression of the
local non-linearity of the hull response
hydrodynamic characteristic at the pitch forced
harmonic motion.

3. DIFFRACTION PROBLEM

To solve the diffraction problem means to
determine Froude-Krylov hydrodynamic forces
and moments as well as the diffraction ones. It
has been carried out theoretically by extending
the hydrodynamic linear model (Salvesen [5]),
for the case of heeled ships. The calculation
expressions for the excitation hydrodynamic
forces and moments, generated by the
longitudinal wave, indirectly depend on the
ship's heeling angle by means of the sectional
hydrodynamic coefficients.

The theoretical study of diffraction for the case
of a ship in upright position has been performed
on the basis of the hydrodynamic coefficients
determined by W.Frank's method. For the
heeled ship case, sectional hydrodynamic
coefficients have been used, calculated in
conformity with the tables presented by LElis
{3], with a special module of the STAB
computer program, performed at ICEPRONAV
S.A.Galati (Stefanescu [10]).

The experimental methodology wused for
determining the excitation hydrodynamic forces
and moments, has as a central support, a six-
components dynamometer {Crudu [6]). The
ship model was stiffly connected to the carriage
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by a six-component dynamometer; therefore
there is no freedom to move relative to the
carriage. The experimental program was similar
to that one used for solving the radiation
problem .

The non-dimensional transfer functions of the
heave excitation forces and pitch excitation
moments, on following waves, for 0° and 15°
heeled ships are exemplified in figs. 5 and 6,
they are defined by the relation

Fia = B L
m'g'Qa

(5)
F,, =
m'g'ga

For the case of zero speed, a satisfactory
correlation of the theoretical and experimental
results has been obtained. The differences
registered at design speed are caused by the
influence of the own wave, generated when the
ship is running in still water. The adopted
hydrodynamic model, does not take into
account the interference of the own wave with
the incident wave. The remarks performed
during the experimental tests at a design speed
for solving the diffraction problem, certifies an
important decrease of the wave amplitude on
the model body.

From the transverse stability viewpoint, the
analysis of theoretical and experimental results
shows that there is no significant dependence of
excitation hydrodynamic forces and moments
on longitudinal waves against the small heeling
angles.

The experimental data analysis allowed the
identification of some non-linear features of the
pitch excitation moment. There is a local
maximum for the ratio L/A =1, which can be
regarded as a "compensation” of energy type of
the minimum value of heave excitation force
which appears at the same frequency.
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4. THE MAIN RESONANCE OF INDUCED
ROLL MOTION

The induced rolling motion on longitudinai
waves represents a real physical phenomenon,
whose occurrence is determined by the
following causes :

- continuous modification of the transversal
metacentre position ;

- saturation energy phenomenon of the ship
motions (heave or pitch, Nayfeh [7]) ;

- non-linear coupling of the heave and pitch
motions with the induced roll motion (Nayfeh
[8D.

The experimental solving of radiation and
diffraction problems emphasized the existence
of excitation hydrodynamic sources of the
induced roll motion on longitudinal waves at
main resonance, represented by local increases
of pitch excitation moment and pitch added
mass. The physical phenomenon can be
explained by modifying the incident waves
energy "distribution” as regard to the main
components of the diffraction forces and
moments as well as the radiated waves energy
"distribution", as regard to the main
components of the radiation forces and
moments.

Due to the saturation phenomenon, the
additional energy accumulated by the physical
system for the pitch motion does not determine
its amplitude increase, being transferred to the
induced roll motion at the main resonance {in
the second stability domain). There results that
not only a main source of the induced roll
motion {non-linearity of the ship's hull
hydrodynamic characteristics) but also one of
the main causes of the motion occurrence (the
pitch motion saturation) have a hydrodynamic
nature, imposing the necessity of studying the
coupled differential equation system of heave,
induced roll and pitch motions, having the
following form

(Mm+A,;)2+B,;-2+Cy; 2+ A, 0+B,, -0+
+A,-0+B,-0+C,, 0 =F,, -cosmt
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Ay Z2+4By 2+ (1, +A)0 + (D + Dy, |(P|)(P+
+g-m-(GM-9 +K, -9*)+A,-6+B,,-0=
=F,, -cosot (6)
Ay Z+By 2+4C -2+ A9 +Bs 0+ Cps-0+
+{I,+A,)0+B,-6+C,-0=F, -cosot.

The induced roll excitation moment modeling
was based on the results obtained during the
experimental solving of the diffraction problem,
by adopting the following form

F,(¢,t) = E, (¢)-coswt = f,, - @ -cosmt . )

As regard to the coupled equations system,
used by J.Hua [9], the system (6) explicitly
separates the restoring coefficients in still water
by the excitation hydrodynamic forces and
moments and it considers the linear variation
hypothesis of the coupled hydrodynamic
coefficients : Ass, Bas, Aus and Bss with the
heeling angle. In the linear analysis of the
coupled motions in the frequency domain, the
coefficients of the system (6) were considered
as being independent of time.

To solve the system (6), the fourth-order
Runge-Kutta method in the version modified by
(Gill, has been used. It was numerical modeled,
the behaviour of a 2,700 d.w.t. cargo ship at
zero speed on following waves (with a slope,
ho/AL = 1/50 and with the frequency
corresponding to the main resonance of the
induced roll motion).

The expermmental and numerical results are
shown in fig.7, depending on the number of "i"
cycles ; it was noticed a good concordance. A
series of numerical tests were performed for
identifying the nature of the hydrodynamic
physical characteristic with decisive
contribution for the induced roll motion
appearance. It was observed that the
modification of the induced roll excitation
moment with 10% changes the numerical
results, in the sense of the damping of the
motion when the excitation moment decrease
and of the infinite increase of the amplitude
when the excitation moment increase.
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There results that the data obtained by solving
the diffraction problem have an essential
influence upon the physical phenomenon
studied.

5. MINIMUM TRANSVERSE STABILITY
DIAGRAM

When the inclined ship is running in longitudinal
waves, there is a continuous variation of the
restoring moment, as a result of the
modification of the wetted surface, as well as of
the pressure field distribution.

An important aim of the study on ship
transverse stability in longitudinal waves is to
determine the minimum transverse stability
diagram, which allows the analysis of stability
indicators on the basts of the minimum restoring
moment of the heeled ship.

Thus, i conformity with the adopted
hydrodynamic linear model, the STAB
computer program as well as the experimental
methodology for determining the restoring
moment on longitudinal waves and its
components were performed.

The non-dimensional transfer functions of the
diffraction and radiation components of the
restoring moment on following waves, obtained
by the STAB computer program, are
exemplified in fig. 8. The non-dimensional
values were calculated by the ratio between the
corresponding components amplitudes and the
restoring moment values in still water, at zero
speed, corresponding to the heeling angle taken
into account.One can remark that the diffraction
part brings a more important contribution in
establishing the total value of the restoring
moment on following waves, as regard to the
radiation component within small heeling angles
range.

The main part of the restoring moment is the
Froude-Krylov component and it was calculated
with a module of the STAB computer program,
whose algorithm is based on the utilization of
Bernoulli's equation written in linear form

a
P=po —p[(gt——U&)cbI rgz)+ K. (8)
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Fig.8 also shows the non-dimensional transfer
functions of the Froude-Krylov component of
the restoring moment on followmg waves,
obtained by the STAB computer program. The
Froude-Krylov component amplitude increases
along with the heeling angle increase and it has
maximum values for regular waves with a
length close to the ship's length.

The total restoring moment on longitudinal
waves is obtained by algebric summing-up of
the hydrostatic and hydrodynamic components,
in conformity with the adopted hydrodynamic
linear model.

To experimentally measure the restoring
moment in longitudinal wave, a specific
methodology was conceived ; it is based on the
utilization of a one-component dynamometer
which was located in the model centre of
gravity (heeled with a pre-established angle).
The ship model was carried to the design speed
by means of a device which allows free heave
and pitch motions. The experimental tests were
drawn up in correlation with the radiation and
diffraction experiments.

When the heeled ship model was running in still
water, the My component of the restoring
moment was also determined ; it represented
about 3% of the restoring moments value, in
still water, at zero speed, corresponding to that
heeling,

Fig.9 presents a comparison of the theoretical
and experimental results regarding the non-
dimensional values of the minimum restoring
moment on regular following waves.

The good agreement of theoretical and
experimental results show that :

- within the small hecing angles range, between
0°+15°, the superposition hypothesis of the
effects is in accordance with the physical reality;
- it is important to utilize the contribution of
each component when establishing the total
restoring moment.
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6. CONCLUSIONS

The structural integrity and hydrodynamic
safety represents the main components of the
ship safety. Two of the dangerous situations for
the ships' transverse stability in longitudinal
waves are related to

- the parametric resonance of the induced roll
motion ;

- the pure loss of stability .

A comprehensive theoretical and experimental
research was conceived with the am of
clarifying :

- the induced roll motion excitation sources and
causes ;

- the hydrodynamic mechanism accompanying
the heeling phenomenon of the ship, when
advancing in the incident waves field.

- the evaluation of the induced roll motion and
the restoring moment amplitudes in
longitudinal

Waves.

In case of small heeling angles, between
0°+15°, the liniar hydrodynamic model,
suggested by Salvesen, was used ; it was also
extended for the non-zero heel angles.

The experimental solving of radiation and
diffraction emphasized the hydrodynamic
excitation sources of the induced roll motion,
represented by the local increases of the pitch
excitation moment and of the pitch added mass
in the second instability domain. The pitch
motion saturation phenomencn represents a
cause of hydrodynamic nature of the induced
roll motion occurrence, the additional energy
accumulated by the physical system in the pitch
mode of ship motion being transferred to the
induced roll motion, at the main resonance.

The agreement of the numerical solutions of the
differential equations system of heave, induced
roll and pitch motions, on longitudinal waves,
with the experimental results.of the towing tank
tests represents a proof of modeling the
physical mechanism which determines the
existence of the induced roll motion.

Also, the satisfactory correlation of the
theoretical and experimental results regarding
the evaluation of the minimum restoring
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moment on longitudinal waves demonstrates the
possibility of using the liniar hydrodynamic
model adopted within the study of the
operational transverse stability at small heeling
angles. This hydrodynamic model can be
improved by considering the effects of the
incidental waves interaction with the system of
own waves, generated when the ship is running
in still water.

To know the diagram of the minimum restoring
moment on longitudinal waves represents an
important design element of the ship's
operational transverse stability.
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APPENDIX

MAIN PARTICULARS Full scale Model (1/30)
Length over all 86.04 m 2.864 m
Length between perpendiculars 79.84 m 2.661 m
Breadth 14.50 m 0.483 m
Draught aft 5913 m 0.197 m
Draught forward 4.578 m 0.153 m
Depth 6.700 m 0.223 m
Dead weight 2.700 tf 100.6 Kgf
Displacement 4404.4 tf 163.1 Kgf
Speed 13.5Kn 1.25 my/s
Longitudinal center of gravity from AP 38.702 m 1.290 m
Vertical center of gravity from BL 4.5m 0.150 m
Metacentric height (still water) 1.6m 0.053 m
Natural period of roll motion 7.55s 1.38 s
Roll moment of inertia 82620.0 tm’ 3.4 Kgm®
Pitch moment of inertia 1540620.0 tm’ 63.4 Kgm’
Yaw moment of inertia 1433700.0 tm® 59.0 Kgm®

Table 1
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Main particulars and mechanical characteristics at full load condition
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ABSTRACT

This paper deals with stability of non-linear
periodic motions of a ship runnmg i following
and quartering seas by making use of an averag-
ing method. The motions discussed here include
surge, sway, yaw and roll with an auto pilot.
The effect of waves on the roll restoring mo-
ment is also taken into account. Numerical re-
sults based on this theoretical procedure are
compared with existing results of free running
model expertments. The comparison demon-
strates that the calculated boundary for stable
periodic motions allows for predictions of
capsizing events due to broaching or those on a
wave crest. Moreover, it 1s shown that capsiz-
ing due to broaching occurred in the experi-
ments when a stable periodic motion does not
exist and an unstable equilibrium point for surf-
riding, with the maximum opposite rudder angle,
exists near by.

NOMENCLATURE

Axr rudder area

c wave celerity

Gy block coefficient
d, aft draught

o e T e N o |

=

fore draught

propeller diameter

nominal Froude number

gravitational acceleration

metacentric height

rightmg arm

wave height

moment of inertia in roll

moment of inertia in yaw

added moment of mnertia in roll

added moment of 1nertia in yaw
hydrodynamic roll moment dertvatives
with respect to roll rate

hy drodynamic roll moment denvatives
with respect to yaw rate

rudder gain

hy drodynamic roll moment derivatives
with respect to sway velocity
hydrodynamic roll moment derivatives

with respect to rudder angle

hy drodynamic roll moment derivatives
with respect to roll angle

wave-induced roll moment

longitudinal position of centre of buoy-




SRR

=~

ancy

ship length between perpendiculars

ship mass

added mass in surge

added mass in sway

propeller revolution number
hydrodynamic yaw moment derivatives
with respect to yaw rate

hy drodynamic yaw moment derivatives
with respect to sway velocity

hy drodynamic yaw moment derivatives
with respect to rudder angle

hy drodynamic yaw moment derivatives
with respect to roll angle

wave-mduced yaw moment

roll rate

yaw rate

ship resistance

wetted surface area

time

propeller thrust

time constant for differential control
time constant for steermg gear

natural roll period

surge velocity

sway velocity

wave-induced surge force
hydrodynamic sway force derivatives
with respect to yaw rate

hydrodynamic sway force derivatives
with respect to sway velocity

hydrodynamic sway force derivatives

with respect to rudder angle
hydrodynamic sway force derivatives
with respect to roll angle

wave-induced sway force

height of centre of lateral force

rudder angle
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Kyy  gyro radius in pitch

K,;  gyroradius in yaw

A wave length

A rudder aspect ratio

&g longitudinal position of centre of gravity

from a wave crest
¢ roll angle
% heading angle

Ye desired heading angle for auto pilot
®,  averaged encounter frequency

Cw wave amplitude

(..  effective wave amplitude

1. INTRODUCTION

In model experiments, broaching , loss of trans-
verse stability on a wave crest and low cycle
resonance were identified as major causes for
ship capsize in following and quartering seas,
[1-2]. Among them, broaching is a phenomenon
where a ship cannot maintan her deswred course
in spite of maximum steering effort and then
suffers a violent yaw motion, [3]. The centrifu-
gal force due to this yaw motion may cawpse the
ship to capsize. Since factors related to this
phenomenon covers a wide spectrum that in-
cludes ship stability, wave force prediction,
manoeuvrability, non-linear dynamical systems,
human factors and so on, a method for accu-
rately predicting capsizing due to broaching has
not yet been established.

The history of broaching investigation started
with a manoeuvring model by ignoring the ef-
fects of roll motion. By using linear stability
analysis, Davidson [4] firstly showed that even
a ship that is directionally stable in calm water
can be directionally unstable in followmg seas.
Following that, time series of broaching were
realised by time domain simulations of non-
linear mathematical models with specific sets of
mitial conditions, [5,6]. These simulations are,
however, limited in their ability to identify the




critical conditions for broaching, because, like
other non-linear phenomena, broaching depends
critically on mitial conditions, [6]. To overcome
this difficulty, a non-linear dynamical approach
was applied to broaching by Umeda and Renil-
son, [7,3]. They focused on equilibrium points,
which correspond to surf-riding, and exp lained
broaching as one of cutstructures for unstable
equihibria of swrf-riding with the maximum md-
der angle, FFor realising a transition from a nor-
mal periodic motion to an unstable equilibrium
pomt, the periodic motion 1s required to be less
stable, be unstable or disappear. This issue of
the periodic motion was pursued by Umeda
and Vassalos [8], who quantitatively confirmed
that the periodic motion becomes unstable
when the encounter frequency becomes small.
These non-linear dynamical approaches pro-
vided deeper knowledge for anderstanding and
predicting broaching but without considering
the roll motion specifically.

Needless to say, the ultimate goal is to predict
and prevent capsizing due to broaching. To
predict capsizing due to broaching, it is essen-
tial to extend the manoeuvring mathematical
model to the surge-sway-yaw-roll model,
namely, to use a 4 DoF model. In this extension,
the effect of waves on the roll restoring mo-
ment has a possibility to have a significant role.
By usinga linear analysis, Son and Nomoto [9]
showed that mstability on a wave upslope de-
pends on roll. Renilson et al. [10] developed a
non-lmear 4 DoF mathematical model. Spyrou
{11 investigated equilibria of a 4 DoF model
and their instability with a similar manner to
Umeda and Renilson [7] for a 3 DoF model. In
this paper, periodic motions, as another steady
state of a 4 DoF model, and their stability are
discussed by extending the method by Umeda
and Vassalos [8] with the effect of waves on
the roll restoring moment taken into account.
Then, the theoretical results are compared with
experimental results by Hamamoto et al. [2] to
examine the possibility for predicting capsizing
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due to broaching.

2. MATHEMATICAL MOCDELLING

As can be seen in Fig 1, two co-ordinate sys-
tems are used: wave fixed with origin at a wave
trough, & axis in the direction of wave travel;
upright body fixed with origin at the centre of
ship gravity, the x axis pointing towards the
bow, the v axis to starboard and the z axis
downwards. The latter co-ordinate system is
not allowed to turn about the x axis. The sym-
bols are defined in the nomenclature.

The state vector x of this system is defmed as
follows:

x={L; /A, u,v, ¢, p. X, 1, 6}T (D).

The dynamical system can be represented by
the following state equation: [8]

y
£

Fig. 1

Co-ordinate systems.

£=Fx = {0, L), - ) @




where
fix)y={ucos y—vsiny—c} /4 (3)
4
L) = {7 m)= R+ X (E 12 20}
{m+m.)
(5)
) ={(m+m_ Jur+Y (u; n)v
+Y (u; n)r+Y, (w)g
+Y5(Eo 1A, u, 25 n)d
+Yw(§G/a'7 u, x= H)}/(m+my)
fHix)=p (6)
S5(x)= {mjc zur + K, (u; n)v
+ K, (u; m)r
+ K, (ujp+ K, (u)¢
+K¢§'(€G //’L’ u, X; H)6
7
4K, (& /A, 2 ) ™
-mgGZ(E [ A, ¢, XN +J )
fx)=r (8)
&)

H(x)= {Nv (w; v+ N, (w; n)r+ N, (u)o
+N5(§G /A, u, x: n)é
+ N, (e /A w2 (I, +L,,)
1,00 =1-8~ Ke(x — 2.)~ KiTpr1/ T, 10

Sice the external forces are functions of the
surge displacement but not time, this equation
1s non-linear and autonomous.

The wave forces and moments are predicted as
the sum of the Froude-Krylov forces and hy-
drodynamic Lift due to wave particle velocity
by a slender body theory. This prediction has
been well validated with a series of captive
model expermments, [12]. The manoeuvring and
propulsive coefficients are assumed to be nde-
pendent of waves as a first order approxima-
tion, [13]. The roll damping moment can be

regarded as hinear because its lift component is
dominant in case of broaching where speed is
high and frequency is very low, [14]. Although
the righting arm 1n still water can be calculated
without any problems, such geometric calcula-
tion cannot directly facilitate further analy tical
treatment. In this paper, the followmmg fifth
order polynomial is used to fit the calculated
righting arm curve;

GZ($) = GMyp + ks’ + ko9’ (11).

The wave effect on the righting moment can be
estimated by mtegrating water pressure up to
the wave surface, [15]. Since this effect is non-
linear, calcnlated data are required, in prmciple,
for all combinations of wave height, length and
heading angle. To bypass this difficulty, this
paper utilises a method based on Grim’s effec-
tive wave concept, which has been well vali-
dated, [16]. Thus, the restoring arm in waves is
modelled as follows:

GZ(Eg 1 20, 258, A)

={GM, + algie
+ (b“{f we T bmgf,e)cos 2m(Eq 1 A9
+ik; +ay ie
+(b31¢we +b§2 1%e)COS 275(5G /;“)}¢3
+ kg’
(12}
where
(13)
- ’wzl/ cosxsin(mz% cos ;()f
we ow
? —(mz%gcos x)z
(14).
o 77

48




3. STABILITY OF PERIODIC MOTIONS

In a previous paper [8], using an mertia co-
ordinate system travelling with a mean ship
velocity, U, and mean ship course, 7 the

above autonomous mode! without the wave
effect on restoring moment was transformed
mto a non-antonomons model, which is suitable
for describing periodic motions. Then, an aver-
aging method was applied to the transformed
model, assummng that surge, X sway, ¥y roll,

éﬁ, yaw, #, and rudder angle, 5, are repre-

sented by the following harmonic motions:

X’G =Hn COS(&)L,I‘_Sl) (15)
}’}é L COS((DG[—EZ) (16)
¢=r,cos(w t —¢&,) amn
X =rgcos(@,t — &) (18)

In the present paper, similar analysis was car-
ried out including the wave effect on the roll
restoring moment. As a result, the following
averaged equation is obtained:

v =Gv)={g,(v), ,(v), -, g}

(20)
where
T
Vz(un Vis Uy, Vo, Uy, Vg, Ugs Vg, U, V7)
@
o\ (22)
( V:)sz()z(; XG}
T 23
(1, Vz)T:P(YG YG} =
Lo 24
(w v =r(5 &) ey
(o v =P 2T 09
. oan\T (26)
(6 ) =p8 )
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B { cosm,t 27).

-i/®, sincoet}
—sin,

-1/ @, cosm t

The difference between the previous and pres-
ent procedures exists only in g5(v) and g,(v).

The averaging theorem [17] indicates that, if an
averaged equation has a hyperbolic fixed pomt,
v, the original equation possesses a unigue hy-
perbolic periodic orbit of the same stability
type as v,. Therefore, a harmonic motion of Eq.
(2) corresponds to the v, that 1s defined as fol-
lows:

G(v)=0 29

Then, G(v) is linearlised at vy, putting
v=vptq to obtain the following equation:

q= DG(Vo)q (29)

where

5 (30).
DG(v) =$(g,(v)) 1<1,j<10

J

If an eigenvalue of DG(vy) has a positive real
part, the harmonic motion of the system de-
scribed by Eq. (2 ) is unstable.

4. NUMERICAL RESULTS AND DiS-
CUSSION

Numerical calculations based on the above
method have been carried out for a 135 GT
purse seiner, the principal particulars of which
are shown in Table 1. In the previous paper [8],
the calcnlated results of steady pertodic mo-




tions were compared with the results of free
running model expermments using a 1/15 scale
model of the purse seiner [1] and reasonable
agreement in periodic roll and yaw motions was
shown. In these experiments, the model was set
up for an overloaded condition, with draught is
2.99 m, to be relevant to an actual and recent
capsizing accident of this type of vessel, where
only capsizing events on a wave crest were
observed. Following these experiments,
Hamamoto et al. [2] realised also capsizing due
to broaching by using the same model but in the
full loaded condition, at a draught of 2.65 m.
Therefore, the present investigation compares
the stable boundary of periodic motions calcu-
lated by the above procedure with the experi-
mental results from Hamamoto et al. [2] and
discusses whether the theoretical results for the
stable boundary of periodic motions can be
used to predict capsizing due to broaching.

Table 1 Principal particulars of the purse seiner.

L 345 m]  k,/L 0316
B 7.6 [m] k,/L 0.316
D 3.07 Im] GM, 0.75 [m]
de 2.50 [m] T, 8.9[sec]
d, 2.80 [m] Ap  3.49[m]
G, 0.597 A 1.84

Leb. (aft) 1.31 [m] Tg  0.47[sec]
S 324. [m’] Kp 1.0
D, 2.60]m]} Ty 1.24(sec]

= caleulated

\ — fitted

0.6 l\

0.8 AN

"0 10 20 30 40 50 60 70 80 9
heel angle (degrees)

Fig.2 Curve fitting of GZ curve in still water.

Because of difference in draught, captive ex-
periments were conducted for the new loadmg
condition. These involve resistance, propulsion,
circular motion, rudder angle and heel angle
tests. The added masses and moments of inertia
were estimated theoretically or empincally.
The roll damping moment was estimated with a
linear component of the roll damping moment
measured without a forward velocity and cor-
rected empirically for forward speed. The re-
storing moment in still water had been fitted, in
the previous paper, with a fifth order polyno-
mial which has zero values at 0 degrees, 180
degrees and the vanishing angles. In this paper,
to mprove accuracy, the coefficients of Eq.
(11} were determined to fit the values calcu-
lated directly from -90 degrees to 90 degrees. If
the range of roll angle is extended, a higher order
polynomial is required. As shown in Fig. 2, the
accuracy of fitting 1s satisfactory. To account
for the wave effect on the roll restoring moment,
Eq. (12) was fitted to satisty the following two
requirements: the wave effect on the roll restor-
ing moment should be zero at 180 degrees; the
wave effect on the metacentric height should be
accurately realised. The dependence of wave
height can be modelled with 2nd order poly-
nomuals as shown m Fig 3. An example of
comparison presented in Fig 4 indicates that
modelling the wave effect on the roll restoring
moment at large heel angles is not so satisfac-
tory. Thus further improvement for curve fit-
ting of this effect will be the future task.

0.8 55 Stoad
~ ] ~ 9 A e Yy
ERYE O
= ] % Gl O 1st order
= 0.4+
=
T
S 02 Q
N (e
R
e
=4 =-{}.24
£ 021 A K “‘f
= 0] 2la w
g ] buﬂ—{).r%'?f;

E oo N
(3-0'6j A
0.8 AN

6 020400608 1 121416 1.8
amp. of effective wave (m)

Fig. 3 Steady and first order components of the
wave effect on the GZ curve. (H/A=1/15. A/L=1.5)
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O cal. (sl water)

V cal. (wave trough)

A cal (wave crest)
— fit. (still water)
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Fig. 4 GZ curves in transverse waves with H/A=1/15 and ML=1.5.
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exp.{capsize due to broaching)
exp.(capsize on a wave crest)
exp.{periodic motion)

cal. with wave effect on GZ
cal. without wave effect on GZ

------

cal. without roll

Fig. 5 Upper limit of stable periodic motions calculated by the present procedures and
experimental results [2]. (H/A=1/15, ML=1.5)

The numerical results are shown m Fig 5 to-
gether with the experimental results by
Hamamoto et al, [2]. In the numerical calcula-
tion, Eq. (28) is solved by the Newton method
using as the mitial value the solution for a
slightly lower Froude Number. Thus the solu-
tions are determined in sequence from Fn=0.05
to Fn=0.7. The step of mcreasing the Froude
number is 0.001. In: case of lower speed, a2 non-
linear stable periodic motion exists with high
encounter frequency, that alimost coincides with
a linear solution. [8] When the Froude number
increases, the stability of periodic motion de-
creases. Then, when the Froude number exceeds
a certamn value, the periodic motion becomes
unstable or cannot be found by the above pro-
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cedure. This Froude number 1s regarded as an
upper boundary of stable periodic motion, and
is shown as a calculated value in Fig 5. In some
cases, amplitudes of rudder angles reach the
maximum allowable. These cases are rather few
but are also categorised as an upper boundary
of stable periodic motion. The numerical calcu-
lations were carried out with the followmg three
models:
1) the 3 DoF model (surge-sway-yaw model);
2) the 4 DoF model (surge-sway-roll-yaw
model) without the wave effect on restoring
roll moment;
3) the 4 DoF model (surge-sway-roll-yaw
model) with the wave effect on restoring roll
moment.
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Fig. 6 Capsizing dueto broaching recorded during
experiments with 1/15 scaled model.
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Fig. 7 Capsizing on wave crest recorded during
experiments with 1/15 scaled model.
(Fn=0.4, x=30 degrees, H/A=1/15,
AL=1.5)

In the model experiments [2], capsizing due to
broaching and capsizing on a wave crest were
observed. In the former case, an example of
which is shown in Fig. 6, when the rudder angle
reached maximum negative angle, yaw rate was
positive and pitch angfé was almost constant
and negative. Then the model capsized towards
the port side. This direction corresponds to
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that of centnfugal force due to the positive yaw
rate. These facts indicate that the model nearly
surf-ridden at the wave downslope and then, in
spite of maximum steering effort, suffered a
violent yaw motion, which resulted in capsizing,
Therefore, this can be categorised as capsizing
due to broaching as defined in the mtroduction
of this paper. An example of the latter case of
capsizing in the experiment 1s shown m Fig 7.
A hammonic roll motion developed and then the
model trapped water on deck. Fmally the model
heeled due to trapped water and capsized when
the ship centre met a wave crest.

The comparison between the experniments and
calculations indicates that the boundary ob-
tained by the 3 DoF model 1s not a good quanti-
tative prediction for broaching. Because, it can
be seen that capsizmg due to broaching oc-
curred m the stable zone calculated with the 3
DoF model. If roll motion is taken mio account,
the calculated boundary for stable periodic mo-
tions offers a useful prediction. In particular,
the 4 DoF model with the wave effect on the
roll restoring moment provides a better agree-
ment with the experiments. However, these
calculated boundaries for stable periodic mo-
tions exclude both capsizing due to broaching
and that on a wave crest. To explain this result,
it is worth while noting that the present calcu-
Jation indicates only non-existence of a stable
harmonic motion. If a stable harmonic motion
cannot exist, the ship will attempt to find other
steady states. Fig. 8 shows a zone for one of
the other steady states, namely, unstable
equilibria of surf-riding. These equilibria were
calculated with the autonomous 3 DoF model,
[7]. If a stable perodic motion does not exist
and an unstable equilibrivin with the maximum
opposite rudder angle emerges near by, the ship
is attracted by the equilibrium of surf-riding
Since this equilibriin point Is unstable, the
model is repelled in spite of maximum opposite
rudder angle. This means an uncontrollable yaw
motion. Such explanation on non-linear dynam-




ics of broaching have been proposed by Umeda.
17,3,8,13] In case of the expenment, it is pre-
sumed that the model capsized because the
transverse stability could not counteract the
centrifugal force due to yaw motion. On the
other hand, the mechanism for the capsizing on

a wave crest still awaits explanation of quanti-
tative evidence. It Is necessary to investigate
the effect of heel and trapped water from a
viewpoint of non-linear dynamical system.

07
] B exp {capsize due to broachmg)
0 6? A& exp (capsize on a wave crest)
5 0.5 © exp.(pertodic motion)
=
5 — cal with wave effect on GZ
3 cal (unstable equilibiium with max opposite rudder
é’ angle)
02
017
0+ T
0 10 20 30 40 50
heading angle (degrees)

Fig. 8 Upper Limit of stable periodic motions, unstable equilibria with the maximum
opposite rudder angle and experimental results [2]. (H/A=1/15, A/L=1.5)

5. CONCLUSIONS

The main conclusions from this work are sum-
marised as follows:

(1) The boundary for stable penodic motion
obtained by the surge-sway-roll-vaw model
quantitatively explams capsizing observed in
model experiments, while that obtained by the
surge-sway-yaw model does not.

(2) The capsizing due to broaching in the model
experiments occurred when a stable pertodic
motion did not exist and unstable equilibria po-
tentially emerged near by n spite of maximum
opposite rudder angle.

(3} The wave effect on the roll restoring mo-
ment contributes to unprove agreement with
the expertmental results.

(4) An improvement in modelling the wave ef-
fect on the roll restoring moment and non-linear
system dynamics on capsizing on a wave crest
are among the tasks to be pursued in the near
future.
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A STUDY ON ROLL BEHAVIOR OF SHIP ON ASYMMETRIC WAVES
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ABSTRACT

In this paper, the roll behavior of a ship on asymmetric waves is methodically studied
by solving numerically a simplified equation of roll motion. The above asymmetric

waves are described by deforming symmetric waves such as trochoidal waves.

The following results will be demonstrated;

(1) On the single asymmetric waves, the wave asymmetry clearly influences the one-
roll response of the ship, and increases the maximum roll angle.

(2) In the case of the wave asymmetry being noticeable, a chaotic pattern appears in

roll response both on single waves and on regular waves.

NOMENCLATURE k = wave number
M. = wave exciting roll moment
A, AA= deformation factor of wave crest Py = impulsive roll moment due to wave
As = wave amplitude s = surface wave steepness, HIW:
B, BB= deformation factor under wave surface 7k = natural roll period in small amplitude
B = center of buoyancy of ship 7w = wave period
GM = metacentric height t = time
¢ = correction coefficient for M. W. = wave length
H = wave height /A s = nonlinear term of stability of ship
I = virtual moment of inertia about the 7 = surface or subsurface wave elevation
longitudinal axis of ship 7 = ratio of the circumference of the
k: = coefficient of roll resistance circle to the diameter
K; = damping coefficient of roll ¢ = absolute ship roll angle

th
th




¢ . = apparent ship roll angle

¢ » = wave slope angle

# @m = maximum angle of one-roll due to
single wave

w = = natural angular frequency of ship roll

1. INTRODUCTION

The asymmetrc extreme waves which occur
unusually in the ocean can cause great dam-
age to ships, but currently, influences of wave
asymmetry on ship roll have not been exam-

ined methodically and reasonably.

Since we have up to now been mainly treating
symmetric waves such as sinusoidal waves as
the waves acting on ships, we can not
sufficiently explain whether ship roll on the
asymmetric waves increases more than that on
symmetric waves. In order to consider the
mechanism of capsizing and to examine the
safety of ships, it is necessary to obtain some
knowledge on the roll behavior derived from

the wave asymmetry.

2. DESCRIPTION OF ASYMMETRIC
WAVES [5]

2.1 From Symmetric Waves to Asymmet-

ric Waves

We attempted to change symmetric wave
forms into asymmetric wave forms, as shown

in Fig 1, by using the following function.
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S =Acexp(B( 7 — A (1)
where 7 : the wave elevation from still water
level, Ao : the wave amplitude, A : the defor-
mation quantity at wave crest and [J: the
declining coefficient of deformation under

water surface.

Deformation Function

] Arexpi By — Ag)

Symmetric Wave

Asymmeine Wave

Fig.1 Means of deforming symmetric wave

forms into asymmetric wave forms.

To generalize the above deformation factors,

we express A and 5 as follows;

AA AW,

2)
()

BB B/ k

where W. is the wave length, and & is the
wave number W./2 x ). The above A4 and
BB are the non-dimensional deformation

factors.

2.2 Subsurface in Asymmetric Waves

According to simple and basic theories, we
understand that the roll moment due to waves
is induced by the wave slope of the surface
and subsurface in waves. And the pressure on
water surface of waves is constant which is

the atmospheric pressure. In the same manner,




we can suppose the subsurface being constant
pressure, of which the wave height rapidly

decrease with water depth [4].

Examples of subsurface in an asymmetric
wave are shown in Fig.2, of which the surface
wave steepness s=1/10. The surface and
subsurface wave form of the asymmetric wave
1s described by deforming the trochoidal wave
under A4=.30 and BB8=2.0 in eq.(1).

Fig.2 Subsurfaces in an asymmetric wave.

T Normal to Subsurface
& 7

. Absolute Rolt Angle
= I Apparent Roll Angle

= Wave siope Angle of
Subsurface through B

: Center of Bouyancy

Fig.3 Co-ordinate system and B-subsurface
that passes through the center of buoy-
ancy B of a ship.

In order to search the qualitative influence of
the wave asymmetry on the roll of a ship, we
select a representative subsurface. The ship
weight W is supported by the buoyancy act-

ing on the ship. The resultant buoyancy acts

at the center of buoyancy B and its action
line is normal to subsurface. We call the
subsurface through B the B-subsurface.

In Fig.3 an example of the B-subsurface and a
co-ordinate system are illustrated. The other
symbols in Fig.3 will be denoted in the next

chapter.
3. EQUATION OF ROLL MOTION

3.1 Assumption of External Forces Acting

on_a Ship

Since the external forces acting on the ship on
the steep and asymmetric waves can be very
complex, we simplify the equation of roll
motion by preparing the following
assumptions.

in the

waves has no influence on the ship hull.

(D The motion of water particles

@ The virtual gravity works vertically on the
B-subsurface.

@ The ship weight W remains constant.
The fluctuation of W is not taken into
account [6].

@ The wave exciting roll moment comes
from the only slope angle of the

B-subsurface.

3.2 Equation of Roll Motion in Apparent
Angle

The ship roli that arises under the assumptions

of section 3.1 can be described using the




equation of the single-degree of freedom.

—k i@ . —W-GM- (1 —
£3¢az)¢a

I.¢
&)
where ¢ denotes the absolute roll angle of
the ship, ¢ . the apparent roll angle, [ - the
virtual moment of inertia about the longitudi-
nal axis of the ship, & : the coefficient of
roll resistance, W the ship weight, GM the
metacentric height, and # s the coefficient of
the nonfinear term of the stability.

The relationship among &, ¢ «and & w is

p=¢a + ¢ m (©)

as shown in Fig.3.

Substituting (6) into (5), we obtain the equa-

tion of roll motion in the apparent roll angle.

¢a+Kl¢a'_(()R(]_ﬂ3¢a2)¢a

where @ (= (W-GM/ I . ) is the natu-
ral roll frequency in small amplitude, K =
k /1 ;) the damping coefficient, and M~
the wave exciting roll moment,

Mw:C¢ws (8)

where ¢ is a constant correction coefficient.
Eq.(7) is approximately reasonable for exam-

ining heavy roll [71,[1].
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4. RESULTS OF NUMERICAL
CALCULATION

4,1 Condition in Calculation

The ship used in calculation is a small model
ship, because our study is the first step to
make clear the influence of asymmetric waves
on ship roll.

[ The particulars of the ship model ]
Length 80 cm, breadth 13 cm, draft 53 cm,
weight 5.43 kgf, box shape with round bilge,
the natural roll period 7+0.65 sec, K ~1.0
, £ 1.0 (the vanishing angle of stability
1.0 rad)

[ The specifications of the waves]

1
sec

Asymmetric wave form: Trochoidal wave

form. Surface wave steepness: s=1/10 or 1/12.

7 E Wave Surface
Ad=)
: - T BB=0
(a) =" %, S ——
Ship Model Stubsurface
7 . Ad=0.15
. P BB=2.00
e = - -
(b) FG/ ===
. )
AA=030
; (= === BB=2.00
- TR —
{¢c) ——-@‘/ _—==

Fig.4 Examples of asymmetric waves deform-
ed by A4 and BB in eq.(1), and the
dimensional comparison of the waves
and the ship model (In case of the wave
period T.=1.0 sec. and the surface wave

steepness s=1/10 ).




Deformation factor; 44=0, 0.15, 0.30, BB=2
fixed. Examples of wave form are shown in
Fig4. Figd(a), (b) and (c) are the wave
forms for A4=0, 0.15 and 0.30 respectively.
In Fig.4, the rough section of the ship model
is illustrated to compare with the dimension of
the waves.
[ The

calculation ]

specifications of numerical
The initial condition: the ship model stands
still at 0. The numerical integration:
Runge-Kutta method. Time step in calculation

is 7w/200 or 7#/400.

4.2 Change of Roll Pattern Due to Wave

form

Examples of roll patten on the waves are
shown in Fig.5. Fig.5(a), (b) and (c) are the
roll patterns on the waves corresponding to
each wave form in Fig4. 1In the case of
Fig.5(a) AA=0, we can find transitional roll in

the only initial stage and after a few rolls the

roll amplitude converges on a constant value.

The wide solid line in Fig 5 shows the appar-
ent roll angle and a fine solid line the absolute
roll angle. Fig.5(b) is the example of roll on
asymmetric wave for AA=0.15, and in this
case the roll amplitude does not converge on a
constant value even after time has passed.

Moreover, in the case of A44=030, the roll
amplitude never converges as shown in Fig.5

(c).

The above trregular roll patterns on regular
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waves may be a chaotic phenomehon caused
by the nonlinear stability term £ s in eq.(7)
[33,[2].

phenomenon from another viewpoint because

Therefore we have to check the

the applied waves in Fig.5(b) and (c) are

asymmetric. This is attempted in chapter 6.
(2).
2 Absolute Roll Angle ¢
3 \ e Apparcnl Roll Angle ¢ .
E

(a) Roll on the symmetric waves
(44=0, BB=0)

—— Absolute Roll Angle ¢
—— Apparent Roll Angle ¢ .

Roll Angle

(b) Roll on the asymmetric waves
(4A=.15, BB=2)

Roll Angle

(c) Roll on the asymmetric waves
(44=.30, BB=2)
Fig.5 Variations of roll pattern on the symme-
tric waves and the asymmetric waves.

{(Each wave form 1s same in Fig.4)




Since we have illustrated strange roll patterns,
the effect of such strange roll on the roll re-
sponse for wave periods is examined in the

following sections.

4.3 Roll response on Regular Asymmetric

Waves

in Fig.6, the mean amplitudes of roll of the

ship on regular waves are plotted on the axis

of the wave period 7.. The surface
HiWe= 1112
10F Tu065sec | | a4} BB | Wave Form
Y3 £s=10 ; :
< K,=1.0 sec’ GF 0 i 0 | Symmetc
el % |0.15 1 2 |Asymmetric
g A030 1 2 [ Asymmetric
&
E
<
2
o051 3
3
X -
l / * Wave Period T. (sec)
4] L 1 1 1 1 1 1 L| | I
4 .G 8 1.0 12 1.4

Fig.6 Difference of the roll response on the
regular waves of which wave forms are

symmetric or asymmetric.

Mark O is the
mean amplitude for A44=0, mark A for
AA=0.15 and mark x for A4=0.30. From the

results shown in Fig.6, we can summarize that

wave steepness is 1/12.

the wave asymmetry does not clearly affect
the mean roll amplitude. But the effect of the
wave asymmetry appears somewhat in 7. >

0.8 (sec). The marks of the arrows | and

60

! in Fig.6 show that the roll motion does

not converge on a constant amplitude.

4.4 One-roll Response on Single Asym-

metric Waves

In this section, We pick up the one-roll due to
the single asymmetric wave as shown in Fig.7.
The transverse axis in the figure is the time or
the position of the ship on waves. The wide
solid line is the apparent roll angle ¢ . and
the fine solid line the absolute roll angle ¢ .

We are interested in ¢ « being the maxi-
The dotted line is the

The curve of Mw is given from

mum value of & .
B-subsurface.
eq.(8). This curve is used in chapter 5 to

discussion for the calculated results.

B im

Surfacc WaVc 0m1

Mn (eq s \

Fig.7 An example of one roll response on a
and the

Tim
Posntmn of Ship

Subs urface

single and asymmetric wave,
definition of & . sam..
(1\=1.0 sec, s=1/10, A4=0.3 and BB=2)

In Fig.8, a great deal of ¢ ams for a large
number of the wave periods changed very
closely are continuously plotted. 3 kinds of
@ am curves are AA=0, 0.15, and 0.30. BB=2
and 1s constant. The one-roll response for

AA=0.30 becomes very complicated pattem.




From the calculated results, we can summa-

rize as follows;

(1) The wave asymmetry evidently affects the
maximum roll angle ¢ .. And the mean
value of ¢ - increases in rough propor-
tion to 44.

(2) The & am for 44=0.30 drastically alters

this

even in very close 7». Namely,

response curve shows a chaotic pattern.

Tk = V10

Tr=065sec
Aa=10 Vanishing Angle of StabHity
e K= 10 sec’ n#-#-——-fu-fu—

< %0 : Estimated (Eq (10)) AA*O 30
Y \w lll

M"‘*\”"

05 i enfndrRe=in et PRSI RN A g
_ATE wis
0O x
““‘N@ o _
- ‘“‘%3_
T AA=0
L3

Wave Period - (sec)
AR DT T T

b o
ol v L 5 2

4 6 8

Fig8 ¢ ..» responses for the wave period
T changed closely. The influence of the
wave forms on the ¢ .:x responses
appears remarkably. ¢ .. increases in
rough propotion to A4, and the & ./

response for A4=0.30 becomes a chaotic

pattern.

In order to check the above chaotic pattern we
set the time step in calculation more minutely.
Then the chaotic pattem became more re-
markable for A4=03, but for A4=0 more
smooth.,

The dotted line in Fig.8 is the vanishing angle
of stability of the ship.
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5. DISCUSSIONS FOR CALCULATED
RESULTS

From the calculated results in previous chapter,
we can see the influence of the wave asym-
metry and of the degree of the wave asymme-
try on the roll response. Though at present,
since we are not able to realize theoretically
the results yet, we attempt to confirm the

above influence from other viewpoints.

(1) & aw Variation due to A4 (Fig.8)

@ am 1ncreased in rough proportion to A4 as
shown in Fig8. The ¢ a» variation due to
AA has to be caused by the wave exciting roll
moment Mw in eq(7). And, as ¢ 4 is 2
kind of roll response occurring momentarily,
the magnitude of ¢ a. probably depend on
the strength of the impulsive moment P
defined as follows;

S My dt ©)

where F is the time when Mw crosses zero
near the wave crest of the B-subsurface (see
Fig.7).

So let's estimate ¢ s by using P s for
AA=0, 0.15, 0.30 under the assumption that

@ am 18 In proportion to Pu . Namely,

(Pid aa=15,30 [ @ o) aae
(Pr) as-o

(10)

[ ¢ afm] AA=15, 30

Marks x and A in Fig8 are ¢ s for




AA=0.15 and 0.30, which are obtained {rom
eq.(10). Mark O is that for A4=0. We can
see the estimated ¢ are plotted
This

suggests that ¢ a» enable to be estimated

aim$S

approximately on each response curve.

from AA, because AA drives the varation of

Mrw and the M» dominates the strength of Pu.

(2) A Cause of Chaotic Roll

The chaotic pattern of roll in Fig.5(c) and of
¢ «» tesponse in Fig.8 may occur owing to
the effect of the nonlinear stability term 4 s

in eq.(7). However, we need to show that the
nonlinearity of stability term is not the only
cause of occurring chaotic roil. Namely, by
putting 4 =0, we can examine the above
subject. Fig.9 shows the @ a= response in the
case of £ :=0. Though the stability term is

linear, the chaotic pattern appears in the roll

H/we = 110
Lo+ Tr=0.65 sec
Ai=10
£ K =10 sec’
B mam hj‘
e § ‘I[’J/\{_A_
e o
05| ey R
S AT PN SRR .
P e AA=0.15
R
t e
——
AA=0
Tx
L l Wave Period 7+ (sec)
0 | | 1 | 1 I 1 I 1 | 1

4 6 8 1.0 1.2 14

Fig9 & .= responses in the case of the
linear stability 4 »=0. The specification
of waves is same in Fig.8. The chaotic
pattern appears in response regardiess of

the linear stability.
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response. Judging from the results, we have to
recognize that the nonlineanty of stability and
also the wave asymmetry bring about chaotic
roll and stimulate the occurrence of the chaot-

ic phenomenon.
6. CONCLUDING REMARKS

The effects of the wave asymmetry on the

ship roll were examined by solving
numerically the roll equation taking into

account the wave asymmetry.

The following results were obtained;

{1) The wave asymmetry affected the roll
motion.

(2) The maximum roll angle due to the single
asymmetric waves increased in rough
proportion to the deformation factor A4.
The increasing ratio was noticeable in the
wave period over the natural roll period of
the ship.

(3) The mean roll amplitude on regular
asymmetric waves was not different from
that on the symmetric waves.

(4) The wave asymmetry enable to bring

about the occurrence of the chaotic roll.
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CAPSIZING OF SHIP IN '"LOW CYCLE RESONANCE'
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ABSTRACT

This paper deals with non-linear irregular
motions of a ship in rough sea. It aims at
creating a method of motion probabilistic
characteristics' determination and stability
investigation. Proposed method includes
algorithms that are used for construction:
equations of wind, wave and ship motions,
equations of the nmotion probabilistic
characteristics,  stochastic  analogs  of
Liapunov's functions and stochastic analogs of
Liapunov's function derivatives. It also contains
local stability criteria of ship dynamical states
as stability criteria of stationary random
processes of ship's oscillations. This allows to
determine conditions of ship’s non-local
stability loss under the action of wind-waves
excitations. An example of calculation of the
non-linear roll motion probabilistic
characteristics and their stability when a ship
runs in the rough sea is presented.

INTRODUCTION

General theorems of the stability theory
emphasize a dependence of stability region
boundary of non-linear dynamic system not
only on the peculiarities of the system itself but
on the character of external excitations as well.
In order to consider non-local stability of the

system these theorems require constructing
Liapunov's functions and derivatives of
Liapunov's functions. Therefore, an

investigation of ship stability in a rough sea as
stability of non-linear dynamic system must
include the following:

a) description of given dynamic system
behavior under action of given excitations;

65

b) construction of stochastic analogs of
Liapunov's functions and derivatives  of
Liapunov's functions;

¢) determination of stability region boundary
in terms of the probabilistic theory.

Solution of all these questions under
mvestigation of any type of non-linear ship
motion is carried out by the given research.

A verification of the theory is fulfilled on an
example of roll motion stability loss of a ship
running in following and quartering seas when
oscillations of ship potential pit strengthen this
type of motion.

1. DESCRIPTION OF SHIP BEHAVIOR

A behavior of ship under action of random
wind-waves excitations is presented in a
general case by the solutions of the following
differential equations

an,
Ef—: EFL (Y], s ¥n; X150 Xnst);

k=12, .,n, (1.1
where X (¢) are initial excitations, causing a
motion of air and liquid, = given random
functions of time, close to whitec noiscs;
Yi (t) are dynamical co-ordinates of system =
displacements and velocities of certain points
of the air and liquid and displacements and
velocities of ship; ¢ is small parameter = ratio
of acceleration of acting wind-waves
excitations and free fall acceleration.
By introducing dynamical co-ordinates
increments

Y (=Y =Hk(Yo)E
=H (Y5, ¥ i X 150X 5 6),




where Yyo = Y;(¢y) are initial values of the
dynamical co-ordinates, and their representing
as

Hk(yo) =& Hf{(l)(Yo)‘l‘

+ e HP¥) + ..., (1.2)

the components of solutions of the differential
equations (1.1) can be written in the form

HO®Y,) = j F (Y, t)dt';

HP ) = 2

=g
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X j F¥,,t")dt"dt; ... (L3)
An equation for characteristic function
gi1{A ,t) of the considered processes of the

ship motion and the motion of fluids is
constructed on the basis of introduced
representations [1]. For the case, when right
parts of the motion equations (1.1) are
represented by polynomials of dynamical co-
ordinates, this equation is written in the form

d (A .1)

A ST I
For sufficiently large intervals of time
T=1—1 the operator ¢ (A;¢,y)=

=@ (A ; y) is determined by the expression
0 (Ly)= 2 ihiac(y) +

1 n n
+ — Z il kbkg (y) + ... (15)
2 k=1 =l
Here
ar(y) = 4+ 2 AP ) + .5
bu(y) =By (3); (1.6)
and
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A (»)=eK[F: (M}
_ i o 9F,
£ { et

F(y,7) |dt

AP0 K|

)

BP(y)=2¢ f K[F,0),F (3 7))dr;

)

In considered expressions an operation

Klx,y]= M| (e - (Mx])(y - MIy])]

18 the operation of standardized averaging.

On the basis of the equation for
characteristic function a system of equations
for initial statistical moments

o (0 =M(¥,0])

is constructed. It is represented in the foliowing
form

do;

di QJ(aJrstt) Jj=12,

(1.8)

where (7; are vectors of intensity coefficients

of the processes X (7).

There exists a more simple method of
construction of equations for statistical
moments.

With the help of this method the equations
for statistical moments of the first order are
formed by application of the averaging
operation M [] to the equations (1.1).

Equations for statistical moments of the
second order are formed after multiplication of -
equations (1.1) with Y, (¢),k=12,...,n
and application of the averaging operation

M[], ete.

Fulfilling this operation it is necessary to

take into account a correlation between
processes Y;(?) and excitations X;(2),
understanding  stohastic integrals of the




expressions (1.3) in Stratonovich sense [4]
Therefore, for any function R{y(?)},x(t))
included in (1.3)

M[R(y(t)ax(t))] =£ M[_R(y’x(t)]_i_

T - I R(y,x(®)
2 E
+g°| K EE——
T
Fo(yx(@+1)) Jdz +... (19)
Here y 1is not function of time.
Determining characteristic function

g1(A,t) up to €2 corresponding equation
for probability density fi(v,f) of the
processes Yp (¢} coincides with Fokker-
Planck-Kolmogorov equation. This equation
for non-linearities of (¥ — Yf) type, as is
known, has only non-stationary solution.
However, the searching of such solution has
no sense because the problem of solution of
the equations (1.1} is formulated correct to
statistical moments of several first orders and
must be solved on the same level. In this case a
stationary solution of considered problem
exists. It allows to determine limited quantity
of statistical moments when including of any
non-linearities in the equations of motion (1.1),
of (¥ — Y,,f)type as well [1].

Limiting solution of the considered problem
of the ship behavior determination under action
of random wind-waves excitations on the level
of statistical moments of the first two orders we
come to necessity of solution of the following
equations for moments

docj
= 0 (0, 00,G,Gy,0);

i=12,  (L10)
where (), () are statistical moments
of the processes Y (t); Gi{?), Go(¢t) are
intensity coefficients of the processes X (1).
When forming of the equations (1.10) the
processes X (7) are supposed to be close to
white noises and Y (¢} are Subgaussian
random functions. Statistical moments of

higher orders included in these equations are

"expressed by moments of the first and the

second orders with the help of relations, taking
place for Subgaussian random functions [2] or,
approximately, for Gaussian random processes.

For stationary random processes of acting on
a ship wind-waves excitations the solution of
problem of the ship behavior description is
determined by solution of following nonlinear
algebraic equations

Qj(a1:a2:GlgG2):0; j=1,2. (111)

2. DESCRIPTION OF WIND-WAVES
EXCITATIONS CHARACTER

Wind above sca may be considered as a
stationary random process, velocity of which
V{t) is determined by the term

VO =V +V (1),

where V is average velocity of wind on the
level of sail center; ¥ (f) are pulsations of
wind velocity.

A spectral density S,(f) of the wind

velocity pulsations ¥ (f) in the domain of
frequencies & , on which the ship reacts, is
not changed significantly. Therefore, the
spectral density S,(f) in this interval of
frequencies ¢ may be considered as a

© constant value. In this case, process V(¢) is
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close to white noise ¥;(¢) = X;(¢). In more

general case process ¥ () =Y,(¢) is represented

by the solution of the following stochastic
differential equation

Yi=1+ X1(1). (2.1)
A spectral density of stationary sea S:(0')
in a system of co-ordinates connected with the

ship 1s changed significantly. Therefore,
random process § (¢) =12 (¢) of irregular sea
in this system of co-ordinates may be




represented by transformation of close to white
noise random excitations W, (¢)= X>(7),
Y5(¢) = X;3(¢) in the dynamical system

. ) .3
Y2+251[1+81X2(f)]Y2+263Y2+

+o2{1+e,X3()]% =0, (2.2)

on the output of which spectral density of
process Y5 (t) changes depending on spectral

moments of irregular sea § (¢) :

my =] 8.(c)do;
0

m={ 08,0 )do;
0

my=| o5 (c)do.
0

One from possible version of the equation (2.2)
coefficients representation is considered in the
paper [2] in detail.
A choice of these cocfficients is ensured by

the fulfillment of the following conditions:

a) ordinates of process Y»(f) have
distribution close to the normal distribution;

b) amplitudes of process Y2(#) have
distribution close to the Rayleigh distribution;

¢) dispersion of amplitude velocity

A>{t) of process Y>(t) on the output of filter
(2.2) equals dispersion of amplitude velocity
of sea ¢ (f), which represented by the

spectrum S. (0 ) in the moving system of co-

ordinates;
d) dispersion of phase difference velocity

@ () (dispersion of frequency fluctuations)
of process Y{¢) on the output of filter (2.2)
equals dispersion of frequency fluctuations of
irregular sea §(f) , that is given by the
spectrum S (0) in moving system of co-
ordinates.

A random  process of  horizontal
displacements of wave surface 1 () = Y4 (¢)

68

in moving system coordinates is formed
similarly. It is determined by solution of
equation

- . .3
Y1+ 28:[1+ &3 X4(1)][Ya+ 28, Ya+

+ 071+ £, X5()]% =0, (2.3)

where X;(f) and Xs5(¢) are random
processes close to white noises.

Intensity  coefficients of  processes
Xie(t), k=2,3,4,5, are selected in such a
way that non-correlation of processes Y>{t)
and  Y4(¢), taking place for progressive
itregular sea, is ensured.

Filters (2.2) and (2.3) are related to seli-
oscillators. Their self-oscillations are caused by
negative linear damping coefficients. Positive
non-linear damping coefficients ensure the
boundary character of oscillations amplitudes.
Parameters W.,0y characterize mean

frequency of wave action on ship in moving
system of co-ordinates.

3. CONSTRUCTION OF STABILITY
CRITERIA

The equations for statistical moments of the
second orders, belonging to the system (1.10}
or (1.11), are equations of power (energy)
transformations of the wind-waves actions into
the processes of ship motion. Therefore,
stationary solutions of the eguations (1.11)
cease to exist if in result of these
transformations a developed kinetic energy
exceeds potential resources of the ship or a
occurence of other resource restrictions takes
place.

In this connection, a stability investigation
of the stationary solutions of the non-linear
equations for statistical moments (1.11) 1s
fulfilled in region of existence of the solutions.
This region is determined by an existence
domain of real values of the equation (1.11)
Toots.




For the stability investigation of stationary
process Yk(s)(z‘) with statistical moments
o ss) and Oégs) additional small perturbations

Aol and Aoty are introduced and equations
for additional perturbations Ag; and Ay are
written in the form

dA(Xl an an
= Ao+ — | Ads;
dt doy A der A
(3.1)
dAag = aQZ l A(XH‘ (?QZ i AO!Q.
dt 3051 g 8052 s

Since equations for statistical moments of
the second order are created with the help of
quadratic forms of dynamical coordinates
¥ (2), which are usually used for the
construction of Liapunov's functions, the
system of equations (1.11) may be considered
as Liapunov's functions stochastic analog, that
takes into account not only peculiarities of the
non-linear dynamical system but a character of
acting excitations also.

Then, a matrix of the first partial derivatives
of the equations (1.11) right parts with respect
to the statistical moments  becomes by
stochastic analog of Liapunov's function
derivative and a stability region of the
equations (1.11) solutions is determined by the
domain of negative values of this matrix
eigenvalues.

- Therefore, a stability region boundary is
defined by an equality to zero of the first partial

derivatives'  matrix  determinant.  This

determinant, as is known, equals the

multiplication of matrix eigenvaluesA ;
E.Q_;(_nmﬁx,, (3.2)
d o py

where m is quantity of statistical moments of
the first two orders. Then, criteria of stability
region are determined by the following non-
equalities

Rﬁ[ A; ]<0, i=L2....m (3.3)
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In addition to this it is necessary to note that
a solution of the equations for statistical
moments (1.11}), defining the behavior of a ship
under stationary random wind-wave actions, is
realized by the methods of nonlinear
programming. A determinant of the first partial
derivatives' matrix and eigenvalues of this
matrix are calculated with the help of an
application of the traditional algorithms of
linear algebra.

The solution of equations (1.11) as solution
of nonlinear equations for the same wind-
waves actions on a ship can have several
branches. Therefore, the ship in the same
condition can have several dynamical states
each of them in a general case should not be
stable.

4. DIFFERENTIAL EQUATION OF
NON-LINEAR ROLL MOTION

A simplest non-linear differential equation
of roll motion of a ship running in a sea,
composed up to £, is represented in the form

(£, + 1)+ 206+ 2266 +
+D|h8+h,8]6]+h,0°|x

x[l——xg(crp,qoo)é'(t)] =
= M, +M +M, )+
+D[hy +2h|6]+38,0%]x

xx,(0 ,,90) (0} Jn ) @1

where 9(!) is roll motion process; (1‘) and

T[(t) are processes of vertical and horizontal
displacements of wave surface in the co-
ordinate system connected with ship; M and

E, M I(t) are initial and wind heeling

moments; Kg(O' p,(p 0) and K n(O' p,(p 0)
arc generalized reducing coefficients of
exciting moment for two-dimensional wave
actions. The first of them, as is known, takes




ito account pulsations of restoring moment
under the influence of ship's hull wetted
surface variability:

_n  3-x)

hy xT
X K S(o* »® O)COS*((P 0).

Ké"(ap’(pﬁ) X

Here
¥y and h() are initial metacentric radius and

initial metacentric height of ship;
T 1s drafi;

K S(O‘ »? 0) is reducing coefficient;

¥ =90 / o ( 6 is block coefficient and o is

waterline coefficient);
@ is angle of waves' propagation direction

( @ =0 - following sea);

O

» is frequency of wave spectrum pgak;

%
cos (Q) O) 1S an averaging component taking

into account waves' propagation direction.

Together with the equations (2.2) and (2.3)
of wave exciting motion the equation of ship
roll (4.1) composes the system equations of the
considered dynamical system motion. The wind
in it is represented by a random process, close
to the white noise.

5. DETERMINATION OF
PROBABILISTIC CHARACTERISTICS
OF MOTION AND STABILITY

On the basis of the motion equations (2.2),
{2.3) and (4.1) a system of equations for
statistical moments of the first ¢y (¢) and the

second (X (¢) orders has been composed.

This system contains 27 nonlinear algebraic
equations.

A composition of these equations, their
solution and investigation of solution stability
has been carried out with the help of above
method and modern number algorithms of non-
linear and linear algebra.
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6. STABILITY INVESTIGATION

The example of such investigation is an
analysis of "Patrulny" ship accident in June
1986 on the Low-Kama Water Reservoir. This
ship, striving for the shelter, capsized in
intensively growing quartering waves with
hyy, =1.32Hy3 =2.2 m and average period
T =kyAfh3, =408, k,=27. The
speed of the ship was about 3.0 m/s = 6 knots.

Main dimensions and characteristics of ship:
Ly, =19 m - length between perpendiculars;
By =3.8 m - breadth in WL;

T =1.17 m - draught;

&=10.483 - block coefficient;

o =0.796 - waterline coefficient;

Z¢ = 1.56 m - applicate of gravity center;

hy = 0.54m - initial metacentric height;

Inax = 0.289m - maximum of righting level
(calm water);

Omax = 40° - angle of righting level curve
maximum (calm water);

Sck = 3.24 m?* - area of bilge keels.

Before accident, the ship was abeam to waves
and the wind. Then, she began slowly to tum,
changing a course angle ¢ from 90° to 0° and
decreasing a wave action frequency.

Figs. 1-4 show possible consequences of
such turning. In these figures a scale of wave
spectrum peaks O , in a system of co-
ordinates connected with the ship corresponds
the scale of course angles (. Besides, the
following designations are introduced:

oy = M [6 ] - statistical moment of the

first order of heel angles;
o= M [9 2] - initial statistical moment

of the second order of heel angles;

RP - real wparts of corresponding
eigenvalues;

O p - natural frequency (frequency of the
free small roll oscillations).

Thus, the figures represent moment-
frequency characteristics of irregular roll
motion [3]




Fig.1 shows moment-frequency
characteristics of stable dynamical states of the
ship. In this fig. a moment-frequency
characteristic of Oy
amplitude-frequency characteristic of regular
non-linear roll oscillations. For its left low-
frequency part a corresponding phase lag
defined by statistical moment M [9 T]]

changes the sign in comparison with high-
frequency right part. This corresponds the
attribute of a lower branch of above mentioned
amplitude-frequency characteristic.

Fig. 2 represents unstable dynamical states
of a ship. These states take place in the domain

of course angles from 25° to 50° under the
influence of the statistical moment &) =
M [9 ] {mean value of roll angles) stability

loss. This fig. also shows that a solution of the
considered problem ceases to exist in a region
of real values of statistical moments that is

1s smmilar to wusual

determined by course angles from 0° to 25°.
Fig. 3 represents unstable dynamical states
of ship as well. Now statistical moment

o, = M [9] {mean value of roll velocity) and

some other correlation statistical moments lose
stability in the same domain of course angles,
25° - 50°.

For the left low-frequency parts of moment-
frequency characteristics of statistical moment

o 2 represented in figs. 2-3 phase lags

defined by statistical moment A4 [3 n ] do not

change signs in comparison with high-
frequency right parts. This corresponds the
attribute of upper ("resonant™) branch of the
above mentioned amplitude-frequency
characteristic.

Fig. 4 summarizes a research made. It shows
that a stability loss of statistical moments of the
first order is accompanied by the roll motion
amplitude increase. The dynamical states of a
ship in this case correspond upper ("resonant”)
branch of the mentioned amplifude-frequency
characteristic of regular oscillations. Therefore,
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a considered phenomenon may be conditionally
called as "capsizing of ship in 'low cycle
resonance™. At the same time, a true name of
this phenomenon is capsizing of ship under
the influence of low-frequency oscillations of
its potential barrier. In this case increasing
amplitude does not lose stability. That function
1s realized by the mean values of roll and roll
velocity.

CONCLUSIONS

A proposed method allows to carry out a
solution of all problems that are enumerated by
the introduction to this paper. It also gives
possibility to explain phenomena
accompanying ship's motion in rough sea.

The research of roll motion stability of a
ship running in imregular following and
quartering seas shows that a stable solution of
the problem, concerning mean value of roll
angles, in determined conditions is placed
between unstable solutions (fig.4). Therefore,
any attempt to alter a ship position relatively to
the stable mean heel angle, for example with
the help of rudder, leads in these conditions to
catastrophe.
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order of roll angles);
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3 - moment-frequency characteristic of 0z; = M [ € 2] (initial statistical moment of the
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of course angles from 25° to 50°
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ABSTRACT

A MonteCarlo based methodology for the
evaluation of the uncertainty connected with the
parameter estimation from experimenial results
of large amplitude rolling motion in a regular
beam sea has been developped. The application
10 two iypical cases, a fishing vessel with quasi-
linear righting moment and a frigate with highly
nonlinear righting moment was considered. The
results indicate that the separation capability
between damping and excitation parameters is
excellent, while that between difeerent damping
contributions is not completely satisfactory.

INTRODUCTION

In the frame of ship safety, the present
keywords are design, training, operate for
safety {1,2). This means the avalability of high
efficiency procedures for the simulation of ship
behaviour in rough weather starting with large
amplitude motions and special focus on rolling
moftion. Since theoretical methods for nonlinear
hydrodynamics cannot at present give a
satisfactory answer to this demand, researchers
and designers have to resort very often to
semiempirical approaches and experimental
tests on scale modelsWith regard to
experimental approaches, many different
paramefer identification techniques have been
developed to estimate the values of the
unknown  parameters of the adopted
mathematical model for rolling motion
description. Due to the high nonlinearity of the
equation of motion, most of these techniques
are based on approximate solutions, usually
obtained by means of perturbation methods,
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which are fifted to the experimenial records.
Recently, following an indication by Haddara
and Bennett [3], a new, high efficiency
parameter estimation technique has been
developed [4,5] which avoids the wuse of
approximate solutions. While this approach
improves both the generality (a perturbative
solution has to be computed ex-novo any {ime
the mathematical model is changed) and the
precision of the estmation procedure, the
question of the uncertainty connected with the
estimated values remains to some extent an
open, although a very important one [6].

A complete solution would require the
availability of a great number of independent
experimental records {0 be analysed, each taken
in the same test conditions. The ordinary
methods of error analysis [7] applied to the set
of estimated parameter values would give their
confidence interval. This process is money and
time consuming, so that, following the idea of
[8,9], a novel approach to the problem has been
developed, based on MonteCarlo technique. A
set of independent numerical experimental
outcomes is generated by a computer starting
from the one effectively obtained from
experiments, by using a Gaussian random
generation procedure with measured value and
standard deviation. The set of so generated
numerical experimental results is then analysed
by the parameter identification procedure and
uncertainty analysis is performed on the set of
estimated parameter values. The procedure is
still time consuming, but can be programmed to
ron automafically, so that there is no need to
perform huge amounts of experimental tests.
The procedure has been applied to the results of
nonlinear rolling experiments in beam sca in




two typical conditions as regards the degree of
nonlinearity. The results indicate the reliability
of the estimaied parameters (in this case linear
and nonlinear damping coeflicients and elfective
wave coeflicients) and the difficulties connected
with the separability of the different
contributions (mainly the different damping
terms).

THE TESTED MODELS

Present analysis refer to the expcrimenial
tests conducted in a regular beam sea on two
scale models of ships in the towing tank of the
University of Tricste.

The first one refers to a fishing vessel
presenting a (uasilinear righting moment, so
that the bending of the resonance peak is very
small (Fig. 1). The solid line in Fig. 1 rcfers to
the simulation obtained with estmated
parameters. For clarity sake, the backbone
curve (Eq. 4 below) giving the variation ol
resonant  frequency with  increasing  the
oscillation amplitude has also been reported.

The second series of tests refers to a frigate
with highly nonlinear righting moment giving a
strong bending to the resonance peak (Fig. 2).
This Jast situation can be classificd as “pre- or
quasi- bifurcating type’. as is evident {rom the
sharp vertical line in the low frequency side of
the peak. The backbone curve exhibits, indeed a
marked deviation towards low frequency as the
amplitude of the motion is increased.

The tests have been conducted in a regular

beam sea with constant wave steepness
h 1 . n

Sy =—-=-—_ being hy and Ay wave
Aw SO

height and wavelength respectively. The model
was restrained by soft elastic ropes so as to
eliminate yaw and drift. Details on the models
and on the cxperimental setup and procedure
have already been reporied elsewhere and will
not be repeated here. Some details on the tested
models and on the values adopted and identified
for the parameters are given in Table, 1.

The results include uncertainty analysis in a
standard way.
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MATHEMATICAL  MODELLING OF
THE NONLINEAR ROLL MOTION

The stmulation procedure for large amplitude
roll motion is herc considered based on a single
degree of freedom approach. While the
coupling with vertical motions and with sway is
of great interest in many respects, the adopted
model is quite suflicient for the discussion of

. uncertainty in the estimated parameters.

In normalized form the roll motion can be
described by:

@+ 200 + ddlo + wpZe +
+3 0L2j+1(p2j+1 = ey COSML 0
]
with
Gy = CgRSy @
for the fishing vessel case, and
— 2 _ 2
Cw = Tsw{l100” — 20 (3)

for the frigate. Thes last excitation model was
adopted for the frigate on the basis of [10] since
no reasonable fitting of experimental dala was
possible with the very simplified expression (2).
being in this case ey, frequency independent.

A pertorbative analysis was conducied on
the roll motion equation leading tc analytical
expressions f{or the sieady state solutions and
for the transient phases. The equivaleni
resonance {requency and linear damping were
obtained in the iraditional form:

3
(a)()eqz = 0)()2 +Z;13C2 +§‘¢15C4 4

35 6 63 8 )
+—a7C" +——agC " +..
64 128
and
oy = L+ 800C (5)
eq in 0




being C=Cgceosioi+y) the approximaie

solution of Eq. 1 with Cy and Y amplitude
and phase.

Eq. 4 descibes the curve
backbone (Figl and Fig. 2).

known as

THE PARAMETER IDENTIFICATION
PROCEDURE AND THE EVALUATION
OF THE PARAMETER UNCERTAINTY

Haddara and Bennett [3] developed a
Parameter Identification Technique (PIT) based
on the least squares fitting of the numerical
solution of the equation of motion to roll
decrements of a ship in calm water. His method
was specifically orented to estimate damping
coeflicienis. The exiension of the method to the
forced oscillations both for a single or even lor
a muli degree of frecdom system [11] was
developed by the authors. In the following we
will refer to the single degree of freedom case
applied to Eq. 2. Following ihis approach, the
best estimate of the unknown parameters of the
mathematical model can be found by minimizing
the function S given by:

) Ndala 3
5(pj»1= LNparam ) = .Z (@numj ~ Pexp, }

i=1
(6)
where Pj are Npapyp unknown parametcrs

(11,81,82,.-.. 0, 5

experimentai roll ampiitudes mecasured at
Ndaa wave frequencies ®j, Qpumj are the

Pexp, ac stationary

Ndara stationary numerical solutions of the

equation of motion adopted. The procedure
runs step by siep starting with given initial
values of the parameters. Each succesfull step
leads io a reduction of the sum of residuals or

%2“ The procedure is stopped manually when

the )(;2 or the iteration step are sufficiently small
or steady.

The minimization process 1is evidently a
strongly nonlinear one with the parameters
resulting  from a complex minimization
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procedure ol the deviations 1o the expermmental
data. As a consequence, the standard crror
propagation analysis cannot be applied (o obtain
the uncertainty of the estimated paramcicrs in
werms of the inpui data uncertainty and of the
uncertainty connected with the use of the PIT.
This is the rcason why we resorted to the
numerical generation of a large series of
experimental outcome (average 1000 trials)
slarting from the effectively measured ser of
values and of their standard deviarion. The
procedure, known as MonteCarlo method,
consists in the following sieps:

1. Generation of a large number of independent
set of experimental resulis by adding to the
original set random deviations obtained by a
Gaussian  sampling  procedure of  assigned
standard deviation;

2. Evaluation of the parameters 1o be identified
from cach set of independent experimental
results by means of the PIT (Eg. 6);

3. Evaluation of the siatistics (average and
standard deviation) of the set of obiained
parameter valves after checking thai the
distribution 1s Gaussian. This lasi request is
connected to the yet unspecilied large number
of independent cuilcomes.

Therc are. of course procedures (tests of
hypotheses) for the evaluation of the statistical
deviation of an obtained distribution from an
assigned one. In the following, preliminary
results are presentcd. These are bascd on the
assumption that the cxperiments considercd arc
in number sufficient to have a reliable
evaluation of the statistics of the obtained
random distribution. As we will sce, this is
certainly true, as it is evident from visual fit, for
the excitation parameters and for the equivalent
lingar damping.

RESULTS AND DISCUSSION

The results obtained by applving the
MonteCarlo procedure to the experimental data
of the two ship models are reported in Fig. 3 to
Fig. 8 for the fishing vessel and in Fig. 9 to Fig.




16 for the frigate. All generated set of
independent trials consisted in 1000 sets, with
the exception of the fishing vessel with 5%
Gaussian uncertainty level, where the number of
trials was limited to 708 due to the high number
of failures in the convergence procedure. The
Figures report the histograms obtained from the
analysis of the PIT ouicomes together with the
Gaussian  distributions {continuous curves)
caiculated with the parameter average values
and standard deviations. The procedure was
made automatic, integrating the random
generator and the PIT in the same code. The
same sef of initial values was used during the
run. The stopping condition was set 1o 5 steps

or to a threshold value for xz , equal for all the
runs of the same ship. The results are not
necessarily the best estimaie obtainable with the
given input data, since sometimes the
minimisation procedure requires much more
that five steps to converge efficiently. In this
sense, the obtained standard deviations can be
considered as an upper bound to the best
‘possible estimates. Finally, the runs leading to
unaccepiable values for the parameters (mainly
one of the damping coefficients negative} were
discarded.

Fishing vessel
Three different uncertainty levels have been

considered for the pgeneration of the
independent sets of experimental results, namely
1%, 2% and 5% all Gaussian distributed.The
results are shown in Table. 2 and sinthetically in
Fig 3, 4 and 5. The procedure indicated that the
standard deviation of the excitation parameter
(effective wave slope coefficient o) was much

smaller than that of the two damping
contributions, featuring a figure very close to
the standard deviation of the input. The
obtained distributions were bias-free. The
dispersion of the damping contributions was
quite high in all cases. The number of
unacceptable trials was found to be higher the
lower the quality of input data.

To have a closer insight into damping, the
equivaient linear damping (Eq. 6) was
computied and displayed in Fig. 6 io Fig. 8. This
parameter exhibit a very small dispersion, as it
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1

15 10 be expected by examining the dispersion of
excitation coefficient, indicating a high negative
correlation  between the two  separate
contributions.

Frigate
In this case, only the 1% and 2% Gaussian

uncertainty level was considered. Due to the
complexity of the mathematical model to be
fitted to the experimental data and particutarly
to the high nonlinearity of the righting arm
leading sometimes the solution to a bifurcation
level during the minimization procedure, the
number of unacceptable results is higher than in
the previous case.

The results are reported in Table. 3 and
sintethically m Fig. 9 and Fig. 10. Here also the
dispersion in  separating the  damping
contributions is quite high. On the contrary, the
distribution of both the excitation coefficients is
very narrow banded, with a standard deviation
close to that of the input data. The separate
excitation contributions are shown in Fig. 11 to
Fig. 14. They exhibit a distribution very close to
the superimposed Gaussian (solid line), so that
the evaluation of the statistics of these
parameters is highly reliable. To have a better
msight into the behaviour of damping
coniributions, In Fig. 15 and Fig. 16 the linear,
nonlinear and equivalent linear damping results
are shown in detail. Here also, the equivalent
linear damping exhibits a very narrow banded
distribution close to the Gaussian, while the
separate linear and nonlinear contributions have
high dispersion and correlation giving a
distribution not very close to the Gaussian.

CONCLUSIONS

The evaluation of the uncertainty connected
with the application of a Parameter
Identification Procedure to the analysis of large
amplitude forced rolling was conducted with
the aid of a MonteCarlo Procedure. The results
indicate that the PIT exhibits extremely good
separation capability between damping and
excitation. Furthermore, its ability in separating
different excitation contribution is excellent. On
the contrary, the ability in splitiing the
equivalent lincar damping iIn  several




contributions, linear and nonhnear is still not
completely satisfactory. This is an imporiant
poini, since it means that separate values of the
damping in nonlinear rolling possess an intrinsic
high uncerlainty.
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Fishing vessel Frigate
Lbp (m) 2.000 2.400
B (m) (.552 0.285
T (m) 0.214 0.081
A (kgl) 100.00 25.79
0y 4.553 5.02
Ol 0.2 -46
s - 120
7 - -110
O - 4
1 0.130 0.0626
O 0.270 0.151
Ol 0.745 -
4 - 0.576
L - 0.042

Table, 1. Model data




err | runs | good | param | average | s.d.
1% { 1000 | 1000 i 0.13  0.03
3 0.27 § 0.05
o 0.746 | 0.007
Ueg 0.31G | 0.004
2% | 1000 | 958 1 0.135 | 0.06
5 $.26 | 0.0
Ol 0.747 | 0.01
e 0.310 | 0.008
3% | 708 | 467 1w 0.15 | 0.05
S 0.236 | 0.013
Oy 0.75 | 0.02
Leg 0.31 0.02
Table.2. Results for the {ishing vessel
err | runs | good | param | average | s.d.
1% | 1000 | 955 i 0.064 | 0.03
3 0.15 1 0.03
L, 0.576 | 0.006
& 0.042 | 0.006
Leq 0.213 | 0.003
2% | 1060 | 792 0 0.08 | 0.05
& 0.13 |1 005
y 0.58 | 0.01
| 0.0.04 | 0.01
i, | 0.212 | 0.006

Table.3. Results for the frigate
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Fig. 1. Experimental data @ and lest fit
response curve () for the fishing vessel in
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Fig. 14. Hystograms of esttimated parameter
values and corresponding Gaussian distribution.
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A NEW METHOD TO ANALYSE ESCAPE PHENGCMENA IN MULTI-DEGREE SHIP
DYNAMICS, APPLIED TO THE BROACHING PROBLEM
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ABSTRACT

A method to analyse the transients arising in
broaching is presented. Currently, a proper
Jramework for the systematic study of transient
responses of multidimensional systems seems still
to be lacking. This is even more true in the ma-
rine field where transient coupled motions are
very rarely studied. The specific transition that
is presently under study is the one triggered by
a sudden control parameter variation effected in
the vicinity of the threshold of surf-riding. This
can lead to surf-riding, periodic motion,
broaching or capsize. Each one of these types of
behaviour is associated with a specific domain
in the plane of actual or desired heading and
nominal Froude number. The organisation on
this plane is presented. This leads to the estab-
lishment of a simple procedure for quantifying
the tendency of a ship towards broaching.

1. OVERVIEW

Recently there is increasing awareness
about the effect of nonlinearity on large-ampli-
tude ship motions and, in particular, about the
critical role that it can play for safety. The phe-
nomena of ship capsize and broaching, both of
an escape nature, are two characteristic exam-
ples of nonlinear behaviour that have been re-
cently the subjects of in-depth studies, [1], [2].

The best known feature of nonlinearity is
that it often allows the existence of multiple so-
lutions, 'bom' at bifurcation points. Bifurcations
are basically smooth or discontinuous changes
in the character of the response and they can be
local or global. In their more critical versions,
they are associated with sudden changes of re-
sponse amplitude or with jumps towards remote

and usuvally undesirable destinations. A very use-
ful summary and classification of the known types
of bifurcation for energy-dissipating dynamical
systems can be found in [3]. Quite often how-
ever, the knowledge of bifurcations, especially
of the local ones, does not suffice in order to as-
sess the safety margin of an engineering system.
Given for example an initial state and a certain
excitation level, one cannot say in general
whether there will be an escape towards types of
behaviour that are regarded as unacceptable. This
represents a problem of transient dynamics which
should be considered in parallel with the study
of bifurcations of steady-state responses.

The possibility to predict ship motions be-
yond the realm of linear theory is obviously
highly appealing, this however is confronted with
shortcomings in two key areas: In solving the hy-
drodynamic problem which would allow calcu-
lation of the external loads acting on the ship;
and in eliciting the variety of response pattems,
the corresponding manifolds and the subsequent
state-space organization for a dynamical system
which, in general, is multi-degree.

1t is well known that the accurate calcula-
tion of the forces acting on ships moving at high
speed m large waves represents a very difficult
problem for which practical, 'universally' ac-
cepted solutions will take some time to be pro-
duced. From the perspective of dynamical analy-
sis, the standard method to get round this is
through a judicious combination of ship theory,
experiment and intuition with main objective the
derivation of relatively simple mathematical
models that, on the basis of the concept of uni-
versality of dynamical systems, present poten-
tial to capture the key features of system response.

Nonlinear ship motion analysis is 'tradition-
ally' carried out in respect to the roll problem in
beain seas. This corresponds to the single-degree




forced oscillator which has been under intensive
investigation with analyfical and numerical tech-
niques for a number of years [4], [5], [6]. The
study of other ship motions is however often
severely restricted by the necessity to account
for multidimensional dynamics in a global sense.
By-and-large, this is still an unresolved matter.
In the marme field even the most ambitious stud-
ies of multi-degree systems do not go much fur-
ther than the stability analysis of steady-states
and the occasional simulation, {71, [8], [9]. These
approaches alone can offer however only limited
insights into the nature of phenomena, broach-
ing being here one typical example, where fran-
sient dynamics seem to piay an important role.

An effort to develop a suitable framework
for the study of broaching that would include
steady state as well as fransient analysis has been
presented recently, [2], [10L,{11], [12]. In the
present paper we set in focus the transient mo-
tions that are connected with phenomena of cap-
ture to- and escape from surf-riding that have
been shown earlier to lead to broaching, [2]. Some
preliminary studies about the effect of autopilot
gains on the boundary of the broaching and cap-
size domains on a suitable plane of control pa-
rameters' are also reported.
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Fig. 1 : A 3-d projection of the stationary
states of surf-riding

2. KEY ELEMENTS OF THE APPROACH

It is well established that in broaching
motions in at least four different directions par-
ticipate in the dynamics (surge, sway, yaw and
roll, including also rudder control and assuming
guasi-static equiiibrium in the heave and pitch
directions). This leads to an 8-dimensional, or
higher, state-space which, obviously, one can
visualize only through its 2-d or 3-d projections.
It 1s reminded that by state-space we mean the
‘enlarged' physical space that includes velocities
in addition to displacements. The usual compact-
form representation for an autonomous dynami-
cal system 1s dz/df = f (z; a) where z, a are re-

50

i

c.8 0.82 0.84 ©.86 0.83

% position (% A) (a)

etk i e e

(==
i
o

(b)
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spectively the state and control vectors; ¢ is time;
and f is a function that generates the flow (the
geometric equivalent of the entirety of solutions
of the vector differential equation) in the state-
space. The detailed form of the mathematical
model (in other words of the function f) has been
presented earlier and will not be repeated here,
[2], [11]. It should only be mentioned that, in
order to bring the equations into the autonomous
form one has to present the wave loadings as
dependent on the relative position of the ship on
the considered regular wave rather than as func-
tions of time. This can be done by using a system
of coordinates moving with the wave celerity.

(a) Analysis of steady-states

Usually nonlinear analysis begins by locat-
ing the steady-states corresponding to the given
vector equation. Very helpful tools for this are
continuation (or path following) programs that
can trace the dependence of steady states on one
or more control parameters, see for example [13],
[14], [15], [16]. It is usual to couple such algo-
rithms with simultaneous eigenvalue analysis in
order to know also the stability of each state iden-
tified. One step further, it is possible to follow
also the evolution of bifurcation points, leading
to the generation of bifurcation diagrams. Trac-
ing equilibria, such the surf-riding states pre-
sented m Fig. 1, is the simplest possible applica-
tion of continuation. The types of bifurcation as-
sociated with stationary surf-riding are, saddle
nodes and supercritical Hopf bifurcations. De-
tails about them are given in {2]. To analyse pos-
sible periodic, quasi-periodic and chaotic re-
sponses one needs to employ additional tech-

SADDLE
POINT

POINT (PIP)

Fig. 4: Typical crossing of manifolds for a single
saddle (homoclinic} on the Poincare map
for a 2-d system : (a) before and (b) after
tangency of inset/ outset

niques such as Poincare' maps, power spectrum
analysis, calculation of Lyapounov exponents and
others, Fig.2, [17], [18].

(b) Transient responses

Transient analysis will tell us what type of
behaviour a ship will tend to adopt, when pres-
ently lying at an initial condition determined by
the vector z,= (1, v, , 7y, Po» Oy » Wy %, 0%
u , v, are surge and sway velocities; r, p are
yaw rate and roll velocity; ¢, y, 6 are angles
of heel, heading and rudder; x is the position of
the ship on a considered regular wave measutred
from a trough; the subscript , indicates the val-
ues of variables at ¢ = 0. It must be reminded
here that, knowing the existing stable steady-
states means only knowing what are the 'candi-
date' forms of long-term behaviour for the ship.
Yet this information cannot be of any help to-
wards predicting where exactly the ship will set-
tle in response to a change in the setting of some
control parameter. This can be extracted only by
locating the insets of any existing saddle points
{a pair for each saddle) in state- space, [19]. The
msets define the boundaries of the basins of the
attracting states. Equally important are also the
outsets of the saddles that define the direction of
the flow. The insets and outsets (or invariant
manifolds) are rather unique objects that tend
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asymptotically towards the saddle as > +ee or
- oa respectively [for the 2-d system that corre-
sponds to a sumple, second order differential equa-
tion of a single variable, say y, they are orbits on
the (y, dy/df) plane, Fig.3]|. However for a usual
saddle of index-m (that means only m positive
eigenvalue-real-parts and all other negative) liv-
ing' in a n-dimensional state-space, the inset
would constitute a ( #n -~ m ) - dimensional
hypersurface and the outset a m - dimensional
one. Even without considering the very intrigu-
ing phenomena in which the manifolds are often
engaged (homoclinic tangles generating chaotic
transients and fractal boundaries, see Fig. 4),
[19], [20], {21], the difficulties involved in cal-
culating their deployment in state-space are quite
obvious. A sensible alternative is to proceed with
a so-called transient map, that features repetitive
mtegration from a "dense-enough" grid of 1m-
tial conditions that span the whole state-space;
or perhaps with a cell-map which is a refined
version of the transient map with the addition that,
one makes sure that the vicinity of any pomt
("cell") in state-space is not visited twice. How-
ever the number of initial conditions that need to
be considered is overwhelming. An additional
difficulty is that it is not exactly obvious what is
the best presentation method.

In [10] it was advocated that 2-d intersec-
tions of state-space near its "interesting areas"
can provide useful insights, particularly when
there 1s no desire for restricting the range of pos-
sible initial conditions of the ship. Often how-
ever it is reasonable to assume that the change of
state that the ship underwent due to a sudden vari-
ation of some control parameter (ship-based or
exogenous) was effected upon a nearly steady
initial motion pattern. Imagine for example a ship
1n steady periodic motion overtaken by follow-
ing waves and operating 'unconsciously' near to
the threshold of surf-riding; and then a group of
steeper waves approaching it from behind ; or
the propeller rate to be set, for some reason,
suddenly higher (in a Heav side function
fashion); or finally, the desired heading to be
suddenly modified. From a dynamical analysis
point of view the assumption of steady state for
the initial motion makes the difference between
an unmanageable and a manageable problem.

The steady-states that we are interested
about are fixed points and limit-cycles. In an
extended state-control space and under the effect
of some control parameter variation they will
appear respectively as lines or as cylindrical sur-
faces. Both are relatively easily located from the
steady-state analysis that precedes the mvestiga-
tion of transients. In [10] we assumed the initial

86

conditions lying on stable equilibria. This was
done basically for the sake of simplicity and mn
order to make the first demonstration of the
method easier. Such setup could be physically
realized only 1if the ship had been captured in
surf-niding. Now will be shown how the more
general problem can be tackled, with the initial
conditions lying either on stationary or, as is the
far more usual, on periodic states.

3. THE MULTIPLE-EFFECT PROBLEM
ARISING AT THE THRESHOLD OF
SURF-RIDING

Let’s consider once more a steered ship in
stable periodic motion, as is overtaken from be-
hind by sinusoidal waves of significant height.
As stated earlier, the key assumption of the pro-
posed approach is that the ship had been operat-
ing at steady-state at the moment when the se-
lected control parameter was varied. This can be
practically interpreted in two possible ways: The
more obvious possibility is that the ship was in
steady, overtaking-wave periodic motion. Then,
the control parameter change could cause:

(a,) a transition towards another periodic state,

(a ) turning motion that cannot be checked
(broaching),

(a,) capsize,

(a ) capture in the stationary condition of surf-
riding.

The second scenario is that the ship had already
been in surf-riding. Then the control change could
potentially lead to:

(b,) another stable surf-riding state,

(b,) escape from surf-riding and return to
periodic motion,

(b,) escape from surf—rldlng followed by
broachmg,

(b,) capsize en route to any of the above three
destinations.

In either case, it is quite obvious that we are deal-
ing with a rather unique for ship studies multi-
ple-effect problem, resulting from the considera-
tion of multi-degree dynamics. The primary ef-
fects may cither be felt in surge (surf-riding), in
yaw {broaching) or in roll (capsize). The deter-
mining factor is the initial state and the magni-
tude of change of the control parameter.
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4. PERTIODIC INITIAL STATE

Consider now the ship sailing with
nonzero encounter frequency and angle, and
speed that brings it very near to the higher thresh-
old of surf-riding. It has been pointed out that
this threshold 1s basically a classic homoclinic
connection where a limit cycle comes nearer and
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nearer to a saddle point m state-space uni i
two collide, [2], [22]. A slight further increase of
wave steepness is hikely to cause the crossing of
the inset of the saddle of crest, Fig.3, which will
generate in twn the usual jumy associated with
surf-riding. Although in a physical sens - this 1s
something relatively easy to imagine, 2. '
and hydrodynamically feasible method for mod-
elling such change of the wave characteristics is
not immediately obvious and this is a matter that
is currently uader investigation. However a quali-
tatively similar effect will be inv oked if the pro-
peller rate is suddenly stepped up and, at this
stage, it is much simpler to let the propeller rate
play the role of the varied control parameter. Here
one must spectfy however with what phase, rela-
tively to the periodic motion, the changs of the
control parameter setting is effected.

Ideally, one must find out at which point
of the cycle the distance from the inset of the sad-
die of crest is minimum, Fig. 3. A rigorous math-
ematical solution to this problem will be dis-
cussed in another publication. Practically speak-
ing however, it is known that it is more likely to
be captured in surf-riding if the propeller thiast
is increased when the ship centre lies in the vi-
cinity of the trough, {2]. Also, as the higher thresh-
oid of surf-riding is approached (in general we
shall name as lower threshold the nominal speed
or Froude number at which equilibrium states
come into existence; and as higher threshold the
encounter of the homoclinic connection), the pe-
riodic motion tends to alme itself with the inset
of the saddle, Fig 3. In this case the distance may
not be very sensitive to the phase.
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The new method will be demonstrated
through application to the purse-seiner that has
been used extensively in our earlier studies (J2],
[10]). The first step is to select a range for the
desired heading, y_, and nominal Froude number,
Fn, and draw a grld on the plane of these two
parameters. Then the nodes of this grid are con-
sidered sequentially for simulation : The first
node is selected and simuiation is carried out
from a reference initial state until the ship settles
into the steady periodic motion that corresponds
to its desired heading and nominal Froude
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number. Then, as the first trough is encountered,
the propeller rate is increased leading to a higher
nominal Froude number. Depending on the out-
come the node under consideration is stored in
the file of surf-riding, periodic motion, broach-
ing or capsize. Then the numerical expeniment is
repeated for the next node until all the nodes have
been examined.

The transition that is triggered by the
change in the nominal Froude number is dynami-
cally interesting for a number of reasons; not the
least being that the periodic (overtaking wave)
and the stationary (surf-riding) responses that
correspond to the same desired heading have
considerably different stability characteristics,
even for the same or almost the same nominal
Froude numbers. The autopilot gain values that
guarantee stability for the one cannot necessar-
ily do the same for the other, [12]. But even if
the surf-riding point is stable in a steady-state
sense, shill, this cannot guarantee attraction there
because there exists also the possibility of being
engaged in turning.

The type of reference wave considered is
simple sinusoidal of considerable steepness (the
results presented in this paper are based on H/A
=1/20, A/L=2.0) where H, A are respectively,
wave height and length, and L represents the
ship length. In Fig.5 is shown how the domains
of broaching, periodic motion and surf-riding are




arranged on the plane (y , Fn), having deliber-
ately set the metacentric flclght wvery high in or-
der to avoid, at this stage, capsize. The domain
of broaching is very clearly defined. In addition,
inFig. 6 we present the Fn-family of steady-state
curves that are relevant to Fig. 5. We use projec-
tions on the plane (¥, ). The loci of the local
bifurcation phenomena that would create insta-
bility for the steady-state responses can be seen
in Fig. 7.

5. ESCAPE FROM SURF-RIDING

Here we consider, in a sense, the reverse
scenario: The ship is assumed operating with
nominal speed equal with the wave celerity ¢. If
A /L=2.0 the corresponding Froude number of
wave celerity is

c \/(gA/zn) 1

V2 0561
\/gL

\/275 L

Fn=

W/gL

Asusual, g is the acceleration of gravity. For this
Fnwe derive through stationary-states continua-
tion, with free parameter the desired heading, the
curve of surf-riding equilibrium states. We store
in a file those states near to the trough which are
stable. It is reminded that a critical role in deter-
mining the length of the stable region in the vi-
cinity of the trough is played by the autopilot
gains, [2] : The proportional one defines the lo-
cation of saddle-nodes; both however the propor-
tional and differential gains have an effect on
where the Hopf bifurcations may arise.

Each state stored in the file is represented
by the corresponding desired heading . in the
following way: Suppose that the autopllot
equation is given by :

do

—(;t— =t;[-8-a,(y-y)-a,b 7]

where a , a, b, are respectively proportional
and différential gains; and t, is the inverse time
constant of the steering engme At equilibrium
the heading and rudder rates are zero and therefore
the above equation reduces to a heading-error
relation :

yoy=-—

a4y

The relation between ¥ and & at equilibrium
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requires solution of an algebraic system of equa-
tions which is done automatically in the continu-
ation process. Since y, is uniquely defined from
the above equation, it can play the role of the
representative of the equilibrium state. It should
be remarked that the presence of large gain a
will tend to minimize the heading error. Impor-
tant 1s also the required rudder angle for achiev-
ing equilibrium, with small & leading to lower
€rTorT.

Having defined the range of y to be be-
tween 0 deg and the largest desired heading
where stable surf-riding is possible (we have as-
sumed of course the rudder equally effective to
port or starboard deflecttons), a similar range
must be specified also for the second control pa-
rameter, that is the final nominal Froude number.
This range should be as wide as possible and for
our current studies thatare based on A/L=2.0
we adopted the Fn range [0.164, 0.564].

In Figs. 8 (a), (b) and (c) we show the re-
sults of the investigation for three different pairs
of autopilot gains. The four types of behaviour,
surf-riding, periodic motion, broaching and cap-
size occupy respective domains of the (y,, Fn)
plane. Each one of these domains presents its own
interesting structure. There 1s an intrusion of cap-
size into the broaching domain from larger head-
ings. The boundary between periodic motion and
broaching brings to mind a periodically forced
Duffing-type oscillator, [10].

It is rather clear from Fig. 8 that either of
the gains can affect considerably the locations of
the boundaries. Yet, their qualitative character-
istics do not seem to be seriously affected with
the exception perhaps of a part of the broaching/
periodic motion boundary (at low headings)
which 1s under further investigation.

6. CONCLUDING REMARKS

A method to analyse the global dynamics
of the transition between periodic motion and
surf-riding has been put forward. The specific
structure of the broaching and capsize domains,
as they appear in the control parameters' plane
(¥, Fn), has been shown for the first time. The
proposed method uses the assumption of steady
initial motion pattern for coping with the multi-
dimensional character of the problem. On the
basis of the current results, the method seems to
provide a simple and effective means for quanti-
fying the tendency of a ship for broaching. An
additional advantage is that it can be used at the
design stage.

In this paper we have focused on the link
between surf-riding and broaching, the existence




of which was established theoretically in a pre-
vious publication, [2]. A classification of the
hitherto understood broaching mechanisms is
discussed in [2] and [22].

In general broaching does not necessarily
need to involve surf-riding. It may also take place
directly from the overtaking-wave periodic
motion at relatively higher frequencies of
encounter. This route seems to require however
higher wave loadings and it may be more rel-
evant to vessels of relatively large size since for
these surf-riding should represent a very low
probability event. Detailed analysis of the inter-
esting dynamics underlying the loss of stability
of the overtaking-wave periodic motions in a lat-
eral sense 1s presented in [12].
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ABSTRACT

The mechanism of ship surging is
considered as a longitudinal oscillations in
condition of severe pitching motion caused
not onlv by wave exciting Froude-Krilov
force, but also by ship propeller trust
osculations with low - encounter frequency
energy spectrum

The ship has an irregular running
coming to a stop in a big wave conditions
under severe pitching motion and propelier
thrust brake due influence of air suction
Then the ship again accelerates 1n
moderated waves and pitching

The ship mction is examined as the
impulse process The main speed loss and
the main amplitude of speed oscillaticn
depends upon the probability of propeller
racing in waves conditions

GENERAL
Mean speed in waves Vo is provided by
mean propeller thrust (Teo) equal to mean
resistance Ro, where the equation of ship
longitudinal motion is as follows.
tso LY. = Te( v 1) - I_{ V.1,

dt
where
V= Vivo, R = R/Ro, Te = Te/Teo
and ship time constant:

tso= { &1311) Yo | (1)

g Ro
- Ag, A1 - ship mass and added mass
Hoefficient.

For ship of wsual hullform with diesel
power main engines at the qualitative
analysis it is possible to believe:

R= V'+ Re(V.9, Te=1+ Tet (V.1

Here f{t, Tt - time-dependent
resistance  and  thrust  components
determining oscillations of the speed Vtin
regard to its average value. By designating
through Qv a variable part of
hydrodynamic loads with a characteristic
ime interval fo from (1) we have:

Y0 Palr @

dr
Where
Q'c = Ter— Rt (3
t=t/te, Rt =A11/Ag

ts= B0 =(prppd Vo) ()
to Ro \ gto/

Passing to moving system of coordinates
and assuming V=1- Vr,
we shall derive

t-M +2 {’f'{:

dt

Vi = Qt (5',1:)

(5)
Usually hinearized equation in respect to
V1.

&Y o Fr

de

Qr (V,1) (8

£

What is the condition for this Bnearization”
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We shaill consider reacuon on a load unit
step in a moment T = 0 [1].

Qr=1(7) (7

Ihe equation (5; under of (7) has the
solution

Vi = L 1{z) (3)
From the equation {&) under condition of
(7) we shall derive

V=12 1-exp (-2 )] (9)

On Fig 1 transients vy (1) (line
1,2,3) and V1o (53 (Lne 17,27, 37) are
compared at three values ts The lines 1,17
elate to ts = 0,3, line 227 - to ts = 5,0,
line 3,37 - to ts = 50 The error of the hnear
solution comes out in the dangerous
direction (with underestimated Vi) And in
a limit steady  value of oscillations of
speed on linear approach is twice less, than
under the - nonlinear sclution  This
circumstance, however, has practical
meaning only at small ts, when the
distinction between V1, and V1o has time
to be displayed during, commensurable with
a characteristic interval of load variation to
For example, as to accept natural period of
a vessel then according to {4}

tS = i + li 11 Lf_A_ F{ (CO[_\ '\;, Llfg ) (EO)
2n Ro

Where L
Fr=V0/‘\/gL,coe=27t/t@, to = to

The nonlinearity in fluctuations of speed
at load step for period of motion can be
essential for a small vessel on small speeds
For example. at ts = 0,5 and © = 1 the

exact solution Vi1 is greater then hinear by
3G6% Under conditica of ts > 5 — 10, which
is usuallv realized for medium and big
vessels, t5e solutions V7 and Ve for 1 <
3 — 4 pracucally coincde, so for an
estimation of oscillations of speed i waves
setting, for example, periodic load variation
as

Qr=exp (i27T o1) (11)
Where 0 =0 /09

We shall derive from (6) for stationary
oscillations of surging speed the modules of
ransfer function as

Dv=L[i+(x o)1 (12)
2

The function ®v Hes in zerc frequency
domain, so that the appreciable oscillations
of speed are possible only in cases, when a
vessel 15 either dynamically weak in inertia
{small wvessel at large loss of speed in
waves), or the load oscillation spectrum is
displaced in area of small frequencies The
last case is displaced brightest in condition
of following waves, as the load oscillations

Qt can be generated by oscillations of
resistance Rt on small encounter
frequencies of waves we

Qr=- R-=- Rasinomet (13)

Where the principle part of amplitude
Rt is defined on a Krylov-Froude
hypothesis
[ 3] The function R has the greatest
modulus value in head and following wave
conditicns Encounter frequency.
ce=0t+tVkcosl=neo -k Vi
(14)
where




Vi - surging speed projection to a

arrection of run of waves in meviag
oordinate svstem connected 1o a vessel,
k= o'/ g - wave number
Thus the average value of encounter
frequency over speed Vo as 15 usual.

{ -

wec=0(1+FrcosP/0,4 vA/L )
(

-
Lo ]}

)

As kVifl << @eo (the long waves or small
Vi) in (14) are possible to consider we =
oeo, and the equation (6) remains linear, so
according (12), (13) for a spectrum of
oscillations of speed of a vessel we have

sv=t B |7 swio, v«
4 CA%
1+ (m eeots)]” (16)

Where Swi(n, ¥} - wave energy
spectrum I = kVif is not small in
comiparison with @eq, the equation {6) gets
nonlinearity:
tsd v +2 VT =- Rasin{ oeot -

drt
-kVifit) (17)

In following waves (cos § = -1} it 1s
possible, that the vessel does not lose
average speed and under condition of Fr
- 04V AL according to (15) weo — 0,
so the load vanation is defined by kVzf
value and the nonlinearity is displayed in
the greatest degree As Vif# 1t is equal to
osciilations &g of a centre of a vessel in a
direction of run of waves in regard to the
origin of moving system of coordinates,
the equation {17) can be written down as.
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%

=- Rasin{ @eo 1~

-k Zg) (18)

This nonlinear in relation to a load
phase equation was investigated in details
i many known works [3] - [7] and in
athers. The basic peculiarity is a possibility
of so-called “surf-riding”, when the
instantancous surging speed of a vessel
reaches value of a wave phase speed, ie
(Vo + V1 ) cosp = C and the vessel by
jump is from a mode of oscillations of
speed {surging) to a mode of riding on
waves without speed oscillations.

The goal of the present article - not
concerming this direction of researches to
pay attention to other possibie kind of a
movement of a vessel in waves, when the
nonlinear oscillations of speed occur in the
small  frequencies domain not in
consequence of fluctuations of resistance
Rt, but owing to fluctuations of thrust in
conditions of propeller “racing” under
heavy motions.

2. METHOD OF ANALYSIS OF
PROPELLER RACING UNDER SHIP
MOTIONS IN WAVES.

Ship metions cause time periodic
variations  hydrodynamic  forces  of
propeller The oscillations of the propeller
near to a surface with blades water braking
are accompamed by burst of air
(atmospheric  cavitation of blades),
acration of a flow and spraying. Thus an
average thrust and torque moment of the
propeller are much reduced, grow
amplitude of #s oscillations over period of
motions. This phenomenon has name of
propeller “racing”. The physical picture of
a flow of blades on such modes is rather
complex The hvdrodynamic analysis




shows. that intensive periodic burst of air
by propeller caution under motions arises
only under condition of excess the
propeiler loading of some critical value It
is possible to characterize hvdrodvnamic
propeller loading by Kd tactor, which is
defined under the formula.

Kd= Vo(l-W)D~ o Teo (19}

Where D = 2R - propeller diameter,
{ R - radus)

W - wake factor
p - density of water

The more 15 propeller load the less
Kd value The mode of intensive burst of
air suction to the propeller under motions
comes under condition of .

Kd (J) = K*d (&) 0

These characteristics depend on
propeller geometry and parameters of its
operation, basic of which

- advance rat1o

j=Vo{1-W) -
ho D
- atmospheric cavitation number

& =2gh/(noD)y

In these parameters no - propeller RPM.
and h - propeller axis immersion. In calm
water the immersion %, of the propeller
develops of immersion ho at standstill,
stern wave ordinate Zw, aft draught
variation Adg and ordinate of propeller
own wave system dho
= ho + Zw + Ada + 8ho

If the immersion ho is less that R, above
propeller will be formed wave trough and
dho <0 In waves the propeller immersion
varies in time
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hity= 7%, -Zp(1)
The relative vertical moticn of the
proveller Zp(t) is defined at the rate ¢of ship

motlons 1n waves with the account of
diffraction  effect  For occurrence  of
propeiler blades water braking u is

necessary, that a condition was carried out’
hm= /1 -Zpa<R

Where hm - minimum propeller axis

Imimersion
Zpa - Ingtant value of positive
amplitudes of oscillations Zb{t)

Working average of propeller load is
defined by value of Kd factor depending on
propeller ratio J advance and the critical
Kd* wvalue depends, in basic, on
atmospheric caviaiion number over the
Mmigimum immersion

2 =2ghm/ (noDY

The hydrodvnamic analysis gives the
basis to consider Kd* as a measure of
activity of air suction influence for
propeller under motions. This fact is fixed
in a basis of settlement physical model of
propeller racing for the first time developed
in [1].

Let a vessel to be rather long ¢n way in
waves of inveriable intensity and direction.
An average added resistance results in
reduction of average speed and propeller
RPM, so that is average load is
characterized by constant value Kd(J).
Owing to osciliations of propeller
immersion there is the variation of its
hydrodynamic forces.

If the waves and the motions are
regular (Fig 2), then hm 1s constant. Hence,
Kd* value 1s constant which in general is
non-liner in relation to &m . Under
condition of Kd > Kd* the variation of
propeller average hydrodynamic forces are
small and are not accepted in propulsion
analysy (Fig. 2a) It is considered, for




13

evamgle, that the thrust T is constant and 13
equal to a thrust, which would be at the
propeller i calm water If Kd < Kd*.

each peried of osciilations the propeller In
the top postion suck m the air, therefore
there are the oscillations of a thrust and
torque mement of large amplitude and the
average value of a thrust and torque
moment cann will decrease on 47 - 60 9

Fig 2b)

This picture, however, is poorly similar
te real process of propeller racing at which
the large thrust and torque moment
oscillations arise rather seldom and non-
uniformly alternate through intervals of
time, considerably large, than period of
motions The reason that in condition of
irregular waves  the dynamic propeller
characteristics becoine random processes,
and the spectral analysis of full scale and
model tests results testifies to characternstic

growth of mtensity of propeller thrust and
torque moment  oscillations in  small
frequencias domain [ 1], [7]

These physical peculiarities are
reflected by model of propeller action
under motions as nonlinear pulsing svstem
with random inputs (Fig 3} Oscillations of
mmmersion h(t) and all dependent from h{t)
the propeller characteristics are considered
as random processes Initial process ht)
has envelope hm{t), which in general 1s
followed up by fluctuations of parameter
correspond  &m(t) Stochastic oscillations
Kd* correspond to this fluctuations The
zone of loads at which propelier heavily
sucks in air, pulses, contracing and
extending together with its border. While
the trajectory of process Kd* does not
reach a constant level of Kd{j) the propeiler
mode is not captured by a zone of
advanced atmospheric cavitation and the
fluctuations of  forces represent
“continuous”  stochastic  processes  on
frequencies h{i). In separate stochastic
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moinents of time the zone of critical loads
“captures’ a mode of propeller operation

there are the sharp failures - pulses of

average values of forces on frequencies
hm(t). The fluctuations of “coniinuous” Tt
and pulses of “average” 1%t of forces have
spectra on various frequent ranges and are

considered therefore as simultancously
proceeding independent stochastic

processes According to this scheme;

Tr=Tt{ Ah{t)~ 7] (hm(1)} (21
To the analysis of pulses of ~average”
forces the barrier-crossing theory of
rejection 1s applied, thus random unit
function is intreduced
(1, K*d{t) 2Kd
(K*d-Xd )=
Lo,

=1
K*d(t) <Kd
{22)

This function describes time parameters
of propeller racing and

Teet (1) =-q Teo 1{t) (23}

]

In this expression the function q is
defined under the hydrodynamic theory of
the oscilating propelier {or on experiment
remlts} depending on its parameters and

“significant” value @m [2]. According to
(22, (23) the propeller will nonlineary
tracsform process Kd*(1) to a sequence of
rectangular pulses with stochastic duration
and pauses As the initial process hit) 1
normal random process and at  its
transformations 1s  applied  statistical
linearization the total probability Pr of
propeller racing under ship motions on
waves is defined by expression:




where K¥do - value K"4 at average
value &mo dependent from /1, .
a - hydrodynamic factor,

On  physical sense the prebability Pr
represents total relative time of propeiler
facticn on modes of advanced atmospheric
cavitation {racing) for long time of a ship
way In waves of constant intensity, 1

o

P =fim (L [ “'Gi(f}aﬁ\g
A /

fa —t

robability of racing Pr is always less

them probability Pem of propeller
emergence  {propeller  blades  water
braking):

i Vot N 2

1{ A —-R) ~

Pem = expl{ ] ] L B2 R

! 2\ o, ) |

(26)

As the characteristic of pulsing process
Pr defines factor of filling of random pulses

Pr=V -7,
Where
v - average number of pulses in time unit
T, -average duration of pulses
~ '\,‘27{
T =
r W, 7
Where

@, - average frequency of envelope h(t).
The order of values Pr and Pem for
varipus conditions of head waves s
demonstrated in table 1 on an example for
the two-screw Ro-Ro ship by displacement
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36000 t. Tt is visible, that the propeller
racing can have high probability in waves
more than 6 Bofourt numbers even for a
vessel 11 a load conditon and this
probability is much less, than probability of
propeller emergences. Being limited the
speciied tems of information on propeller
action under motions we shall note in
addition. thar a spectrum of the process
T7ex(t) as (23) adjoins to zero frequency
and quite reflects experimental data [ 1],

3. MOVEMENT OF A VESSEL WHEN,
AT PROPELLER RACING
CONDITIONS IN WAVES.

The movement of a vessel in conditions
of propeller racing is possible to consider
as a consequence of pulsing process
described in item 2 of thrust vanation. The
pulses of thrust reduction are repeated in

5

. o /
average through intervals of time /1/;

which are severa. times as high as mean
period of moticns. Thus vessel is runmng
nonstationary being braked on large waves,
_when the amplitude of motions is great and
propeller sucks in the air, and then again
accelerates while pass waves of the smaller
sizes and motions small. For the purposes
of practical account it is possible to use the
following approximate approach. It is
considered that the average characteristics
of pulsing randem process define
some equivalent on influence on a vessel of
nonrandom pulsing function of discretic
relative time.
Vt=71+g 0<e<l, [=0,12

(27)
The formula (22) accepts a kind
. e 4-(1, 0<eg <P 53
t) = ) = 28
®) (L ) 10, F{e=l (28)




periods vV occurrence of pulses and
relative duration Pr According 10

(23) propeiler thrust varations are defined

[}

The equation of a movement of a vessel
according to {6), {29) is the ncnlinear

equaiion of the closed pulsing propeller-
null systemn  Orfering, that the function

dees not depend uponn VT 1t 1s possible to
use the equetion of open pulsing svstem
with a linear continuous part

T
L

e 7= ey (30)
o div [) )
Wheare
22
o = ——
I, xw,
The solution locks like:
[r r T
I o
i ifexpi——(I—Pr)! !
f L Sl
i‘ l-exp{~ar L) i
! Y
| a0 !
| xexp) ~—¢
{r — (1’:; L l\ [ _
T2 1-exp(-a)
1—6‘{p(—cc,P)
[ ]
ixe‘&p‘i—ﬁ(e—}’ + 1+ 1
. l !
! S
L J
0<e< P
(31)
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g l—exp -o) | o
I::{: /( j\ e}(p%“"‘ﬁ'—(g_P,)
-1 !'—a " .
1 -exp 12y -
] o N
x4 1—exp| — (rul}ir, P o<l
. L b 2

The first expression describes variation
of Vtr  during action of a thrust pulse,
second - during its absence. This change
occurs under the expcnential law, and
during a pulse of thrust the loss of speed s
increased, and in an intsrvel reduces, but
with the time accrues on a sawtooth curve
(Fig 4). The maximum values come at € =
Pr minumum at € =0 In a steady process’

— g, 1- exp(fa)
! Tean, - ~ 7 N
L PN Y s
I-exn P
(32)

Double amplitude of osciliations

Additional average loss of ship speed
Y - . .
caused by propeiler racing under motions in
waves'
\
e g\ o l+exp(ﬁa/P,} N &P
” 4 l-exp-a/P) 2

(33)

This elementary formula is especially
evident. On Fig. 5 the diagrams V*m
depending on are resulted Pr(y ) at change
of refative average propeller immersion 4,
{aft dranght) for vessel {L = 140 m, Cb =
0,70, Vo = 13,5 kn, 1o =
head seas with H12 =45 m.

121 1/min) in

| O |

A
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Table 1
The characteristics of propeller racing under ship motions in waves
Characteristics Service conditions

Draughe of ship - d m da=d=9387 da=d=2806 da=70

d=26,23
St speed o ostli | Vs kn 2465 235 26,8
weather _
Propeller RPM in stll {  ns 1/min 1295 1310 1330
weather
Sea st (Bofourt - - 5 7 g 5 7 6 7
humbers)
Significant wave | His m 4.3 6.3 8.3 4.5 6,5 4.3 6.3
height :
Mean ship speed 1| Vo kn 212 182 15531 218 18,8 | 23, 19.8
head waves
Mean propelier BPM | no min | 123 119 113 | 1265 122 1 128,5 124

in waves

Mean propeller RPM | ho m 715 670 625 | 330 3,00 425 383

IMTErson

Mean amplitude of | Ahg m 169 248 32 172 2.50 1,75 230

propeller imunersion

Mean frequency of | oh 1/s 140 1,17 0,97 1.43 1,16 143 1.20

propeller immersion

Probability of | Pem %% 0.7 13,6 41t 21.6 36,5 60.6 830

proveller emersence

Probability of | Pr %% Q03 70 387 022 223 133 5343
nropeiler racing i
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ADVANCES IN
EXPERIMENTAL TECHNIQUE
FOR INVESTIGATIONS
ON STABILITY




WIND HEELING MODEL TEST
FOR THE DEVELOPMENT g}? TALL SAILING VESSELS STABILITY

J. Miynarczyk
Faculty of Ocean Engineering & Ship Technology
Technical University of Gdansk

ABSTRACT

A number of accidents and capsizings of sailing
vessels confirms that existing stability cnteria
have to improved. The weak point of these cni-
teria 1s a sitmplicity of heeling moment calcula-
tion. To make these problems closer to real
physical phenomena a series of aerodynamic
model test have been carried out.

The paper describes model test of sailing vessel
USCGC EAGLE carried out in aerodynamic
tunnel of Institute of Aviation in Warsaw. The
problem of appropriate modeling is discussed.
The paper is based on two research projects.
One of them was sponsored by US Coast Guard
[8] and conducted by Science and Technology
Corporation, US. The second project was spon-
sored by Research Committee of Polish
Government and Polish Register of Shipping
and coordinated by Faculty of Ocean
Engineering & Ship Technology Technical uni-
versity of Gdansk.

During the last fifteen years the Polish Shipyard
of Gdansk was the world lider in design and
building of sailing vessels. Over a dozen or so
sailing vessels were launched. It was a motive
power for development of stability criteria.

NOMENCLATURE

o - angle of attack

a; - induced angle of attack

oo - wind gradient correlation coefficient

ag - angle of attack on the yard in the gap
between two square sail

B - course angle according to apparent
wind velocity direction

¥ - course angle according to true wind
velocity direction

& - sal tnm angle

i4
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- drift angle

- sail aspect ratio

- span of sail

- averange chord of sail

- sail drag

- aerodynamic force of sail

- sail Iift

- sail heeling force

- Reynolds number of sail base on
averange chord

- area of sail

om - 2ap between to square sails working in

stock - pile set

- sailing thrust

- wind speed

- apparent wind velocity

as - apparent wind in the gap between sails

V; - sail induced velocity

Vox - true wind velocity measured at height

above see level
V, - ship speed
z - height above see level

T O O >

=

nin

<< <

a

g/

5 L
=
=

Fig.l1 Angles, velocities and forces on

sail profile.




1. INTRODUCTION

A stability 1s a critical element in the process of
design and safety operation of sailing vessels.
During her hife the sailing ship is exposed to
severe capsizing wind forces. In such condition
the safety of vessels depends on an appropriate
decision of the captain ‘how to adjust the sails
area to rapidly changing weather condition’.

To improve the stability cnteria US Coast
Guard decided to carry out wind heeling model
test for the sailing vessel USCGC EAGLE at
full scale and on a model test facility. The
model! test was carried out by the author in low
speed tunnel of Awiation Institute in Warsaw
under the contract of the Science and
Technology Corporation (STC) [8]. An open
working section of the closed circular wind tun-
nel 15 of 5 m.(16.4 ft) in diameter with max.
speed 57 m/s (110 kt). The primary objective of
the model test on USCGC EAGLE were the
wind heeling moments measurements as func-
tion of apparent wind angle at the same sets and
tnims as 1n full scale test - the correlation test.
The second objective was the measurement of
the wind heeling moment under the worst con-
dition of sailing for heel angle from upright to
as close to the knockdown condition as the test-
ing allowed - the heeling moment versus heel
angle test.

The main problem of such kind of test is scal-
ng.

A false model scaling can give wrong resuits
and conclusions. In described above set of tests
the scale of model was 1:33.333.

The additional model test was carried out in the
same wind tunnel under Polish Register of
Shipping supervision. For this purpose the fore-
mast of USCGC EAGLE with all sails in scale
1:17.5 was tested. The aerodynamic character-
istic of each sail working separately and togeth-
er have been established. The induced veloci-
ties in the vinicity of different sails were record-
ed. The main aim of these tests was to establish
the mutual interaction between the sails . These
data have been used to testing the procedures of
computer program for simulating sailing ves-
sels capsize in stable and gust condition [5] [6]
[71.

The computer program is still under design.

2. WIND HEELING MOMENT MODEL
TEST OF USCGC EAGLE

2.1 DESCRIPTION OF THE EAGLE
The USCGC EAGLE is a three-masted bargue

§ LWL W Lw S Yo

built in Hamburg, Germany, at the Blohm and
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Voss Shipyard in 1936. She is the sail training
ship for the U.S. Coast Guard Academy and the
largest sailing ship in operation by the US.
Government. An outboard profile of the
USCGC EAGLE against the background of
wind speed distribution as a function of height
above the sea is presented on Fig. 2

Surfeos (m)

-

&

=T

Halght Above the Woger

i
)
Wind Speed (m/s)

Fig. 2 Outboard profile of the EAGLE
and wind speed distribution as a

function of height above the sea

i

The principal characteristics

of USCGC EAGLE:

Length Overall -899m
Length on water line (LWL) - 70.0 m
Beam -12.0m
Draft -4.6m
Sail Area - 2066 m?
Mast Height above LWL -455m

2.2 SCALING THE MODEL TEST
The following conditions have to be fulfilled in
order to guarantee similarity between the flows
over the sails in full and model test:

- geometry similarity

- kinetic similarity

- dynamic similanty
The geometry similarity was fulfilled by build-
ing the model of the hull, superstructure, sails
and rigging based on plans of the full-scale
ship, sail makers documentations of the sails,
and pictures of the full-scale ship. The hull of
the model was constructed of wood and the
masts and yards were made of brass rods that
were turned on a lathe to obtain an accurate
reproduction of their shape. The mast fittings
were made of steel or brass plate and mounted
by brazing, brass soldering, or riveting them in
place.
The sheets and square sail braces were made of
steel wire to provide the proper stiffness and
strength and were adjusted with small custom-
made turnbuckles. The saill were made of
dacron with a scaled shape taken from the doc-
umentation for the full-scale sails. The sail pan-
els were marked with double seams.




The kinematic similanity was fulfilled by adequate
modelling of sails flow conditions and apparent
wind relocity gradient above the sea level.
When a thin airfoil with the sharp leading edge
is placed in a flow, boundary layer separation
on the leading edge appears frequently. In gen-
eral , the flow around such a section is very sen-
sitive to external flow conditions. In this case
the maximum lift coefficient depends on
- the sum of the momentum losses incurred
along the suction side
- the values of the skin friction drag coeffi-
cient
- the location of the boundary layer transi-
tion point along the suction side.
The boundary layer reattachment can occur in
the laminar-turbulent transition zone where the
critical value of the Reynolds number is
exceeded locally. The secondary flow connect-
ed with the momentum dissipation in the region
of flow separation affects the pressure field on
the suction side and causes a decrease in the lift
coefficient. The model test must be performed
above the critical Reynolds number to fully
develop a turbulent boundary layer and avoid
this phenomenon. The critical Reynolds num-
ber value for thin airfoils is 3 -10° [2-4]. In the
supercritical range of the flow parameters (tur-
bulent flow), the behaviour of thin airfoils 1s not
so sensitive to Reynolds number vanation.
Thus, exceeding the critical Reynolds number
assures that proper aerodynamic force is estab-
lished. Wind tunnel turbulence and atrfoil sur-
face roughness affect the turbulent boundary
layer generation significantly. Apart from fulfil-
ment supercritical conditions of the flow , tur-
bulence conditions were induced by application
of grinding powder along all the leading edges
of the staysails and rigging. Thin wires were
also added (0.5 mm (0.02 in.) in diameter) to
span between the neighbouring yards in front of
the square sails to generate Karméan vortices.
The local min. Reynolds number values for the
least (flying jib} sail for full-scale and model
was Rn=1,4-10° and for model test
Rn=036 10°.
The wind velocity over the ocean 1s a function
of the height above sea level. This velocity dis-
tribution with height is shown for different
wind speeds in Fig. 1. Long-term measurements
of the wind speed distribution over water have

led to the following equation for velocity as a
function of height:

g0 W

or approximating:

0.1
s

V(z) = Vy "To

V(z) = Vip -

where V,, represents the value of standard
velocity at 10 m (32.8 ft) above sea level and z
is the height above sea level.

On a sailing ship, the apparent wind velocity is
the superposition of the ship velocity and local
wind true velocity, which varies with the height
above sea level. Thus the upper sails work in
higher velocities and generate higher loads. For
the model tests, the model was to be stationary
in a wind distribution that varied with height
above the wind tunnel floor. The model-scale
wind distribution used was based on apparent
wind distribution at full scale, because forward
speed of the full-scale ship would be modelled
using the method describing below.

Neglecting the drift angle as a smail value we
obtain the relationships (see Fig. 1):

_V,smp 'V, cosp - Vg

v
siny cosy @
and:
V siny
V, = ———
* sinB 3
It gives relationship:
V, = Vcos(y ~ B) + V,cosp 4)

Since the difference between the true and
apparent wind direction (y - B) is often small
and the cosine of those angles is very nearly 1,
the equation can be approximated as:

V, = V+ V,cosp (5)




Wind sheer or drag near the free surface
decreases the velocity from the free stream. The
effects on the sailing ship is to decrease the
apparent wind speed and direction closer to the
deck. The equation that best fits actual mea-
sured data for wind speed as a function of
height above the sea surface, z, 1s:

Viz) = V,, (%] ) (6)

For model testing, the wind speed 1s selected to
maximise the loads on the dynamometer with-
out exceeding its Himits.

maximum free stream wind tunnel
speed

Vmax =

This wind speed is the free stream wind speed,
and screens will be added to slow down the
flow toward the floor of the wind tunnel. This
speeds corresponds to the apparent wind speed
that was measured at the top of the foremast in
the full-scale tests. If the model 15 to be exposed
to the same shape of wind distribution wind
height as the apparent wind distribution in full
scale, the wind speed at any height must be in
the same ratio to the free stream as the apparent
wind speed at the corresponding height in full
scale is to the masthead wind speed. At the sea
surface, the true wind speed 1s zero and the only
contribution to he apparent wind is from for-
ward speed of the ship in full scale. Using
Equation 4,

V., (2) = V(z) + V,cosp (73
and at full scale
Vo(z=469m) =V, = V(z=469m} = V cos (B)

and using Equation S:

€
V, =V, (—Z—) + ¥V, cosp (©)
10
and
V,(z=0m) = V,cosp {10}

For model scale:
Vo (z's = 46.9m) = V.0 (1

where s = scale ratio
and  z’= height above the wind tunnel floor
(sea surface) at model scale

V,{(z's=0m) = Vp ux - & (12)
where

_ Vgcosp
o= (13)

From Equation 9:

_ V- Vecosp _ Vy(l-a)
(5&2)6 [@) (14)
10

10
The corresponding model test relationship
would be

0X

v - Viman (1— )
(%) “5)

The general description of the wind speed ver-
sus height for the model test 1s then

P NE€
z-8
Va(z') = VTmax o+ VOX(E) (16)

or

N VTmax(l_a) [Z_’_S_)e
Va(z) = Vimax & + (46.9)6 10 (17)
10
Then equation 16 becomes:

Viz"Y= W
Yard )
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Vo " &+ 09491V - (I-a)-(2) (18)




The regression determined the value of the
coefficient o that best fits the apparent wind
distribution. The distribution vary from test to
test and with apparent wind angle for each cor-
relation test data set Therefore, a single test
condition was selected from each of the eight
correlation test data sets; the model-scale wind
distributions were based on these individual
events. The selection of the test condition in
each data set was based on the event that had
the highest heefling moment for those events
where the ship was moving well in a close-
hauted condition. The values of o were similar
for some of the tests so 1t was possible to use
only three separate distributions (values of &) to
cover all model-scale correlation tests. It was
necessary to himit the number of distributions
because developing a particular velocity distri-
bution in the tunnel was the most time-consum-
ing part of the testing. Each distribution was
developed by iteratively varying comb-shaped
piles and turbulence mixers placed upstream of
the model until the measured and desired veloc-
ity profiles matched. The velocity distributions
were designed Type 1, 2 and 3 wind profiles
corresponding to values of a of 0.2, 0.09 and
0.0 respectively. The correlation between the
desired velocity distribution in the tunnel and
the actual measured distribution for Type 1
wind profile is shown in Figs 3.
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The dynamic similarity was fulfilled by match-
g an apparent wind gradient to full-scale test
and preserved the same angle of attack on
appropnate sails. In general a change of the true
wind velocity, heading angle and vessel speed
require additional apparent wind velocity distri-
bution for correlation model test, according to
eg. 18,

The adequate angle attack of each satl was fixed
by adiustment of sail tnm angles In order to
trim the modef yards to the same angles as dur-
ing the full-scale tests, thin brass plates of the
appropnate size were attached to the mast
above each yard and to the yards. These plates
were shaped as half-circular sectors and had
small holes drilled, enabling the yard position
to be fixed as required at predetermined angles.
Rows of sheet caiches were distributed on deck
to allow the staysails to be trimmed to the
required angles; each staysail had its own row
corresponding to the trim angles of the full-
scale test conditions.

The square sails, yards and staysails sheets
were equipped with stops to obtain quickly the
required trim angles corresponding to the
requested test data.

3. THE TEST FACILITY

The low speed wind tunnel at the Awviation
Institute was selected for the test. This large
aerodynamic tunnel has an open test section
and an exhaust nozzle diameter of 5 m (16.4 ft).
The maximum velocity of the air flow 1s 57 m/s
(110 kt).

The measurement stand is shown in Fig 4. The
floor of the tunnel had distributed turbulence
mixers simulating the sea surface and was
placed between the intake and diffuser exhaust
nozzles. The model was placed on a turntable
that was located in the centre of the tunnel floor
and connected by brackets directly to a six
degree - of - freedom strain gauge dynamome-
ter. The construction of the rotating dynamome-
ter base allowed the apparent wind to be simu-~
lated at any angle to the model.

The gap between the tunnel floor and the model
hull surface was approximately 2 mm (0.08 in.}.
This narrow gap was achieved by using filler
pieces that were templates of waterline at the
heel angle being tested. The bottom part of the
model hull and the measuring devices attached
to the hull were protected from the flow by cov-
ers. The forces generated on the covers and the
tunnel floor were not recorded by the strain
gauge six degree - of - freedom dynamometer.
The forces and moments from the dynamometer




were recorded by an automated data acquisition
system running on a personal computer. Data
were collected at 400 samples/s for 2 5. A filter-
ing system performed root - mean - square aver-
aging of the data as they were collected. The
time averaged measured quantities were trans-
formed to dimensionless aerodynamic charac-
teristics and presented on appropriate plots.
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Fig. 4 The measurement stand for the
model tests.

4. MODEL SCALING

The following quantities place limits and there-

fore determine the model scale:

- The critical value of Reynolds number
(Recrit) for the test conditions that enables
the model test to occur 1n turbulent condi-
tions. Recrit limits the minimum size of the
model (maximum scale).

- The maximum value of blockage coefficient.
The blockage coefficient limits the maximum
model size (mimimum scale). The blockage
coefficient 1s the ratio of model lateral area to
acrodynamic working section area. For val-
ues of the blockage coefficient higher than 10
percent of the drop 1n pressure from the high-
est level ahead of the model to the lowest
level behind the model starts to affect the
drag and lift generated on the model. The
model lateral area is limited to approximate-
ly 2 m* (21.5 ft*) for the large, low speed
wind selected at the Institute of Aviation.

- The maximum heeling moment recorded by
the strain gauge dynamometer. For the
dynamometer used, the maximum heeling
moment could not exceed 800 N-m (590 fi-
Ib).

- The dimensions of the rotating part of the
tunnel floor. These dimension limit the max-
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approximately 2.2 m (7.22 ft). The tunnel
floor simulates the sea surface so the hull of
the model must penetrate this surface.

- The strength of model rigging and mast
These model elements are not able to carry
enormous load that is generated by large
wind speed. Taking the pattern of the flow
around the sails and all the above conditions
into consideration, a model scale of 1 to
33.333 was chosen.

5. THE TEST PERFORMED

Two types of model tests were performed. The
first type was a replication of the full-scale
measurements to establish the model to full-
scale correlation. The second type of tests mea-
sured the wind heeling moment as a function of
heel angle up to values approaching a ‘knock-
down’.

For the correlation tests, the model was placed
at similar heel angles as in the measured full-
scale tests and the sails were trimmed to the
same angles to the wind as recorded in full
scale. Data were recorded in approximately 10°
increments of increasing apparent wind angle
until the range of wind angles recorded at full
scale was covered. The correlation tests were
intended to show how the full-scale data com-
pare with the model-scale data. The objective of
the heeling angle tests was to generate curves of
wind heeling moment versus heel angle that can
be scaled to full scale for use in a stability
assessment of the ship. Two sail arrangements
were done: One at full sail (Fig 2) and one at
reduced saill for heavy water (Fig. 5). The
model was placed upright at an apparent wind
angle that generated the maximum wind heeling
moment. Then the heel angle was increased in
increments of 10° until the mode! interfered
with the wind tunnel floor (60° was the maxi-
mum angle).

Fig 5 Sail arrangement for heavy weath-

er condition
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The results for the heeling angle are present on
Fig 6
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Fig 6 Results of the heeling angle test

6. THE SAILS INDUCED VELOCITY
MEASUREMENTS

Under The Polish Register of Shipping supervi-
sion the computer program for stmulating sail-
ing vessels stability and capsize 1s under con-
struction The program 15 based on early theo-
retrcal works {51 [6] [7]

The hydrodynamic model 1s based on three
dimenstonal equivalent inclination [7] The
aerodynamic model 1s based on thin airfoil the-
ory [1] The data base of aerodynamic charac-
teristic of different shape of sail bases on the
results of sails model tests [6]

USCGC EAGLE was selected as a one of the
ships for testing the stability simulation pro-
gram For this purpose the addiional aerody-
namic fest was carned out Each sail of fore-
mast was tested separately and next together for
catching the mutual interaction on aerodynamic
charactenstics

Fig 7 Influence of induced velocities on
flow over the palisade of sails
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Practically this influence depends on mutual
induced velociies The tnangle set of sails are

mainly affected in horizontal plane as shown on
g 7

Fig 8 Influence of square sail stock pile
on velocity field behind sails

The results show that the induced velocities in
palisade sails are related to angle of attack on
each sail and approximately equal to

o, =05a (19)

It 15 vahd for close hauled condition where the
heeling moment is maximum

The influence of induced velocities 1n square
sail stock pile 1s mainly recognisable on veloc-
ity field behuind the sails as shown on Fig 8
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shift of the fishing net on the
deck.

2.0UTLINE OF THE CAPSIZING[1]

The purse seiner left for the
East China 5ea for fishing on
February 17, 1993.

The nagasaki marine
observatory ahnounced a gale
warning in the whole area of
the East China 5ea near Kyushu
in JAPAN at 5:356 p.m. on
February 20.

At about 11:40 p.m. the purse
seiner gave up fishing, because
the wind velocity became 10
m/sec and the wave height grew
to 2 m high. Although the
preparation for weathering the
storm was made by crew, the
fishing net was not fixed on
the deck then.

At about 11:52 p.m. the purse
seiner was navigating toward
the east at a speed of 9 knots
in the sea area of 328 degrees,
13 nautical miles from the
Shira Se lighthouse. The wind
velocity became 15 m/sec ahd
the wave height grew to 2.5 =n
high. The purse seiner was
rolling with an amplitude of 15
degrees in the starboard beam
seas. A shipping spray on the
deck occurred frequently, like
that shown in Photograph 1, and
the shipping water on the
starboard deck occurred,
causing the ship to roll
largely to the starboard.

At about 0:05 a.m. on
February 21, the purse seiner
reached the sea area of 336
degrees, 12 nautical mjiles from
the lighthouse. The direction
of the current in that area had
changed.

At about 0:20 &.m. the purse
seiner was mnaintaining its
direction and speed and was
navigating waves which had
grown tc 3.5 m high.

At about 0:21 a.m. when the
purse seiner rolled far to the
starboard, the fishing net on
the deck shifted in the sam
direction. Because of that, the
ship was inclined to the

[
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Photograph 1. Fishing Beoat and
Patrol Ship which were
searching the capsized
ship on Feb.21, 1993.

{This is the photograph which
was printed in the MAINICH
news paper on Feb.22,1993)

starboard about 25 degrees and
did not restore to the upright
condition. And the engine was
stopped.

A few of the crew  were
escaping from the crew space
under the net space on the deck
to the port of top of the deck
house ({see Figure 1). The ship
was greatly 3inclining to the
starboard immediately after
that, because of a large
quantity of shipping water on
the starboard deck.

At 0:22 a.m. the purse seiner
capsized in the sea area of 347
degrees, 11.3 nautical miles
from the lighthcuse.

3.MODEL EXPERIMENTS

The purpose of the mode]
experimente is fto find cut the

cause and the process of the
capsizing of the purse seiner.
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Therefore the experiments on
the capsizing were carried out
by using a model ship of the
purse seiher 1in the same geam
seas condition as the sea area
where the ship capsized.

3~1.MODEL SHIP
The purse seiner 1is a single

decker and the wheel house is
located on the top of the deck

house at the nidship. A
gpacious flot storage of the
fishing net is provided on the
deck of the aft body. The
general arrangement of the
purse seiner is shown in Figure
1. The side deck o©of wooden

plank used as a working area is
characteristic of this ship, as
shown in Figure 1.

Fig.l General Arrangement

The model ship was made
according to that arrangement.

The principal particulars of
full scale ship and 1/20 scale
model of the purse seiner are
shown in Table 1 and the body
plan is shown in Figure 2.

Table 1.Principal Particulars
of Pull-Scale Ship
and Model Ship

SEIP? ITEM FULL~SCALE SHIP | MODEL SHIP

Loa 36.90 =

1.845 ®

Lee 30.30 = 1.525 wm

B 6.90 = 0.345 m
b 2.64 = 0.132 »
d 2.85 = 0.118 n

Dispiacement 260.76 ton 32.60 kg
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Fig.Z2 Body plan
3—2.EXPERIMENTAL CONDITION

-Metacentric Height GM
The experiments were carried

out in three GM conditions of
the model ship. One condition
is a designed metacentric
height, GM=6.85cm {KG=12.43cm),
and the others, GM=5.50cn
{(KG=13.80cm) and 4.45cm
(KG=14_85cm) . are the assumed
metacentric height which was
reduced by the raised weight

for this investigation. Each of
the KG correspond to 2.49m,
2.76ém and 2.97m in the full
scale ship.

The stability curves in the
three GM conditions of the
purse seiner are shown in

Figure 3.

e
o
i

® KG=2.49m
=T @ KG=2.76m
B+
N @ @ K6=2.97m
@ @
0 | & | I
_ 20° Q"\Qo

Fig.3 Stability Curves

.Fishing Net and Weight

The fishing net on the net
space of the model ship was
made with a net of chemical
fiber and a sponge which can

absorb water. The fishing net
which was loaded on the deck is
shown in Photograph 2.
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Photograph 2. Fishing Net which
was loaded on the deck

The weights of the fishing
nets wused in the experiments
were 2.68 kg and 4.32 kg. The
former was made up according to
the rule in JAPAN, the latter
is the designed net weight 3.33
kg plus the weight of the water
scaked sponge which is 30% of
the net weight.

«Inclination of Model Ship

In order to understand the
cause and the process of the
capsizing of the purse seiner,
the model ship was tested not
only in the upright condition
{see Photograph 3), but alsc in
the inclined condition { see
Photograph 4). The author chose

i
Photograph 3. Upright Condition

Photograph 4. Inclined Condition
with 10 degrees

two different inciined
conditions, angle of 5 and 10
degrees respectively, the

fishing net on the deck was
adjusted to obtain the desired
inclination.

‘Wave Height and Period

The model ship was tested in
three wave height conditions,
13.0cm, 15.0cm and 17.0cm.
These heights correspond to the
Z.6m, 3.0m and 3.4m wave
heights in the sea area at the
time of the capsizing.

The wave height was 2.6m 1in
the sea area where the ship was
navigating 30 minutes hefore
the capsizing. Shipping water
began to accumulate on the deck
in this sea area.

The purse seiner capsized in
the sea area with a wave height
of 3.4m.

The wave height 3.0m is a
intermediate condition between
the 2.6m and 3.4m heights.

The wave periods used in the
experiments were 1in Iincrements
of 0.1 second from 0.8 second
to 1.8 seconds.

3—3.CAPSIZING EXPERIMENTS

The capsizing experiments
were carried out in 54
different conditions of
experimental conditions by
varying GM, the welight of the
fishing net, the floating
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condition and the wave height
Hw. These conditions are shown
in Table 2.

Table 2. Experimental Conditions
inclineé Angle l 8° 5° 1g°
Weight of

Z.58 kg. 4. 32k

Fishing nei

12. i5¢m,
(2 49w

8 Lhew,
{1 37a

13.0 cum

14.85¢m
2.97m)

1%, 80¢cwm,

KG
{Fuli-Seale shin) 2 Tbm

i dienm
0.89m)

17 0 c=m

5. 50ca,
1 ilm

i5.0 cm

GM
{Full-Scale ship)
H=

The wmodel ship was exposed to
regular transverse waves {see
Photogzraph 5).

The behavicr of the
ship in beam seas for
condition was recorded by
tape recorder.

model
each
video

i PO TR S

Photograph 5.

Model Ship in
Regular Transverse Waves

3—4 RESULTS GOF EXPERIMENTS

Results of the experiments on

the capsizing are shown in
Tables 3 to 8. In the Tables,
triangles indicate that waves

did not reach the deck over the

bulwark top. In other words,
the deck was drvy. Double
circles indicate that the
shipping water got on the deck,
but the model ship did not
capsize. Black circles show
that +the model ship capsized

due to the shipping water which
had accumulated on
The shipping

Eo g Y
[ .8 —) L= =5

water on the

occurred at the shorter
incident waves than

rolling period Ty
condition with

deck
periods of

the natural
in the wupright

different kinds of the
metacentric height GM, but the
mode]l ship did not capsize in
any GM condition, as shown In

Tables 3 and 4.

Table 3. Experimental Results
in Upright CGondition with
Fishing Net weighing 2.68kg

Initial ¥oight of GM () | Aa Fu (5o}
Inciined Tisbing net
Angle {dax ) (k) Todsec | (en) |02 fo9 |ra i [rz jys |14 {55
13 1@ 0 @ alal—- -1
!8 8:7 s gl olalat— 04—
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izlpliegle Al ~ @ — 1 — ) —
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Table 4. Experimental Results

in Upright Condition with
Fishing Net welighing 4.32kg

Initiat Foipht of GM {(ex) | Ho Te (sec)
[nclined tishlre net
Amele (deg } {ke) Tu (ae0) (e} OB {08 |10 11§12 1% §14 |18
1g 1@ G Diala-l—
Canbsteleloiatata -
) vt el ialalnlsl—
1tz fQiolo alal -~ -
0 4.32 f f; sl lola - -~
: 17010 016 o0 - -
4485 125 O 00 ¢ 0! A1 -
1 ) 30 15 1 10 10 0 iagla | A
17100 000 0]laAlA
In the inclined condition of

5 degees, Tables 5 and ©& sShow
that the model ship capsized in
only the smallest GM condition
although the shipping water got
on the deck at just about the
same range of wave period as in

the upright condition in any
GM.
Table 5. ExXperimental Results
in Inclined Condition
of 5° with Fishing
Net weighing 2.68kg
Initial Welsht of GM (@) | Ho Tw (zec)
Tne? ined Hahing et
Angle (dug ) kg) Tafser) | (cm) Jo8 {63 (10t !ugls 14118
rslojlojolal T T 1
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Table 6. Experimental Results
in Inclined Condition

of 5° with Fishing

Net weighing 4.32Zkg

1834 1a1 Yaisht of | GM (o) | Hy T, Lsec)
1nelined fiskinzg pet T
ingle {deg } [ils] Tzdsee) | fem) [08 (09 fto | 2oz |3z itd i2s
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It is to be noticed that the
model ship capsized at Jjust
about the same range of wave
period in the upright condition
and ‘the 5 degrees inclined
condition in any GM when the
ship was inclining 10 degrees
due to the shift of the fishing
net. These results are shown in
Tables 7 and 8.

Table 7. Experimental Results
in Inclined Condition

of 10° with Fishing

Net weighing 2.68kg

1nitiad Faight of | GM {en} | Ho | Ty (se)
tclined | fishing net v
ponle faeg) | i | Fedoe) | dowd (ne Jow Lo dvr Jre lrs dradrs
. 88 12T |latolal =TT - ; nd
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Table 8. Experimenial Results
in Inclined Condition

of 10° with Fishing

Net weighing 4.32kg

tuktial ¥alght of GM (%) § He Tu (50} _|
Tmelined flaking net
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4. GONCLUSION

The conclusions that have
emerged from <c¢onsidering the
phenomena of the capsizing of
the purse seiner in ‘the model
experiments are as follows:

1) The purse seiner in the
upright condition does not
capsize 1in the same sea area

condition that the actual ship
capsized in ewven 1if the range
of the stability is decreased
due to top heavy condition.

2) In case of the top heavy
condition of the purse seiner,
there is a strong possibility
that a slight inclined
condition due to a shift of the
fishing net led to the
capsizing.

3) The purse seiner with a
large angle of inclination due
to the shift of the fishing net
capsizes easily even 1if the
metacentric height is enocugh to
maintain stability in the
upright condition.

A process and a cause of the
capsizing of the purse seiner
became obvious from the
phenomena of the capsizing In
the model experiments and the
abovement ioned conclusions.

The author concludes that the
purse seiner capsized through
the following process:

ist. the purse seiner was
rolling with an amplitude of
nore than 15 degrees in
starboard beam seas.

Zznd. the shipping spray and

water on the deck occurred on
the starboard side frequently.

The purse seiner was rolling
and moreover was inclining to
starboard due to the shipping

water which had accumulated on
the deck.

3rd. when the inclination of
the purse seiner increased to
the starbeoard due to the effect
of accumulated shipping water,
the fishing net on the deck
shifted in the same direction.

4th. the ship was I1nclining
more than 25 degrees to the

starboard and did not restore
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condition (see

its upright
Phtograph 6} .

Photograph 6. Model Ship which
was Inclining due to the
Shipping Water on the Deck

And, finaily, the purse
seiner capsized because a large
gquantity or a long continuation
of the shipping water on the
starboard deck occurred (see
Phtograph 7).

Therefore +the cause of the
capsizing of the purse seiner
is that the fishing net in the
net space was not fixed on the

deck.
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Hy . 15.0 ca
Tw - 1.40sec.

The capsizing phenomenon of
the purse seiner

at 0.3 second intervals

in the experiments
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The purpose of the present investigation is to
provide some light in the problem of the scale
effect on the ship roll damping coefficients by
means of the results of free roll decrement tests
in calm water at zero forward speed with
different models and a full-scale ship using
different linear and non-linear analysis methods.

1. ANALYSIS METHODS

Several decay experiments were carried out
with models in the towing tank of the Escucla
Técnica Superior de Ingenieros Navales of the
Universidad Politécnica de Madrid and with a
full-scale ship in Ald4n (Pontevedra).

In roll decrement tests an initial heel is given to
a model in calm water. Then the model is
allowed to roll freely recording the decaying
oscillations. A representation of heel angle
versus time, figure 1, is obtained.

Fig 1.- Roll Decrement Calm Water Test

The analog signal obtained from the heeling
sensor was digitized and recorded on the
towing tank carriage computer.

Imposing the moment balance in the system, the
roll decay equation for free roll decrement
tests is obtained as follows

2
D
&2

7+ Mu+ (@) =0

M

where
1 = total roll inertia
@® =roll angle
t = time

Mgy =roll damping moment
c( ® )= roll stiffness coefficient

The roll stifiness coefficient can be calculated as

co(®@) = pgVGZ(®) (2
where
pV  =model mass
g = gravity acceleration

GZ(®) = restoring lever

At this pomt, all the terms appearmg in the
equation are known excepting the roll damping
moment.

Many different formulations have been used to
represent the roll damping moment. Traditionally
the following linear formulation with only one
unknown coefficient was used

Mr: = Bl—d‘;‘

3
The use of this lincar equation is not correct due
to the non-lincar effects of the roll motion so non-
linear analysis methods are requested.

In this investigation two non-lincar methods,
proposed in reference 1, were used. These

- methods make use of the peaks in the roll moment
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and roll angle time-histories to solve the following
linear+ linear-quadratic and quadratic+ linear-
cubic forms, each one with three unknown
coefficients. In both cases second and fourth order
interpolations were used.




linear+linear-quadratic

My, =B -4-?43 I@Idg+B —
TS g T g T gy

d® do

= @
Idt()

quadratic+linear-cubic

dd ,d® d®’
Mgri= B; dr + B, ® Jt +Bsg )]

To obtain the coefficients B;, B, and B; from
equations (4) and (5), the process in reference 1
will be followed. A solution of the form:

Dft) = A(t) Cos(W, 1) (©)

is assumed, where A(t) represents the peaks of the
roll angle history versus time.

By substituting this expression in equations (4)
and (5) and averaging them over one period, the
differential equations that solve the problem are
obtained.

In the first non-lnear method (4) the differential
equation to be solved is

dA
—E@ = - b At - A S
t
with

2
B = -3-;(192 + 2b:Wa)  ®

A(t) = peaks of the roll angle - time history
Wd = natural roll frequency

by =Byl
by =Byl
by =BJl
In the second non-linear method (5) the
differential equation to be solved is
dA(t)

= - b A(1) - BAt) 9

At
(=13
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with
1
B = E(bz + 3b;sW3) o)

A(t) =peaks of the roll angle - time history
Wd = natural roll frequency

by =B/l
b, =Byl
b; =Byl
2. EXPERIMENTS

The following decay experiments were carried
in the towing tank of the Escuela Técnica
Superior de Ingenieros Navales of the
Universidad Politécnica de Madrid and Aldan
(Pontevedra).

2.1.- VORTEX EFFECT EXPERIMENTS

In a previous investigation about the scale effects
m roll damping coefficient (reference 2), three
geometrically similar models (geosims) with 1
m, 1.5 m and 2 m length were used. These
model had ship-like forms with corner bilge as
represented in figure 2.

!
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Fig. 2.- Ship-Like Form Comer Bilge Model

An ink test was made to the 1.5 m. length
geosim. The ink test consisted in pumping ink
with a syringe through the bilge corner of the
model in the bow zone to visualize the vortex

generation. As 1t was expected vortex were
visualized.
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It is reasonable that the vortex generation in the
bilge zone of this model is owning to the great
bilge angle. So, if a similar mode! with the
same length, breadth, depth and wetted surface
but with a smoother bilge zone is tested the
bilge vortex will desappear. In that case the
difference in the roll coefficient would be
imputed to the bilge vortex generation.

A new model with 1.5 m. length was made
changing the triangular lower section of the
model with an elliptical one. The ellipse is
calculated in such a way that, in each section,
the new model has the same area, perimeter and
breadth than the primitive one for 0.10 m.
depth. For a depth grater than 0.10 m. the
added section is the same in both cases, due to
the vertical side. If the central section has the
same area, perimeter and breadth in both cases,
these parameters will be very similar m the bow
sections.

The new model shape with rounded bilge is
shown in figure 3.

MODEIC 4

SMTUACIOR OE CAAGA 1

Fig. 3.- Ship-Like Form Rounded Bilge Model

These models were tested at similar loading
conditions with equal transversal GM and

The eguality of inertia was
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controlled matching the natural roll period. A
system of mobile weights with longitudinal,
transversal and height movements was used to
obtain the equality of GM and period. Fast
calculation of GM and period was provided
using a computer.

The cases studied are reflected in table 1 and
were obtained combining two displacements,
two transversal GM values and two inertial
sitnations. These conditions were obtained
placing the mobile weights in similar conditions.

Table 1
L(m.) | B(m.) | A(Kg.) |GM(m.) | Td (s.)
1.50 0.30 [42.000 | 0.030 1.22
1.50 0.30 |42.000 | 0.030 1.16
1.50 0.30 |42.000 | 0.029 1.26
1.50 0.30 [42.000 | 0.029 1.19
1.50 0.30 |28.000 | 0.023 1.56
1.50 0.30 |28.000 | 0.023 1.45
1.50 0.30 28.000 | 0.021 1.67
1.50 0.30 §28.000 | 0.021 1.56
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Each of these cases were tested i angles of 5°,
10°, 15° and 20° to port and starboard sides, so
a total of 64 tests were carried out.

2.2.- SCALE EFFECT EXPERIMENTS

The scale effects in the roll damping coefficient
in limear formulation (3) were studied
previously in the investigation of the reference 2
for the three models with comer bilge forms
presented before.

To have a greater knowledge of these scale
effects, full scale tests were made in Aldan with
the real vessel “Rebeca Dasilva”.

“Rebeca Dasilva” is a fishing vessel that collect
mussels over her deck. The load in these kind of
vessels is situated very high, so, in order to
have a good stability, they have a low length-
breadth relation.




Main characteristics of “Rebeca Dasilva” are:

Length = 18.74 m.
Breadth = 6.50m.
Draft = 225m.
Depth = 1.75m.
Displacement = 100 Tons.

A wooden model was made in the towing tank
to reproduce the same tests with a 1:10 scale
model. The forms of this vessel are represented
i figure 4.

MODELO S5 - REBECA DASH VA

Fig. 4.- Rebeca Dasilva

The same computerized system was used to fest
the full scale vessel and the model.

To reproduce the free roll decrement test with the
real ship a sunk 1.5 Tons. weight was localized. A
person dived to fasten a rope to the weight. The
other end of the rope was pulled up with the
vessel crane and the weight hanged up from the
side of the vessel In that position a permanent
heeling angle was obtained. When the angle was
stabilized the rope was cut, the weight fell and the
vessel started her roll motion which was
registered.
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Aldén is m an stuary in west northern Spain with
very calm water. The trials were made in August
with very good weather conditions so the
influence of the external actions can be contempt.

The displacement of “Rebeca Dasilva” when the
tests were done was 62060 Kg. A transversal
stability test was done and a 2.678 m. transversal
GM was measured. In that condition, the natural
roll period was 3.8 seconds. The model was tested
in similar conditions taking into account the scale,
that means a displacement of 62 Kg., a transversal
GM of 0.27 m. and a roll period of 1.2 seconds.

3. YORTEX EFFECTS

As it was expected, decay in the rounded bilge
model is lower than decay in the corner bilge
model because energy is spent in bilge vortex
generation. Decay i the comer bilge model is
around 1.6 times decay in the rounded bilge model
and in some of the studied cases this difference
arise to 3.

As an example, results obtained in the linear case
are presented in figures 5 and 6. In these graphics
lincar coefficient B versus GM / A '? is presented
for the two studied models. The curves are
marked with a R if they correspond to the
rounded bilge model or with a C if they
correspond to the corner bilge model. These
letters are followed by a number that represents
the initial angle of the free roll decrement test.

In order to obtain more clear graphics, data was
separated 1 two different mertial cases,
represented as cases A and B in figures 5 and
6. In case A the conditions in table 1 with
lower periods (1.19 s. to 122 s.) are
represented while case B contains the
conditions with higher periods (1.45 s. to 1.67
s.). For each pomt represented in case A there
is a point in case B with the same displacement,
transversal GM and initial heeling angle but
different period.

T s ae s o
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Fig. 5.- Model Comparation - Case A
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Fig. 6.- Model Comparation - Case B

In the last graphics an mmportant influence of the
initial heeling angle is found for the corner bilge
case, in which the viscous  effects are very
important as it was shown in the ik test, while
this influence is not as great in the rounded bilge
case. This change in the dampmg coefficients with
the initial heeling angle evidence the non-linearity
of the roll motion, especiaily in the comer bilge
case. When different analysis methods are used,
non-linear methods fit the experimental data better
in the comer bilge model while linear method is
better in the rounded bilge model. As a conclusion
of this, it is possible to say that many non-linear
effects appear with vortex generation. So, the
greater number of the non-linear effects in the roll
damping coefficient seem to appear with vortex
generation.

Results obtained in the non-linear cases have the

same trends than in the lincar cases but the use of
three coefficients difficult their representation.

126

Nevertheless, the
obtained.

same conclusions will be

In the following figures the roll angle time
histories for a nonlinear second order
linear+Hinear-quadratic study are represented. In
both cases the load situation is the same with
transversal GM = 0.031 m. , T = 1.22 s. and initial
angle 10°.
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Fig. 7 .- Comner Bilge Model - Roll Angle vs Time
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Fig. 8 .- Rounded Bilge Model - Roll Angle vs Time

Corner and rounded bilge models were designed
in such a way that all the parameters are the same
excepting the vortex generation. So, it is assumed
that the added dissipation moments appearing in
the corner bilge model become from vortex
generation.




In the following table the contribution of the eddy
generation to the damping coefficient, Bgo, for 10°
mitial heeling angle is represented.

Table 2
Bro[Nms] | Draft ] | @-Is'1 | Cx[m/°]
0.033 0.1500 5.150 |2.907x10°
0.027 0.1500 4987 |2.456x10°
0.020 0.1500 5280 | 1.718x10°
0.012 0.1500 5417 | 1.000x10°
0.041 0.1125 3.762  11.562x107
0.041 0.1125 4028 |1.459x107
0.035 0.1125 4027 |1.246x10™
0.029 0.1125 4333 |0.960x107

In reference 3 there is a method to calculate B
using the formula

_4pd’0®,

E0 — 37 CR

(11)

where p is the fluid density, d the draft, @ the
roll frequency, @, the initial heeling angle and
Cr a coefficient depending on the hull shape and
the position of the gravity center.

In the studied loading cases, for each draft there
are four gravity center positions, so four
different Cy values are obtained. The obtained
Cr values are coherent with the values in
reference 3.

4. SCALE EFFECTS

To compare the results obtained in the model
and the full-scale tests, non-dimensional forms
of the coefficients were used. Fer linear
coefficient B, (3) and non-linear coefficients B,
and B; (4) (5), the same non-dimensional form
presented in references 2 and 3 were used, it is

Bx B

Bx, :—_pV B g

(12

For non-linear coefficient B; (4) (5), the
following non-dimensional form was used

Bxa = (13)

Bx
pV B’

The coefficients obtained for the model and the
full-scale tests are

Table 3
Linear case B x 103
Full-Scale 7.601
Model 2.582
Table 4
Non-Lincar case B | B | Bsa
Linear+Linear-Quadratic
Second Order x10°{ x10° | x 16®
Full-Scale 8.996 |-354 |-1.058
Model 3.290 |-.174 |-.496
Table 5
Non-Linear case B | Ba | Bs
Linear+Linear-Quadratic
Fourth Order x10% | x10° | x 10°
Full-Scale 8238 {-.153 |-457
Model 3.360 |-.160 }|-458
Table 6
Non-Linear case B, | Ba B,
Quadratic +Linear-Cubic
Second Order x10% | x10° | x 10°
Full-Scale 8.400 |-2.644 | 247
Model 2.978 1-1.236 | -.004
Table 7
Non-Linear case B, | Ba Bs.
Quadratic +Linear-Cubic
Fourth Order x10° | x 107 | x 103
Full-Scaie 7731 |-746 |.007
Model 3.124 [-1.513 |-.004
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As a consequence of these results it 1s clear that an
scale effect exists to extrapolate damping
coefficients to the full-scale cases. In almost all
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cases the coefficients for the full scale tests are
around three times grater than in the model.

The non-linear, linear+linear-quadratic, fourth
order study, in table 5, is the most accurate study.
In this case coefficients B,, and B;, have the same
vaiue for the model and the full-scale ship and the
coefficient By, is 2.45 times grater in the full-scale
ship than m the model. In the hnear case the
coefficient B, is 2.94 times grater in the fuil-scale
ship than in the model.

Comparations using only one full-scale and one
model tests do not allow a definitive conclusion
and more exhaustive tests have to be made in
order to obtain more comparation points.
Nevertheless, scale effects exist and the use of an
extrapolation method taking mto account the
viscous effects, very important in the roll motion,
seems to be necessary. Reynolds number
corresponding to the angular velocity of the roll
motion when the rolling ship pass the 0° angle will
be used in the extrapolation method in order to
take the viscous effects into account.

5. CONCLUSIONS

From the results obtained in the previous points,
the folowing conclusion will be taken from this
mvestigation:

¢ The greater number of the non-linear effects in
the roll damping coefficient seem to appear
with vortex generation.

Contribution of the eddy generation to the
damping coefficient, Bro, depends on the hull
geometry and gravity center position.

Contribution of the eddy generation to the
damping coefficient, Bgo, measured in the
model tests are coherent with the theoretical
calculations in reference 3.
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e Results obtained from linear method have the
same {rends than results obtained from non-
linear methods.

Scale effect exist comparing a full-scale ship
and a model.

A more exhaustive study of the scale effects
seems to be necessary in order to obtain an
extrapolation method taking into account the
viscous effects.
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ABSTRACT

To highlight the behaviour of a ship in
critical conditions in beam waves, a campaign
of experiments have been conducte on the scale
model of a RoRo. Two loading conditions and
transversal inclinations following SOLAS’90
were analysed in different wave intensities. The
results evidence a slightly greater roll amplitude
in the bias into the waves condition. This
condition appears to be the worse also for
water on deck. The problems connected with
the simulation of the large amplitude motions
are discussed by means of a parameter
identification technique.

INTRODUCTION

A ship at sea can lose her upright equilibrinm
position under the action of many different
causes ranging from external inclining actions
(for example wind) to internal ones (shifting of
cargo or asymmetric flooding). In the following
we will shortly refer to a “biased ship” as a ship
that has lost her transversal upright equilibrium.
The mottons of a biased ship at sea are relevant
to both intact stability (weather criterium) and
damage stability (SOLAS) codes, especially in
the light of the discussions following the
SOLAS’95 Convention. Rolling motion of a
biased ship has also been considered of great
interest from a theoretical point of view both in
longitudinal and in beam sea inasmuch as it
discloses complex dynamic and chaotic
features. On the other hand, only few
experimental results have been reported in
literature and the results are often contradictory
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and of no help in view of improving the roll
motion medelling.

Kobayashi [1] concluded that roll amplitude
of a biased ship is greater than that of a non
biased one. Furthermore the roll amplitude is
greater when the ship is inclined weather side.

Lee & Kim [2] concluded that the roll
amplitude is greater when the ship is inclined lee
side.

Cao & Li [3] found that there is no definite
conclusion, but in some cases the roll amplitude
was greater in the presence of a lee side bias.

Wright & Marshfield [4] found that the roll
amplitude is greater when the bias is towards
lee side, while the capsizing probability is
greater in the opposite bias condition.

Many authors stress the importance of the
coupling between roll and vertical motions to
explain the unsymmetrical behaviour and the
connection between bias and capsizing
probability.

These are the reasons why an exiensive set
of experiments has been planned and executed
at the hydrodynamic laboratories of the
University of Trieste.

TESTED MODEL AND EXPERIMENTAL
RESULTS

A scale model of a Ro-Ro in two different
loading conditions ship has been tested in a
regular beam sea. The principal dimensions and
the mechanical data are given in Table. 1, while
in Fig. 1 a schematic drawing of the body plan
of the ship is shown.

Following the indications of SOLAS’90, the
model has been tested with zero bias, with 7




and 12 degrees bias weatherside and leeside.
The righting arm curve has been computed both
in the fixed and in the free frim conditions. The
comparison of the righting arms (fixed trim -
model scale) between the three inclination
conditions and the two loading is given in Fig. 2
and Fig. 3 with bias to port (coinciding with
weather side in the experimental configuration)
and angles measured from the actual
equilibrium position.

The model was ballasted to the required
displacement and transversal inertia moment. A
movable weights device was installed on the
deck to allow quick and easy trasversal offset of
the center of gravity to have the required
transversal inclination.

The model was restrained by soft elastic
strings to eliminate drift and yaw. Different
iensioning was tryed until a satisfactory setup
was obtained.

The tests have been conducted at constant
wave steepness at several frequencies, such as
to cover completely the resonance peak. Wave
steepness ranged from 1/90 to 1/20 10 cover a
wide range of sea states. The vertical motions,
the lateral motion, the encounter frequency and
the cases of water on weather deck have been
recorded. Full details on the experimental
results are given in [5]. Here only a sinthetical
description will be reported.

The stationary roll amplitudes, measured
around the actual centre of oscillation, are
shown in Fig. 4 to Fig. 8, whereas in Fig. 9 and
Fig. 10 the cases where water on deck was
observed are evidenced. The model was not
fited with bulwark, so that no water
accumulation on deck and sloshing was
allowed. .

ANALYSIS OF
RESULTS

THE EXPERIMENTAL

The results have been analysed both in
qualitative terms to get information on weather
bias direction is most dangerous and in
guantitative terms.

The following qualitative conclusions can be
drawn:

130

1. There is a high degree of saturation due to
the high nonlinear damping contribution given
by the actual hull shape. This is evident by the
flattening of the curve of maximum amplitudes
as a function of the wave steepness (Fig. 11).
2. There is a good symmetry of the oscillation
about the centre of oscillation.
3. In general there is no clear dependence of
measured roll amplitude on the direction of bias
relative to waves. When there is a marked
difference, the roll amplitude is greater in the
weather side bias (bias into waves) condition.

4, Water on deck was observed only in the
high loading condition. Here again the worst
bias condition is the bias into waves.

Finally, the experimental results were
analysed in quantitative terms in the light of the
development of a simulation procedure for large
amplitude rolling in the different environmental
condition for a ship in intact or critical
conditions. This last part has been performed by
means of the application of an efficient
parameter 1identification technique [6,7] to
obtain informations on the best mathematical
modelling and on the proper values to be
assigned to the coefficienis of linear and non
linear terms,

The mathematical model initially considered
was a one degree of freedom roll motion
equation:

b+2ud +nld(0,0)+ @20 + nlr(9) =

(1)
H .
= n-i-(glm% - ggm% }sm(met)
with nld(¢,$) and nlr(¢) respectively

nonlinear damping and restoring moments. The
excitation was written in the above form to
account for frequency dependence. The
nonlinear part of the righting arm was
represented in normalized terms in one of the
following forms:

nlr(d) =og + 052(1)2 -+ 0ﬂ3¢3 + 0ﬁ4¢4 + 0‘5({)5
(2)

for a mode] with bias and




nlr(9) = 030° + s> + 079’ +agd® (3
for a model without bias. Both mathematical
models are written with angles measured from
the upright position indepently on its being an
equilibrivm one. The constant term in Eq. 2
accounis for bias, while the even terms are
responsible for the loss of symmetry of the
righting arm in biased conditions.

The Parameter Identification Technique
based on the Ieast squares fitting of the
numerical solution of Eq. 1 to the experimental
results was tryed on all the cases, but it resulted
succesfull only in several ones. In many cases
either convergence was not possible or the best
estimates of the parameters, damping and
excitation coefficients, was not physically
consistent (negative damping or excitation
coefficients exceeding unity). In any succesfull
case it was found that:

5. A delicate dependence on the righting arm
coefficients (®(), &ti's) is intrinsic to this
approach, with strong indications that the quasi-
free trim condition was the more reliable.

6. The following strongly nonlinear angle
dependent damping model:

240+ 81 (¢~ bias)*§ 4)
had the best fitting capability:

Then a modified one degree of freedom
model was tryed:

O+ 2ub -+ nld(¢, ¢) + o)(z)q) [1+acos(emt + )]+ nlr(d)

H .
12103 - 6202 Join(oet) ®

A

The mathematical model expressed by Eq. 4
includes a rough description of the effect of a
vertical motion on roll motion. This approach is
typical of the studies devoted to the parametric
resonance in following waves and was tryed
alsoc in beam seas to explain the unsymmetrical
behaviour of a biased ship. The application of
the Parameter Identification Procedure aliowed
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to obtain estimates of amplitude and phase of
this disturbance. Unfortunately not all the cases
could be succesfully analysed in terms of this
approach.

CONCLUSIONS

The study, performed on a RoRo in different
biased conditions permitted to obtain important
informations on the behaviour and mathematical
modelling for large amplitude roll motion
simulations of a ship in critical conditions in
different meteomarine environment. Due to the
high saturation phenomenon, the rolling motion
did not attain sufficiently large amplitude rolling
motion to ‘sample’ the righting arm curve
beyond its maximum and thus exhibiting strong
dependence on the relative bias-wave directions
and possibly capsizing.

At the same time, it seems that it is quite
difficult to obtain a reliable descrption of roll
motion by means of a one degree of freedom
equation. this corroborates the indications of
previous authors on the need to take into
account vertical motions when extreme rolling
is concerned.

Future developments of the research will
then be in the following directions

a) Considering a ship with larger bias and/or
lower initial metacentric heigth.

b) Developing a Parameter Identification
Technique able to deal with more degrees of
freedom.
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Fig. 1. Schematic plot of the body plan of the RoRo
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LIQUID CARGO AND ITS EFFECT ON SHIP MOTIONS -

J.M.J. Journée
Delft University of Technology

SUMMARY

Wher a double bottom tank, a carge tank
or a space in a rolling vessel contains a
flmd, gravity waves will appear at the suz-
face of this fluid. These gravity waves will
cause exciting roil moments on the vessel.
At lower water depths, resonance frequen-
cles can be obtained with high wave am-
plitudes. A hydraulic jump or bore, which
1s a strongly non-linear phenomenon, trav-
els periodically back and forth befween the
walls of the tank. A theory, based on gas-
dynamics for the shock wave in a gas flow,
has been used to describe the motions of
the fluid. At higher water depths, the be-
haviour of the fluid tends to be more lin-
ear. Then, a linear potential theory, as used
in strip theory ship motions computer pro-
grams, is used to describe the motions of
the fluid in the tank.

Available experimental data on the be-
haviour of the fluid in free surface anti-
rolling tanks have been used fto verily
the theorefical approaches for low water
depths.

Also, forced roll oscillation tests were car-
ried out with a 2-D model a cargo tank of
an LNG carrier for a wide range of filling
levels. These experimental data have been
used to verify the theoretical results for all
water depths.

Finally, a ship model was equipped with
hquid cargo tanks and it has been tested

18

in beam waves at zero forward speed. The
measured roll data of the model have been
compared with the results strip theory cal-
culations.

It has been concluded that the approaches
given In this paper, based on theones de-
velopped already in the sixties, can be used
to include the effect of non-viscous liquid
cargo in ship motions calculations.

1 INTRODUCTION

When a tank which contains a fluid with a
free surface is forced to carry out roll os-
cillations, resonance frequencies can be ob-
tained with high wave amplitudes at lower
water depths. Under these circumstances
a hydraulic jump or bore is formed, which
travels periodically back and forth between
the walls of the tank. This hydraulic jump
can be a strongly non-linear phenomenon.
A theory, based on gasdynamics for the
shock wave in a gas flow under similar res-
onance circumstances, as given by Verha-
gen and van Wijngaarden (1963), has been
adapted and used to describe the motions
of the fluid. For low and high frequen-
cies and the frequencies near to the natural
frequency, different approaches have been
used. A calculation routine has been made
to connect these regions. Available experi-
mental data on the behaviour of the fluid
in free surface anti-rolling tanks, obtained

from van den Bosch and Vugts (1966), have
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been used to verify this approach.

At higher waterdepths, the behaviour of
the fluid tends to be more linear. Then,
the linear potential theory with the pulsat-
ing source method of Frank (1967), as used
in strip theory ship motions computer pro-
grams, has been used to describe the mo-
tions of the fluid in the tank. Forced roll
oscillation tests were carried out with a 2-D
model of a cargo tank of an LNG carrier,
to measure the exciting moments for a wide
range of filling levels and frequencies and {o

compare these with theoretical predictions. .

Finally, a ship model was equipped with
three of these ligmid cargo tanks and tested
in beam waves at zero forward speed. Seve-
ral filling levels and two regular wave am-
plitudes were used to mvestigate the effect
on the roll behaviour of the ship. The mea-
sured data have been compared with the
results of 2-D potential calculations.

2 LIQUID CARGO LOADS

Observe a rectangular tank with a length {
and a breadth b, which has been filled unt:l
a water level k with a fiuid with a mass den-
sity p. The distance of the bottom of the
tank above the centre of gravity of the ves-
se] is 5. Figure 1 shows a 2-D sketch of this
tank with the axis system and notations.

A=

— ] —
P

I

Figure 1: Axis system and notations
of an oscillating tank

The natural frequency of the surface waves
in a harmonic rolling tank appears as the

wave length ) equals twice the breadth b,
$0: Ag = 2b.
With the wave number and the dispersion

relation:
2%
k= Y and w = v/kgtanh{kh)

it follows for the natural frequency of sur-
face waves in the tank:

uo_\/——— a.nb

2.1 THEORY OF VERHAGEN

Verhagen and van Wijngaarden (1963)
have investigated the shallow water wave
loads in a roliing rectangular container,
with the centre of rotation at the bottom
of the container. Their expressions for the
internal wave loads are rewritten and mod-
ified in this paper to be usefunl for any arbi-
trary vertical position of the centre of rota-
tion. For low and high frequencies and the
frequencies near to the natural frequency,
different approaches have been used. A cal-
culation routine has beer made to connect
these regions.

Low and high frequencies
The harmonic roll motion of the tank is de-
fined by:

& = ¢, sin{wt)

In the axis-system of figure 1 and after Iin-
earisation, the vertical displacement of the
tankbottom is described by:

z=5+y¢

and after linearisation, the surface eleva-
tion of the fluid is described by:

z=s+h+{

Relative to the bottom of the tank, the lin-
earised surface elevation of the fluid 1s de-
scribed by:

E=h+({—yo




Using the shallow water theory, the conti-
nuity and momentum equations are:

e | @€ Ov _

5t Vo Ty 0
_6_?_',__'_9%_'_ ?é-'_ o =10
5t oy 9oy 7T

In these formulations, v denotes the veloc-
ity of the fwid in the y-direction and the
vertical pressure distribution is assumed to
be hydrostatic. Therefore, the acceleration
in the z-direction, introduced by the exci-
tation, must be small with respect io the
acceleration of gravity g, so:

éawzb =4 g

The boundary conditions for v are deter-
mined by the velocity produced in the hori-
zontal direction by the excitation. Between
the surface of the fluid and the bottom of
the tank, the velocity of the fiid v varies
between v, and v,/ cosh kh with a mean ve-
locity: vs/kh. However, in very shallow wa-
ter v does not vary between the bottom and
the surface. When taking the value at the
surface, it is required that:

. b
v=—(s+ k)¢ at:yZiE
For small values of ¢,, the continuity equa-
tion and the momentum equation can be
given 1n z linearised form:

8¢ L Ov

—a—t-rha—y 0
0 0 ,
é-g+g5§+go=0

The solution of the surface elevation £ in
these equations, satisfying the boundary
values for v, 1s:

b(JJ[){]. + (5'1'}&)0}2}
g

TW COS (3«‘9-)
Yo

R —

sin () ¢

b!.:)o ¢

Now, the roll moment follows from the
quasi-static moment of the mass of the
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frozen liquid plbh and an integration of £
over the breadth of the tank:

)
Mg = pglbh (.s + —2-)43
+b/2

+pgl f {ydy

—b/2

This delivers the roll moment amplitude
for low and high frequencies at small wa-
ter depths:

h
M, = polbh(s +5 )b

(s + A)w? }

-{-—pglbs{l -+
g

g\ 3 Tw Wwpy2
'{2(;;) taﬂ(;,_;;) - (=) }‘ﬁa
For very low frequencies, so for the himit
value w — 0, this will result into the static
morment:
h 5
M;= th( 4-—) Y

The phase lags between the roll moments
and the roll motions have not been ob-
tained here. However, they can be set to
zero for low frequencies and to -# for high
frequencies:

€aye = 0 for: w < wy

-7 for: w 3> wy

€Myt =
Natural frequency region
For irequencies near to the natural fre-
quency wp, the expression for the surface
elevation of the fluid ¢ goes to infinity. Ex-
periments showed the appearance of a hy-
drauiic jump or a bore at these frequencies.
Obviously, then the linearised equations are
not valid anymore.
Verhagen and van Wijngaarden solved the
problem by using the approach in gas dy-
namics when a column of gas is oscillated
at a small amplitude, e.g. by a piston. At
frequencies near to the natural frequency at




small water depths, they found a roil mo-
ment amplitude, defined by:

I6° 4\ [20,h
aang’ﬁ"(;)é zb :

. T2h{w — wg)?
329¢.

The phase lags between the roll moment
and the roll motion at small water depths
are given by:

EMop = ——%-‘ra for: w < g
T
EMyp = — 5 — & for: w > wy
with:
) T2h(w — wy)?
a = 2 arcsin —(—,0—)-
249¢s

sin 72b{w — wp )?
-- arcsi
9699, — 3wb(w — we)?

Because that the arguments of the square
roots in the expression for ejr,¢ have to be
positive, the limits for the frequency w are
at least:

2499,

(2490,
< w < wg ~
b2 e b

2.2 THEORY OF FRANK

FYor the calculation of the 2-D potential
mass and damping of ship-like cross sec-
tions, Frank (1967) comsidered a cylinder,
whose cross section is a simply connected
region, which s fully or partly immersed
horizontaily in a previously undisturbed
fluid of infinite depth.

The cylinder, as given in figure 2, 1s forced
into simple harmonic motion with radian
frequency w, according to the displacement
equation:

smy — A(””:} cos i

The superscript m may take on the values
2, 3 and 4, denoting sway, heave and roll
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motions, respectively. The roll motions are
about an axis through a point (0, yo) in the
symrnetry plane of the cylinder.

Tt 1s assumed that steady state conditions
have been attained. The fluid is assumed
to be incompressible, inviscid and irrota-
tional, without any effects of surface ten-
sion. The motion amplifudes and veloc-
ties are small enough, so that all but the
linear terms of the free surface condition,
the kinematic boundary condition on the
cylinder and the Bernoulli equation may be
neglected.

A velocity potential has to be found:

o) (z,y,t) = Re{ ™) (z,y)e ™}

satisfying the equation of Laplace, the
symmetry (heave) or anti-symmetry (sway
and roll) condition, the free surface condi-
tion, the bottom condition, the kinematic
boundary condition at the cylindrical sur-
face and the radiation condition.

(‘Ej*l 57591)\
S A

G5

Figure 2: Axis system and notations
of an oscillating cross section

as used by Frank

A potential function, based on pulsating
sources and satisfying the boundary con-
ditions, has been given by Frank. Using
earlier work of Wehausen and Laitone, he




defined the complex potential at z of a pul-
sating point source of unit strength at the
point ¢ 1n the lower half plane, as giver in
figure 2.

Take the z-axis to be coincident with the
undisturbed free surface. Let the cross sec-
tional contour Oy of the submerged portion
of the cylinder be in the lower hali plane
and the y axis, positive upwards, being the
axis of symmetry of Cy. Select N +1 points
(&:,7m:) of Cp to lie in the fourth quadrant.
Connect these N + 1 poinis by successive
straight hnes. Then, /V straight line seg-
ments are obtained which, together with
their reflected images in the third quad-
rant, yield an approximation to the given
contour as shown 1n figure 2.

The coordinates, length and angle associ-
ated with the j-th segment are identified
by the subscript j, whereas the correspond-
ing quantities for the reflected image in
the third quadrant are denoted by the sub-
script —j, so that by symmetry {_, = —¢;
and 9-; = —p; for 1 < 7 < N+ 1. Po-
tentials and pressures are to be evaluated
at the midpoint of each segment and for
1 <12 < N the coordinates of the midpoint
of the i-th segrment are:

g/

51' + 5:{—1 yi =

2 ' 2
In the translational modes, any point on
the cylinder moves with the velocity:

T; =

v® = 5A® L sinwt  for sway

v = _jAPwsinwt  for heave

The length of the :-th segment and the an-
gle made by this segment with the positive
T-axis are:

5, = \/(&4-1 - .{fg)z + (??i-f—l - 7?{)2
g1 ~ 7?2'}
fiv1 — &

In bere ¢ is defined as: —Z <o < +2.

oy = arctan {
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If the denominator is negative, depending
on the sign of the nominator = has to be
added or subtracted, so that o will be de-
fined as: —7 < o; < +7.

The outgoing unit vector normal to the
cross section at the i-th midpoint (z;,v;)
18: |

n; = isina; — jcose;

where 1 and j are unit vectors in the direc-
tions z and y, respectively.

The roll motion is llustrated in figure 2
and considering a point (z;,y;) on Cp, an
inspection of this figure yields:

Ri=yz?+ (yi - yo)z

#; = arctan {w}
Z3

In here §; is defined as: —3 < 6; < +3.

If the denominator 1s negative, depending
on the sign of the nominator # has to be
added or subtracted, so that §; will be de-
fined as: —% < &; < +=.

By elementary two-dimensional kinemaf-
ics, the unit vector in the direction 8 1s:

7; = —isin f; + Jcos 8;
so that:
vt = sW-R.
= —-wA(‘L)R,- (i sinfl; — jcos 9;) sin wi

The normal components of the velocity
at the midpoint of the :-th segment (z;,y:)
are:

;B = —w AP sip o; sinwt

95(3) = -:—wA(S) €Oos ¢ 51N wi

v = swAWR, .

. (sin &; sin a; + cos §; cos a;) sinwt




Defining:

(m)
O

T Al sinwt
then, consistent with the previously men-
tioned notation, the direction cosines for
the three modes of motion are:

n® = —sin e
n,-(3) = -- COS Q¢

(%) = L gin 8: sinas - cos B .
n'Y = +sInd; sin ;- cos F; cos oy

A set- of two coupied integral equations
are applied by Frank at the midpoints of
each of the N segmenis and is assumed
that over an invidual segment the complex
source strength remains constant, although
it varies from segment fo segment. Then,
the set of coupled integral equations be-
comes a set of ZN linear algebraic equations
in the unknowns.

The hydrodynamic pressure p™ along the
cylinder i1s obtained from the velocity po-
tential by means of the hinearised equation
of Bernoulli, where p,™ and p,{™ are the
hydrodynamic pressures in phase with the
displacement and in phase with the veloc-
1ty, respectively.

The potential as well as the pressure is a
function of the oscillation frequency w. The
hydrodynamic force or moment per unit
length on the cylinder, necessary to sustain
the oscillations, is the integral of p{™) . nt™)
over the submerged contour of the cross
section Cp.

It 1s assumed that the pressure at the i-th
midpoint 1s the mean pressure for the ¢-th
segment, so that the integration reduces to
summation, whence:

N
M (w) =23 p™ (25,5, 0)n: )]s}
=1

N
N(m}(w) =9 va(m)(:r,, y,—,w)n;(m)|s,-|

=]

for the potential mass and damping forces
or moments, respectively.
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Frank’s method is suitable for the compu-
tation of the potential mass and damping
of symmetric 2-D shapes, in or below the
surface of a fluid. This method has been
incorporated in a lot of 2-D ship motions
computer codes, all over the world. Siart-
ng from the keel point of the cross section,
the input data of the off sets have to be
read in an upwards order. Then, the (out-
ward) normal on the elements of the cross
section will be defined to be positive in the
airection of the fluid outside the cross sec-
tiom.

Easily, this method car be used to calculate
the linear loads due to a potential fiwid
an oscillating symmetrical tank too. Start-
ing from the intersection of the free suface
with the tank wall, the offsets of the fank
have to be read in a downwards order, so in
an opposite direction as has to be done for
the cross sections of a ship. When doing
this, the (inward) normal on the elements
of the cross section of the tank will be de-
fined to be positive in the direction of the
fluid in the tank. Then, the calculated po-
tential mass and damping delivers the in
and out phase parts of the loads due to the
moving liguid in the tank.

With this, the in and out phase parts of the
2-D excitation forces and moments about
the origin in the water surface of the fluid
in a rectangular tank are found with:

Xoo = wz—M(z)xza
Kos = —WN(2)$2:1
Xag = t.u?_f‘/f(s):r:g,CL
Xgs = —wN(S)maa
Xy = MWz,

Rk b
+ pg{bh (3 T "i“) + E}&m
X4s = _wN(4)$4a
This very simple approach can be carried

out easily with many existing 2-D, but also
3-D, ship motions computer programs.
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Figure 3: In and out phase moments of a
free surface anti-rolling tank
{Tank bottom below G)

However, one should keep in mind that in
the calculation routine of Frank, the angles
o; and f; have to be defined well in all four
quadranis.

2.3 VERIFICATIONS

Three different validations were performed
to verify the validity of using Frank’s pul-
sating source method for obtamning the mo-
ments caused by the motions of liquids in
oscillating tanks.

Firstly, results of extensive model exper-
iments on rectangular free surface anti-
rolling tanks, carried ouf in the past by

van den Bosch and Vugts (1966), bave been

used.
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Figure 3 and 4 show a few comparisons be-
tween calculated and measured in and out
phase parts of the first harmonic of the roll
morments for very small water depths in the
tank.

The comparisons are given here for one fill-
ing level (/b = 0.08) and one roll ampli-
tude {¢. = 0.0333 rad). Two positions of
the bottom with respect to the rotation
point, i.e. the centre of gravity G of the
vessel, have been taken: 40 per cent of the
tank width below the axis of rotation (s/b
= -0.40) and 20 per cent above it (s/b =
+0.20). The roll moment has been made
non-dimensional by dividing this moment
through pglt®. The non-dimensional fre-
quency parameter has been obtained by di-




viding the frequency through \/ﬁ
Qutside the natural frequency area, the
figure shows a good agreement between
Frank’s method and the experiments. But,
for frequencies close to the naiural fre-
quency, a very poor prediction has been
found. Because of the appearance of a hy-
draulic Jump or a bore at these frequencies,
the linearised equations are not valid any-
more. The calculated phase lags between
the roll moments and the roll motions have
a step of 180 degrees at the patural fre-
quency, while the calculated roll moment
amplitudes go to infinity.

Because of a distinction between frequen-
cies close to the natural frequency and
frequencies far from if, the shallow water
method of Verhagen and ven Wijngaarden
shows a good prediction at all frequencies.

Secondly, forced roll oscillation experi-
ments have been carried out with a 2-D
model of a cargo tank of an LNG carrier.

A sketch of this 1:25 model of the tank 1s
given in figure 5.

Figure 5: 1:25 model of an LNG tank

At filling levels of 15, 45, 70, 90, 97.5 and
100 per cent of the depth of the tank, the
exciting roll moments have been measured
for a range of oscillation frequencies and
one roll ampiitude (@, = 0.10 rad) of the
tank. Because of the shape of this tank, a
strong non-hinear behaviour was expected
at the lowest and highest free surface levels.
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Figures 6a and 6b show the rneasured
and predicied in and out phase parts of
the first harmonic of the roll moments of
the LNG tank as a funciion of the fre-
guency. The roll moment has been made
non-dimensional by dividing this moment
through pglt®. The non-dimensional fre-
quency parameter has been obtained by di-
viding the frequency through \/E/-I;
Except at the natural frequency of the fluid
in the tank, a fairly good prediction has
been found with Frank’s method.

Agaim, the shallow water method of Ver-
hagen and van Wijngaarden gives a good
prediction for all frequencies at the lowest
filling level of the tank.

Thirdly, a fully filled rectangular tank has
been observed.

It 1s obvious that the ratio between the ef-
fective and the solified mass for sway or
heave of the fluid in fully filled tanks 15 1.0.
The ratio between the effective and the so-
lified moments of inertia for roll of the fluid
in a fully filled rectangular tank as a func-
tion of the aspect ratio h/b of the tank
was given by Graham and Rodriques and
published later by Silverman and Abram-
son (1966) as:

This expressior had been obtained from re-
sults of space vehicle studies carried out
by NASA. The contributions of frequencies
higher than the first order are very small
and can be neglected.

Calculations have been performed with the
2-D computer code SEAWAY of Journée
(1996), which includes Frank’s pulsating
source method. Also, 3-D calculations have
been carried out with the DELFRAC com-
puter code of Pinkster (1996). The results

are given in figure 7.
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Figure 7: Ratio ¢, between effiective and
solified moment of inertia
of fully filled rectangular tanks

Figure 7 shows a fairly good agreement be-
tween these results. For small and large
aspect ratios deviations can be expected,
caused by the limited number of 16 line el-
ements in SEAWAY or 30 panels in DEL-
FRAC on the contour of half the cross sec-
tion of the fank.

3 SHIP MOTIONS

To investigate the effect of free surface (1i-
quid cargo) tanks on the roll motions of a
ship, three tanks as given in figure 5 were
build in a 1:60 model of an LNG carrier.
The body plan of this vessel is given 1n fig-
ure 8.

Figure 8: Body plan of LNG carrier

Static heel tests and roll decay fests in
still water and roll motion measurements

in regular beam waves with two different

LiL PY Rwd it S 3T}

wave amplitudes were performed at zero
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forward ship speed. These tests were car-
ried out in Towing Tank I of the Ship Hy-
dromechanics Laboratory of the Delft Uni-
versity of Technology with a length of 142
metre, a breadth of 4£.22 metre and a water
depth of 2.50 metre. The model was placed
transversal in the towing tank at half the
length of the tank and the spacing beiween
the model and the tank walls was about
0.70 metre. The model was free to move in
6 degrees of freedom and the roll damping
waves could propagate over a long distance
before they were reflected to the model by
the tank-ends.

The main dimensions of the ship are given
in table 1.

LNG carrier
Length bpp Lpp {m | 164.00
Breadth Bim 32.24
Draught dlm 12.60
Trim tim 0.00
Volume ¥V im®| 51680
Block coefficient Cg |- 0.776
Length of biige keels | fix | m 69.70
Height of bilge keels | Ay | m 0.30
Gyradius for yaw k.. |m 45.43

Table 1: Main dimensions of ship

The length of each of the three cargo tanks
was 13.45 mesre and the distance of the
bottom of the tanks above the ship’s base
line was 2.00 metre.

With the exception of these midship cargo
tanks 3, 5 and 7, all other cargo tanks are
supposed to be filled up to 97.5 per cent of
the 1nner tank height with a stowage factor
of 1.00 ton/m?®. This was simulated in the
experiments by solid ballast weights and an
adaption of the radius of inertia for roll of
the ship.

For the cargo tanks 3, 5 and 7 three loading
conditions have been choosen:

- Condition I: frozen liquids (45-45-45%)
The three cargo tanks are equally filled
up to 45 % of the inner tank height




with homogeneous frozen Ligud cargo
with a stowage factor of 1.00 ton/m?,
simulated by solid baliast weights.

- Condition II: Hquids (45-45-45%)
This condition 1s similar to condition
I after unifreezing the liquid cargo, so
the three tanks are partially filled with
water.

- Condition IIL: liquids (45-70-15%)
This condivion is similar to condition
II, but the filling ievels of the three
tanks are 45 %, 70 % and 15 %, res-
pectively.

The results of the static heel angle tests and
the roll decay tests are given in table 2.

Condition 1 it R
v m* | 51680 | 51680 | 51360
K@ m 10.48 | 10.42 | 10.60
GM m 2.75 2.81 2.62
GG’ m 0.00 1.69 1.59
k. m | 10.14 9.38 9.49
Ts-meas. | s 13.70 | 21.30 | 23.00
Te-calc. | s 21.18 1 22.82

Table 2: Loading conditions of the ship

The measured non-dimensional roll damp-
ing coefficients « are presented in Nigures 9,
10 and 11.

These data have been compared with pre-
dicted values obtained with the semi-
empirical method of Ikeda.

For condition I, with frozen liquid cargo,
very good agreement has been found.

For conditions II and I, with Hquid cargo,
the predicted roll damping coefficients are
somewhat underestimated at smaller roll
angle amplitudes. But at larger roll angle
amplitudes, which are of inierest in more
dangerous circumstances, the figure shows
a fairly good agreement.
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Figure 12: Roll motions of an LNG carrier

(Conditions I and II)

Figures 12 and 13 show a comparison of
the measured and predicted roll amplitudes
at two different wave amplitudes for each
loading condition.

For loading condition I, the non-potential
roll damping has been obtained by the
method of Tkeda. The radius of inertia for
roll of the ship’s mass has been obtained
from the measured natural roll period of
13.7 seconds and calculated hydromechanic
coefficients. The figure shows a good agree-
ment between experiments and predictions.

For the loading conditions II and III, the
non-potential roll damping has been ob-
tained by the method of Tkeda et. al. (1978)
too. The radius of inertia for roll of the
ship’s mass has been obtained from the ra-
drus of inertia of the ship with the frozen
liquid cargo of condition I and a theoretical
correction for unfreezing this cargo. The
deviating volume of liquid cargo m condi-
tion 11T has been accounted for toe. The ex-
citing roll moments due to the liguid cargo
have been obtained with Frank’s method.

So, for the loading conditions II and III,
the roll motions have been calculated with-
out using any experimental data of these
loading conditions. Table 2 shows a very
good agreement between the predicted and
the measured natural roll frequencies; the
deviation is less than 1 %. Nevertheless
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(Conditions I and IIT)

some overestimation at higher frequencies,
figures 12 and 13 show a very good agree-
ment between the predicied and the mea-
sured response amplitude operators for roll.
However, it may be noted that for the load-
ing conditions I and III, the natural roll
frequency of the ship is about half the low-
est natural frequency of the fluid in the
three cargo tanks. When these frequencies
are close to each other, non-linear effects
caused by the bore or the hydraulic jump
a} the surface of the fiuid in the tanks wilt
play a much more important role.

4 CONCLUSIONS

From the calcuiations and the experiments,
the foliowing conclusions can be drawn:

1. Av very low filling levels of the tank,
the method of Verhagen and vap Wijn-
gaarden predicts the exciting roll mo-
ments fairly good. Because this theo-
ry 1s given for shallow water only, the
method fails for higher filling levels.

D

With the excepiion of frequencies near
to the patural frequency of the fluud
in the tank, the potential theory of
Frank predicts the exciting roll mo-
ments fairly good for all filling levels
of the tank.




3. An addition of these roll moments in
the right hand side of the equation of
motions of the ship, results in good
predictions of the roll motions of the
ship.

4. Thenon-linear roll damping of the ship
plavs an important role in these roll
motions. Linearisation results in a
good prediction of the harmonic roll
motions.

The pulsating source method of Frank, as

" included in many strip theory ship mo-
tions computer programs, can be used eas-
ily to include the effect of non-viscous Li-
quid cargo in ship motion calculations.
Also, 3-D calcnlation techniques for calcu-
lating potential mass and damping of ships
can be used for this purpose.
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ABSTRACT

The mam reasons and features of
failures of smaller vessels because of stability
loss 1 greea water shippmg conditions of a
deck in following and quartening waves are
determmned in the paper

Influence on stabihity of separate
architectural and constructive elements and
parameters of static stability of a typical smaller
fishing vessel has been determmed during its
movemesnt in following and quartering waves in
green water shipping conditions of a deck from
the stern  Qualitative and quantitative
evaluation of this influence have been made

The research of rolling and stability has
allowed to develop mathematical model of
behaviour of a wvessel in following and
quartermg waves in green water shipping
conditions of a deck and to identify s
paramerers, as well as to take into account the
dommant factors of the process of dangerous
heeling

On the basis of theoretical and
expenimental researches a sumple  physical
approach has been developed On the basis of
that approach a practical technique of
determimation of critical rise of the centre of
gravity of a vessel has been realized and
verificd  experimentally Stability oniteria have
been singled out
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NOMENCLATURE

L - length of a vessel between perpendiculars,

B - width of vessel along the current waterline,
D - heigtit of board,

d - draft,

A - weight displacement,

& - coefficient of general fullness,

a - coefficient of waterhne fullness,

f - coefficient of middle-frame fuliness,

~ - coefficient of vertical fullness,

o - coefficient of longitudinal fullness,

f - height of freeboard,

hy - height of bulwark,

Swi - area of upper deck,

Sw - given area of deck well,

o - relative coefficient of deck well (Swy/ Sq),

t, - time of complete removal of water from the
upper deck,

A - total area of storm scuppers {per one
board),

i - coefficient of permeability of upper deck,

z - distance from mitial level of water in deck
well up to the level of top edge of scupper,
Tu(e,Fr ho/As) - average level of water n deck
well of a vessel depending on a course angie of
a vessel in relation to dispersion of water,
Froude number and steepness of water,

z, - elevation of the gravity centre of a vessel
above the basic plane,

h, - mitial metacenter height,




KO) - arms of the mitial diagram of static
stability,

Lnnax - maximum of arm of static stability,

Omsx - angle of maximum of the diagram of
static stability,

0, - angie of rolling lap of the diagram of static
stabulity,

1(8) - average value of arm of static stability on
a wave,

Al(B) - amplitude value of penodic part of arm
of static stability on a wave,

O - angle of immersing of the edge of bulwark
wnto the water,

£ - course angle of a vessel in relation to the
dispersion of water measured from the stern
part of diametrical plane of a vessel clockwise,
Fr - Froude pumber,

hy, - height of a wave,

Ay - length of a wave,

@, - 1mit:al phase of water,

Oy - apparent frequency of water,

Tx - apparent period of a wave,

g - angle of onboard 10ll,

6 - speed of onboard roll.

0 - acceleration of onboard roll,

Iy - moment of ertia of a vessel in relation to
longitudinal central axis,

Mg(6,t,e) - restoring moment,

Mmn(0) - moment of hydrodynamucal forces of
mertia,

Mp(8) - moment of resistance forces,

Q*(B,t,&) - main part of the perturbing moment
caused by water,

M«(6,t,) - heeling moment caused by the water
in deck well,

lo - arm of the heeling moment caused by the
water in deck well,

po - Joined moment of mertia,

W - coethicient of resistance,

Wy, - relative coefficient of resistance,

Umo - ffective angle of wave slope,

n - number of a period when the water floods
the upper deck,

m - number of periods for which the flood
water flows down from the upper deck
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INTRODUCTION

The necessity of taking mto account the
flood of a deck in following wave was marked
m  works of V'V Garkavy, IK Boroday,
S Grokhovalsky, T Chisiua, K Kavashima,
N Takaisha, M Kan, N Umeda and other
researchers

Flood of a deck by sea water and its
accumulation on the upper deck 1s widely
recognized as danger for stability of a vessel
Especially 1t 1s important tor smaller vessels

Therefore, purpose of the present paper
was development (and experimental test) of
techmque of estumation of vessels stability in
conditions of flood of a deck m following
wave, and also estimation of mfluence of
upperworks architecture features of smaller
vessels on stabihty at the movement
followmng wave m conditions of flood of a
deck

THEORETICAL AND EXPERIMENTAL
RESEARCHES

According to the collected and analysed
by the author results of capsizing statstics [1]
of fishing and cargo vessels depending on the
cause of failure, course angle of a vessel, it 1s
possible to assert that the signuficant part of
vessels (more than 30%), which were lost
because of capsizing, is for smaller vessels
accepted plenties of sea water on a deck in
following wave or at course angles close to
following, where the precondition of dangerous
heeling and capsizing is periodic decrease of
stability 1n the following wave and the heeling
moment caused by the water flooded a deck of
a vessel from stern These facts were confirmed
by expenimental way [2,3]

According to the results of emergency
statistics the data on types of vessels (in Fig |
are given archilectural and construcuve types
of the vessels which had failures), geometrical
charactenstics of cases, stabidity, speed of a
course, height of freeboard, bulwark and deck
well are analysed




L=169.40m; L/B=2.82..5.19;
L/D =6.01...10.2; B/D=1.73...2.50;
B/d =2.04..4.00; D/d=1.14...1.64;
o =0715..0.86; P =0.640..0.70;
5=0474..091; z/D=0.79..0.935;
h, =0.400...0.818; h,/B=0.072..0.156;
Lnsx=0.114...0.316;0me=19.0...30.6°,

0,~42.8...70.6" Fr=0.078&...0.340: (1)
hy=0.50.1.1; hy/B=0.10...0.14;
i

hy  h
L cora3+Lo<-L <o06s
28" "B

hy hy
<0189 —-055— 0065 £ —— <0100
B B

W~ Wi~ W

hy hy
<0244—-—-L 0100 <L <0300
B B

-

ok = 0.030L - 0.450

Here it would be necessary to note, that
about 40% of the vessels which had failures,
met the requirements for stability of the Russian
Sea Register of Navigation.

Subject to research in the present paper
were smaller vessels, with iimited distance from
shelter port, with length up to 40 m, with
relatively large deck well, having stern part of a
deck not protected by poop and other stern
superstructures, and also contmuous bulwark
with the characteristics (1).

The basic assumptions at solving of the
given tasks are the followng;

- being examined the stability of an
intact vessel, ie. the opportunity of flood of
mternal premises dunng failure is not taken
into account;

- vessel is controlled; arising at heeling
developing moments are compensated by
handling of a rudder; the course of a vessel 1s
kept constant;

- being examined onboard roll of a
smaller vessel in following and sidelong wave
to the system of free incoming waves; the
liquid, surrounding a vessel, is considered ideal,
heavy, incompressible, having unlimited depth;
the amplitudes of incoming waves are
constdered relatively small;

- influence of diffraction component of
the perturbing moment is neglected, as the
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mode being examined shows itself essentially
on long in relation to a vessel waves, when
diffraction component of the perturbing
moment is small in relation to the main one;

In the Fig2 the used system of
coordinates is given.

At the movement m following and
sidelong following wave the vessel will have
periodic change of stability charactenstics. It is
considered that the waves with length close to
the length of a vessel are most dangerous. As
more often direction of wind coincides with
general direction of waves run, and angular
fluctuation of wind are small, the wind heeling
moment was not taken mto account, but the
heeling moment caused by water on a deck of a
vessel from stern was taken mnto account [1],
(in Fig.3. the scheme for determination of the
heeling moment caused by water in deck well is
given). At the movement m following and
sidelong following wave 1s charactenstic
sporadic flood of deck well with large amounts
of sea water (this is testified by eloguent
descriptions of failures). After passing such
wave the vessel with filled by water partially or
entirely deck well makes dynamic inclmation
because of action of the heeling moment
created by this water as by liquid load accepted
on the upper deck. Flood of the upper deck
occurs when the crest of a wave is on stern
perpendicular of a vessel, the heechng moment
arising under such circumstances practically
does not change (this is shown by the data
given in Fig.4 on calculation of time of water
outflow from deck well) and appears to be
close to capsizing, during movement the vessel
appears to be in adverse phase in relation to
water, 1e. at the top of a wave, and this
circumstance results in capsizing.

On the basis of the analysis of the

. moments of forces acting on a vessel in
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following and sidelong followmng wave
conditions of flood of a deck [2] the
mathematical model of onboard roll with
assumptions about neglect of influence of keel
vertical roll, and also about an invanance of an
angle of course which is applicable to courses




mutial  small  crosswise impulse  which
corresponds to the small initial angle of heeling
8(0) = 8,, 5(0) = 6,. In a certain perod of time
after application of initial external force the
system comes to the steady mode 8, = 04 and
further they are already considered as mitial
conditions. The results of the analysis allowed
to watch laws of change of amplitude of
onboard fluctuations and to establish the
dependence of its maximum value from the
perturbing moment caused by water on a deck.
The worst in relation to stability in conditions
of flood of a deck of a vessel in following
water 13 the case when 8(0) = 09, = 13... 187,
B8(0) = 0, (Froude numbers m this case
accordingly are: 0.05... 0.23), that this instial
condition corresponds to the influence of
external heeling moment caused by water on a
deck at situation of stern perpendicular of a
vesse] on a crest of a wave. With the growth of
course angle the amplitude of onboard roll is
unsignificantly increased. The account of
wrregularity of water as a rule results in higher
values of minimal arms of stability for the
worst situation of a vessel on profile of a
regular wave of the same length and height.
The consideration of the characteristics of
attachment and stability of a vessel on profile
of regular, not deformed wave provides some
reserve of stability, i.e. for real conditions of
navigation results in error to the safe side.

For improvement and estimation of
adequacy of mathematical model of behaviour
of a vessel, and also for study of influence of
upper works architecture, there was in a proper
way planned physical experiment which
consisted in the following:

- determination of water level in
deck well depending on load, speed of
movement of model, course angle and
parameters of water;

- experimental check of the founded
theoretical results;

- determination of frequency of
capsizing of model of a vessel with various
upper works architecture m strong collapsing
water;
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- estumation of wnfluence of applicate
size of gravity centre of a vessel on safety of
navigation in conditions of abrupt and
collapsing following water;

- study of influence of bulwark
wstallation in stern of a vessel ("stern gate") on
flood abiiity of model at its movement
following water.

As object of experiment was chosen
smaller shrimping trawler MKTM "Batella" B
275 with typical contours.

The basic vanant of the developed self-
propelled model was made m scale 1:15 (in
Table 1 and 2 the basic geometrical
characteristics of model are given, in Table 2
are also the charactenstics of stability of
model), for realization of necessary
measurements the complete set of John &
Railhofer equipment was used, as well as
gauges specially developed for 1t).

The basic and additional series of
models (in Fig.5 are presenied architectural and
constructive types of models of vessels). The
senies of models of vessels A, B, C, D was
developed in such way that one vanant of a
vessel differs from any other only by one
architectural and  constructive  element.
Architectural and constructive variants of
vessels A, B, C, D mn certain degree cover the
basic types of smaller vessels which are m use
nowadays.

In Fig 6 the effective moments during
realization of tests are presented.

The tests have shown the following:

- that the installation of bulwark 1 stern
reduces {approximately by 15%, 17%) the
flood ability of a model;

- the change of speed, course angle and
characteristics of water influences on flood
ability of a deck rather strongly, for the
approximate quantitative estimations it is
necessary to use experimental dependence
found on the basis of results of experiments on
above trawler in a range of Froude numbers
from 0O till 0.15, steepness of water from 1/11
up to 1/15 and course angles of water ¢ from 0
up to 25 degrees, oy = 0.35... 0.50, /B = 0.08,
h/B=0.14_ 010




deviating from strictly following not more than
for 25° was created.

The moment of heeling caused by water
m deck well according to the scheme given in
Fig.3 can be put down as:

Mw=Py 1w=Py {(Yr-Yr JcosB+...
H(Zp-Zp Jsimb] 2)
For determination of the heeling
moment caused by water on a deck it 1s possible
to take advantage of the approach developed by
V.V.Garkavy [4], thus having specified level of
water i deck well depending on a course angie,
speed of vessel’s movement and characteristics
of water.
The heeling moment caused by water
on a deck 1s presented as empirical dependence:

Mw(B,t,8)=...
{DJ (1,rhy |2y, )5 fma,fef <0<8,
. f R

€)

0,

9‘)("23

where the arm of the heeling moment
caused by sea water on a deck 1s found from the
following
expression:

[ Frh,[4,)=021a; -?l F(t, Fr,h, [4,).(4)
X

The function which 15 taking mto
account discharge of water after flood of a deck
looks like a kind of empirical dependence:

307
H BB )= ful R Ao e =, . )

——- ({17, )
T,

00<t <nry
@(f) = » (6)
Lty <t<{n+m)r,
mey >4, (7
S z
b = 2 =, 8)
Au\2g

For the moment of damp forces 1s used
square-law approximation at in discrete steps
varied coefficient of resistance:
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Mp(®) = -W 6° signé, (%)

where W = kW, (10)
k=1, if the board of a vessel has not come nto
water (/0/ <0g); k = 2, if the board of a vessel
has come into water (0 > ¢ ) and both the signs
of acceleration and speed of onboard roll
coincide, k = 4, 1if the board of a vessel has
come into water and both signs of acceleration
and speed of enboard roll do not comaide. The
values of coefficients are determined
experimentally by V.V.Garkavy [4] and are
confirmed by the results of our physical
experiment [3].

The restoring moment 1s presented by
harmonic function according to the method of
Y.I.Nechaev [5]:

Mz(®,t,6)=-A [I(8) + Al®)cos(cit - o)), (11)

The main part of the perturbing moment
caused by waves is presented by dependence:
Q*(0,t,6)=A*8)0tmosinoyt, (12)

The mathematical model of onboard roll
of a vessel in sidelong following regular water
in conditions of episodical flood of a deck from
stern with length of a wave equal to the length

of a vessel, with use of dependences (2-12) will
be presented by the differential equation:

(L + 1o Jo-Mo(8)-Ma(6,t, £-Q*©®,1.8)+...
.tMy (Ot8), (13)

In a range of relatively low frequencies
distinctive for tasks of the theory of the ship,
the adequacy to discrete model is revealed with
use of numerical methods of integration of
initial continuous model (in the differential
form) only m case when accuracy of the
mentioned numerncal methods 1s not below
fourth order (for example, method of RK-4
order).

Initial conditions, when time = 0, are
the following: 1t 1s considered that i the iitial
moment of time {o the system is applied the




£o(Fr, B/ A )=[0. 10Fr-2. 10Fr*+0.756)]* .
-.*[13.2(hw/Aw)-0.10], (14)
- at impact on a vessel of a collapsing
following wave - most safe 1s the vessel "D" - a
smooth deck wvessel with forecastle (the
forecastle is up to the 7th theoretical frame),
without bulwark, and "B" - a smooth deck
vessel with forecastle (the forecastle 1s up to
the 4th theoretical frame), without bulwark.
The nstallation of bulwark on the maimn deck of
a vessel (vaniants "A" and "C") results m sharp
increase of probability of capsizing (in Table 3
the results of experimental research in
collapsing following water are presented).

- the mathematical model without
account of keel and pitch fluctuations, which
uses rather strong schematization of nonlinear
effects at flood of deck well, gives satisfactory
numerical results and 1s suitable for the
approximate guantitative estimations;

In Fig.7 the curves of experimental
records in absolute coordinates of onboard roll
and calculated curves found for mathematical
model of behaviour of a vessel in following and
sidelong following water in conditions of flood
of a deck with the same charactenstics as for
physical modei are shown 1 comparison. From
comparison we can see that the calculated data
deviate from expenimental data to the side of
some overestimate of roll ampiitudes. This
deviation can be explained by influence of
longitudinal roll, and also by difference of real
values of decrement coeflicient and jomed
moment of inertia from accepted in account
(especially after coming of a deck into water);

- the amplitudes of onboard roll turn
out to be insignificant, about 10 - 13° for
following water and is a littie bit higher or of
the order for sidelong following water;
the tests have confirmed the
possibility of parametrical resonance of
onboard fluctuations occurrence mn sidelong
following water;

- the capsizing of model in irregular
water occurs after some fluctuations at impact
of group of high waves of approximately
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identical intensity, that is batches of waves
close to regular;

- the tests have shown that stabiity of
smaller fishing vessels which meets the
Requirements of the Russian Sea Register of
Navigation does not pguarantee safety of
navigation in following wave mn conditions of
flood of a deck from stern,

BASIC RESULTS

On the basis of the carmed out
theoretical and experimental researches the
practical techmque of determination of the
critical diagram of stability was developed,
where, against the traditional schemes, in a
case of flood of a deck the amplitude roll is not
calculated, but the work of the heeling moment
caused by water in deck well and the restonng
moment are compared at situation of a vessel
on the top of a followmng wave with an
assumption of static character of inclination of
a vessel and flow of water (as it is offered by
Tsutomu Tshichiya [6,7,8], N.N.Rakhmamin
[9,10,11], V.V.Garkavy [4]). In thus case free
surface of the liqud is supposed to be
rectilinear (flat).

For a regular wave with the length
equal to the length of a vessel (Aw = L}, with
steepness hy / Aw = 1/11, by the results of
systematic tests of Y.ILNechaev [5] we
determine addition of arm static stability at the
top of a wave (|Aly]) depending on angle of roll,
width of a vessel, parameters of the form L/B,
B/d, D/d, Froude number (Fr = 0) and course
angles (e= 0).

The ordinates of the calculated diagram
of stability for situation of a vessel on the top of
a followng wave are determined by the
following expression:

L(6)=1(8)-[AL(0)|, (15)

In Fig.8 the scheme for determination
of cntical elevation of the applicate of gravity
centre of a vessel 1s presented.

The crtical position of applicate of
gravity centre of a vessel 1s determined from
condition of equality of the areas "a" and "B"
(condition of equality of works of the restonng




and heeling moments). By the method of
consecutive approximation we achieve the
equality of the areas "a" and "B" and find the
required diagram of static stabiity The vaiue
of applicate of gravity centre of a vessel
examuned situation will be critical.

The offered technmque of determination
of critical elevation of applicate of gravity
cenire of a wvessel has recommended itself
during experumental check (about this testifies
the experimental material presented in Fig.9)
and can be recommended for practical
apphcation 1 case when the steepness of water
does not exceed 1/11. The generalization of
technique in case of water of any steepness
does not have principle difficulties.

The basic practical conclusions and
recommendations for increase of safety of
navigation of the above smaller vessels, found
in the paper, consist in the following.

- bulwark, which forms deck well, 1s a
dangerous construction, the installation of
bulwark of the required height in the area of
long deck well is mnadnussivle. It 1s necessary to
apply a bulwark of detachable design, variable
in length, or to replace it with life iine or mesh
protection. Storm scupperes of the sizes
required by standards are of small effect while
flood of a ceck.

- water-proof superstructures whuch
are symmetric i relation to diametrical plane
of medium length essentially increase safety of
navigation in examined situation.

GRAPHIC MATERIAL

Fig.1. Architectural and constructive types of
vessels which had faitures.

A - smooth deck vessel with one-
stepped cabin i nose,

B - smooth deck vessel with raised
cabin in the middle part,

C - one-decker with forecastle and
cabin 1n the middle part;

D - one-decker with forecastle and
quarter-deck, with a cabin of the
second step in nose;

E - one-decker with forecastle

transforming into cabin of the left
board, and with a cabin of the second

step,
F - two-decker with one-stepped cabin;
G = shelter-deck vessel opened from
stern and with the closed shipping
deck.
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Fig 6. Effective moments during realization of
tests
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Fig.7. Comparison of results of account
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of stability, £=0°, V=~ 025 m/s, hwr 2.1 m, hy
~ (.24 m, ts,.~ the moment of time when the
water floods the upper deck) The curves under
number "1" represent expenimental record, and
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Fig.8. Scheme for determination of
crtical elevation of the applicate of gravity
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Fig.9 Expenmental check of the offered
criterion of stability

MTKM «Batellay (Variant A), D = 108
kg, z,=0239m,z"~0253m,

O - Results related to the tests in
following regular water (hw/Aw =~ 1/11 = 1/12, F,
=0...015,8=0... 25,

2\ - Results related to the tests n
following irregular water (T, = 2.01 ¢, hay =
02l mF,=0...0.15¢e=0%




TABLES
Table 1
Designation | Unit of | Real Model
measure | vessel
L m 26 1.733
B m & (G.538
3
d m 3.26 0.237
dy m 279 0.186
dx m 3 0.247
D m 3.90 0.260
o 0.778 0.778
B 0.800 0.800
X 0707 0.707
& 0.560 0.560
A t | 3790 0 108
_ Table 2
2=2,/D | h/B |lo/B | 0, 18,
| 0.919 0.077 10.054 |51 76
I 11.020 0.033 10031 |50 65
Tabie 3
Typeofa | General | Number | Frequen
vessel aumber of cy of
(vanant of | of tests, N capsizing | capsizing
load) n Yo
A(D 34 23 676
A(I) 32 32 100
B(I) 32 3 94
B! h"
L

Profile of a collapsing wave at the
moment of impact on a vessel.

(Hesght along forward slope h' ~ 450
mm (7 m for a mock-up vessel), along back
slope h" ~ 630 mm (9,3 m))
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ABSTRACT

The paper is devoted to probabilistic
characteristics of nonlinear ship response to
iregular seas. The authors examined nonlinear
stochastic rolling in vicinity of principal
resonance and found that probabilistic
characteristics ~ calculated by  different
realisations  are substantially different. The
physical reason of this phenomenon is fold
bifurcation or jumps between high and low
energy levels of roll response in vicinity of
principal resonance. Practical calculation of
nonlinear irregular rolling with regard to this
phenomenon 1s considered.

NOMENCLATURE

a;  nonhnear coeflicient in GZ approximation
m; nonlinear coefficient in roll excitation

hs, wave height of 3% probability of
s~ exceeding

F, wind excitation force

F.  wave excitation force

I, transversal inertia moment

K4y correlation function of rolling

k wave number

M, wind excitation moment

M., wave excitation moment

Mg restoring moment

M  ship mass

M, added mass 22

M,s added mass 24

Mys added mass 44

() neglected terms

P impulse stochastic process

S« roll excitation spectral density

Sz 3D wave heights spectral density

V' Variance / Vanance operator

W  Width of confidence band

u = ksiny parameter of 31> wave spectrum

v = kcosy parameter of 3Dwave spectrum

y relative horizontal movement of ship's
center of gravity

o, effective angle of wave slope

£ bookkeeping / small parameter

Y phase angle of rolling

A2 stochastic amplitudes of non-canonical
presentation of stochastic process

Ay, horizontal damping coeflicient

Aas  cross damping coefficient

As  angle damping coefficient

xy  coeflictent of roll excitation

¢  absolute angle of heel

¢, relative angle of heel

¢ quast - linear process of rolling

¢, amplitude of rolling

o  frequency of excitation (stochastic
frequency of non-canonical presentation)

x  course of a ship relative to general
direction of wave propagation.

¢  initial phase angle of the excitation
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1. INTRODUCTION

The problem of estimation of probabilistic
characteristics of nonlinear irregular rolling is
unavoidable if we are interested in probability of
capsizing and correct estimates of ship stability
in operation. The authors encountered this
problem while one of them was working on a
practical application of  piecewise linear
approach o capsizing probability estimation {13.
To complete calculation of capsizing probability
it was necessary to know distribution density of
roll angles and velocities for a ship with given
GZ curve Attempts to obtain such distributions
by direct numerical simulations failed:
sometimes it was not possible to reproduce the
same results with the same input data once
again The rteason was simple: different
realisations produced different output. It was
not a surprise from the pure theory point of
view. 1t i1s known that linear dynamic system
generates ergodic stationary response having
ergodic stationary excitation. (Ergodic property
can be considered in regard to stationary
stochastic process only and means that
probabilistic characteristics obtained form the
whole ensemble of realisations are the same as
they were calculated using one realisation that is
«long enough»). Analogous property is
unknown for nonlinear systems, so we have no
rights to expect that statistical estimates
obtained by one realisation is correct because a
stochastic process is presented by the whole
ensemble of its possible realisations.

This simple statement [2] generated question to
be answered before we can go ahead with
further development of probabilistic stability
assessment: what is the physical reason of the
above phenomenon in case of nonlinear rolling
and are there any method that allows to
calculate rolling distribution, other than direct
simulation of a big number of realisations?
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Further researches |3, 4] allowed to uncover the
physical reason of the above phenomenon that
here is named as «cyclic non-stattonary quality»
and to approach to the practical methods of
working with response of nonlinear system
under stochastic excitation. State of the art
review can be found in [4] and is missed here.

2. DIRECT SIMULATION

We shall call «direct» such kind of numerical
simulation when we are calculating state of the
dynamic system step by step in time having
some realisation of the excitation process as the
simulation input. Then we repeat all the
calculation for another realisation of the
stochastic excitation process until we get
enough statistics for reliable estimation.

The excitation was simulated by well known
Longuett-Higgins sea wave model using Fourier
series with stochastic initial phase angles. The
following system of differential equations was
used to describe a ship:

(M+ M)+ Ay =F, (6)+F.(1)
(. +M44)‘Br +A44(;)r + M () +
+ MY+ Ay =M (O)+M, (1)

(D

Wind here is also considered as stationary
ergodic stochastic process presented by Founer
series, for details see [17 or [4]

The results of the simulation are presented on
fig. 1 in form of so-called «cumulative variance
estimates» vs. time. This means that we
calculate variance estimate as of certain time
passes.

Different curves mean different realisations of
the rolling process. It could be clearly seen that
during 20000 seconds these curves showed no
tendency to stay within interval width of which
would decreasing with time. Contrary to the
same curves calculated for the same system (1)




stationary quality of severe roiling. Usage of
this tool is illustrated by the following example.

We consider nonlinear rolling described by the
following differential equation

$+28p+0lp+ad’ =
={(@, +m ¢" ), 1)

We calculate estimated variance of each
realisation and then average them finding width
of confidence band with the give confidence
probability. All these calculations were repeated
for different values of nonlinear coefficient as.
Details of this calculation can be found in [3] or
[4]. The result is given in fig.3 (solid line).

@

If the stochastic process is ergodic, the estimate
variance of the variances obtained by one
realization could be defined by [3]:

r(y,) = 5;—,? K (vt 3)

The error will be not so big if we substitute the
correlation function in (3) by its estimate
obtained by one of the realizations [4]. The
value of width of confidence band yielded by the
variance (3) gives us some measure of error
caused by finite number of statistics only. This
value is shown be dashed line on fig. 3

Width of confidence interval, %
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4
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Fig. 3 Confidence band for variance with
(dashed line) and without (solid line)
ergodic assumption
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it could be clearly seen that only linear system
(a;=0) is ergodic. A spread of estimated
variances could not be explained just by
insufficient number of statistics anywhere else
except the point {a:=0). So the difference
between two confidence bands could be chosen
as a measure of cyclic non-stationary quality -
the tool we need to proceed our study.

4. PHYSICAL REASON

What are the physical reason of the cyclic non-
stationary quality of nonlinear dynamic system
describing severe rolling? It is possible to show
that the reason is fold bifurcation - existence of
two responses at the same excitation frequency
[3, 4]. When frequency band where fold
bifurcation is possible coincides with a peak of
the excitation spectrum frequent «jumps» can be
observed, see fig.4. These «jumps» between low
and high energy level seems to be responsible
for cyclic nonstationary quality of rolling.

‘ba, S(‘!.

Fig. 4 Bifurcation area and excitation
frequency band

Let’s examine fig.3. With the increasing of
nonlinear coefficient a; the measure of cyclic
non-stationary is increasing until certain value of
the coefficent and then decreasing. Changing of
the nonlinear coeflicient leads to changing of
form of nonlinear GZ curve and as a result to
shifting the bifurcation area form the peak of the
excitation [4].

This idea can be tested easily. Let’s take the
white excitation, so any response curve shifts
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where real GZ curve 1is substituted by
metacentric formula {in other words for linear
system) show evident tendency to stay within
such an interval, see fig. 2.

Formally this example does dot give us a right
to state that the stochastic process that
corresponds to curves on fig. 1 is not ergodic,
because all judgements on stochastic process
can not be done during finite time. Probably if
we could proceed calculations we could sece
these the cumulative curves within the interval,
but we never have infinite realisations in
engineering practice. Having in mind that
certain sea state conditions also could not be
constant in time, we always have some
limitation in time duration. This means that
despite we did not prove that the process is not
ergodic we cannot use ergodic hypothesis in
practice anymore. To avoid misunderstanding in
terms we called this property of the rolling
process «cyclic non-stationary quality»

3. TOOLS FOR STUDY

To proceed our study we need some toels. As it
is well known, any estimate obtained by
statistics i a stochastic value. So estimated
variance, for example, as any other stochastic
value, has its own mean value and variance. The
estimates of these figures also can be obtained
form statistics in real engineering practice. So
we have to work with statistical estimates of
statistical estimates. This concept may be
clarified by a simple example. Each realisation
of relling process on fig 1 or 2 yields some
estimate of variance. A set of realisations
produces a set of estimated variances and we
can estimate vanance of this set. The result is
estimated variance of the whole ensemble of
realisations that could be found with certain
probability to be within confidence band as any
other statistical characteristic. The width of
confidence band reflects an error of estimation
of the characteristics. This value could be used
as a tool for study of defined above non-




should not affect on cyclic nonstationary if we
the above hypothesis is correct - see fig. 5.

Width of confidence interval, deg”
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Fig. 5 Confidence interval for variance with
(dashed iine) and without (solid line) ergodic
assumption

One could see that increasing of the measure of
cyclic nonstationary is slower 1 fig. 5 rather
than in fig. 3. This can be explain that the
bifurcation area is inittally small and jumps are
rare. With the further increasing of nonlinear
coefficient @; the bifurcation area stays in high
excitation frequency all the time and the
measure is practically constant. This result does
not disapprove the above hypothesis, for more
details see [3] or4].

5. MATHEMATICAL MODEL

We agreed that the reason of cyclic non-
stationary phenomenon is the fold bifurcation.
Existence of two responses at one excitation
frequency leads to «jumps» from high amplitude
mode to low one and vice versa. The above
description could be used for formulating
mathematical model of cyclic non-stationary
phenomenon.

Let’s consider the stochastic process of severe
rolling as muluphcation of quasi-linear
stochastic rolling and some impulse stochastic
process that models «jumping»:

0(t) = ¢, (1) P(er) (4)
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Majority of available knowledge on «jumps» or
fold bifurcation concerns stable state motion of
dynamic system with one frequency excitation.
Fold bifurcation is associated with certain
frequency band where two stable periodical
responses co-exist. So to be able to use this
knowledge we have to present linearized rolling
dL(?) as a single harmonic function and to keep
all stochastic properties at the same time.

Such a model was proposed by the authors in
[4]. The idea of this is to use non-canonical
presentation of the excitation [6]:

o(7) = A, SIn®f + A, COSODI (5)

Here we have three stochastic values:
amplitudes A, and A, have Gaussian distribution
and stochastic frequency @ has a distribution
density in a form of normalised wave spectrum:

f@)=222 ©
o

If we set the time 7 constant and simulate
excitation by generation of stochastic values A4,
Ay and o, we obtamn a set independent
realisations corresponding to the above time 7.
The main advantage of the non-canonical
presentation 1s a possibility to get averaging by
realisations without step-by-step generation of
stochastic process, see [4] for details and [6] for
theoretical background. This feature also makes
it possible to use conventional quasi-lincar
methods for roll response calculation because
the excitation is harmonic in each realisation
(practical method will be considered further).

To simulate «ump» we divide all frequency
band in three zones, sec fig.6. While the only
response exists in zones 1 and III, two stable
responses could be found in zone IL If the
frequency @; occurs in zone II, we should
propose an algorithm of the response choice.
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Fig. 6 On the probability of high or fow
response in bifurcation area

This choice depends on previous history of the
oscillation expressed in initial conditions and
initial phase angle of the excitation. To avoid of
history consideration, the following method is
used. oscillations start on higher (or lower)
frequency where the only response exist. Then
the frequency is altered slowly to pull the
system in the bifurcation area The choice is
finally determined by the way how we reach the
point. If we system reaches bifurcation areca
from high frequencies high amplitude response
1s chosen, if the area is reached from low
frequencies, the low amplitude response is
chosen, see fig 6

If the frequency @, is a stochastic value,
probability of the choice of high amplitude
response can be associated with the distribution
density area from the right of ®,.

P,©,) =)= [ f@Mo, D)
and probability of the choice of low frequency

amplitude response can be associated with the
distribution density area from the left of o,
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P, (@,) =0, @) = [ f(@)deo (®)

The proposed algorithm allows to find out what
kind of response we shall get in bifurcation
zone, however, this is just 2 hypothesis, that
seems to have some physical background.
Probabilistic qualities of «jumps» during
nonlinear stochastic rolling are the subject for
further study.

6. PRACTICAL CALCULATION GF
CYCLIC NON-STATIONARY QUALITY

Here we try to develop practical algorithm of
taking into account the influence of cyclic non-
stationary quality Proposed criteria of cyclic
non-stationary significance could be expressed
as.

co oo ()
) Vir V. ’
Here Wy, is the width of confidence band of
variance estimate obtained by numerical
simulation and the values Vyy and Vy are
estimated variances calculated only with respect
high and low amplitude modes correspondingly.

The question how small this difference should
be to consider the process as ergodic is open.
We propose to set up the significance level (the
threshold after crossmg of which we cannot
assume that the process is still ergodic) by
expert estimate as the first expansion.

Calculation of the width of confidence band Wy,
without ergodic assumption is suggested to use
multiplication model of «jumpsy as it was
described above.

We use non-canonical model of the excitation,
but we need to generalise it for consideration of
any given course of a ship relative waves:

a (t)=A, smIz+%, cos 8¢; (10)




To take into account 3-dimensional character of
sea wave, we introduce new stochastic value’

S:ng(u2 +v2), (11)

the variance of stochastic amplitudes:

V, =

& by 8

quSC(u,v)dudv . (12)
G

and the distribution of the parameters

~ qu‘; (@,v)

fay) = (13)

[0

Using Gaussian generator of random numbers
we gef two values A; and A, their variance
should be in accordance with formula (12).

Then we use special generator to get the
parameters # and v in accordance with the
distribution density (13)

Having the set of these three value we are able
to get an amplitude of ship response by solving
the following rolling differential equation, that is
just some generalisation of equation (2):
¢ 1280+ b+ad’ +ag’ = (14)
= (@ +my ¢ +m, e, (0,0) (1)

The equation (14) can be solved by any
appropriate quasi-linear method. We used the
method of multiple scales se¢ [7], [8] and [4].

We introduce time scales in accordance of
power of bookkeeping parameter:

Ty=t, Ti=et, Tr=¢’t. ., (15)
time derivatives can be expressed as:

d
7D +el +8°D,+...

dl
7 =Dl +2eD,D, +¢” [2D,D, + D} |-
9

where D —
1 aj’:
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The solution is searched in following form:

0= 0T, T, ) 20, (5, T e, (16)

where &y, ¢, are the
corresponding expansions.

solutions of

Then we substitute the solution (16) into the
equation (14) and transform it into the system
of linear differential equations accordingly to
power of the bookkeeping parameter To do
that we should present coefficients of the
equation (14) as.

ed=u; &b, =q,, &b, =a,,

8§C, =M, (17)

T2

Assuming harmonic form of the solution
b=d,(Ncoslor - v() ) +O() (18)

and using further exponential form for harmonic
function we obtain the following system.

g D¢, +agh, =0

gt Db, +oid, =-2D,D,0, -
—2uDyd, *ZuDod)o - (19)
- 3¢g “bs‘t'g +

+lc, +c, 02 +c4d)§)r el

The solution of the first equation (19) is trivial

Substitution of this solution into the second
equation of (19) yields the following system of
differential equations relative to ¢u(7) and v(?),
see system (20).

We are interested stable state mode - therefore
we assume ¢, =0 and ¥ =0, that transform
the nonlinear differential equation {20) into
algebraic one. Solution of the algebraic
equations vields requested numerical value for
amplitude, phase and ordinate of the process at
the given moment of time.




b0, =—ubp,0,+

€y 5  3C4 4) .
+ic+—=0. +—¢ |sin
[ 0 4 d)a 16 d)a ('Y)
SV P IR (20)
(l)amtbymma 8 3Wa 165 a
€y 5 3y 7}
+ g +—¢, +—¢ ico
[ 0 4 ¢a 1 6 d)a S(,Y)
If our stochastic excitation frequency occurs in
fold bifurcation area and we get two values for
amplitude and phase and, respectively, two
ordinates instead of one we use the procedure
based on mathematical model described n
chapter 5. Then we come back to the
presentation (10), generate new set of stochastic
values and repeat all the calculation again and
again until we gather enough statistics. Having

enough statistics we calculate variance and
borders of confidence band.

Then we calculate the variance estimates for
high and low amplitude response modes and
finally obtain the value of criterion of cyclic
non-stationary quality in accordance with
formula (9)

7 FULL SCALE TRAILS AND CYCLIC
NON-STATIONARY QUALITY

The problem of cyclic non-stationary quality is
not only pure theorctical or methodological.
Contemporary intellectual shipborne seakeeping
systems use to measure rolling to display
current characteristics of safe operation.
Accuracy of rolling judgement could be critical
in this case.

Described above method was used for
estimation of significance of errors in judgement
caused by cyclic non-stationary quality of severe
rolling. Data of general cargo ship «Never» was
used for these calculations: see table 1.

The results of calculations are shown in form of
circular diagrams, see figures 7 and 8. Pierson-
Moskowitz spectrum was used.
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Table 1

Data on ship «Never

Length, L, m 109.8
Breadth, B, m 14 8
Draught T, m 3.1
Total depth H, m 50
Cp 0.84
Cw 088
GM, m 1.44
Weight displacement , t 4260
KG, m 52
BM, m 5.1
CB.m 1.6
Natural frequency @y, s 0.82
Damping coefficient: 8/ o, 0.1

8. CONCLUSIONS AND COMMENTS

There is a phenomenon of c¢yclic non-stationary
quality of severe irregular rolling. It 1s expressed
in  impossibility to  obtain  statistical
characteristics form one realisation of stochastic
process.

A relative difference of confidence bind width
with and without ergodic assumption can be
used as a measure of the above phenomenon

The physical reason of cyclic non-stationary
quahty is fold bifurcation.

Non-canonical presentation of stochastic
excitation in combination with method of
multiply scales allows to develop the practical
algorithm for calculation of the above measure.

Cyclic non-stationary quality can significantly
affect on full scale measure especially when
recording time is short. It seems to be necessary
to take into account this quality when choosing
course and speed for the full scale
measurements The circular diagrams can be
used as some guide for that.

The authors think that further study of
probabilistic qualities of «jumps» would be
useful as well as generalisation of the proposed




approach for statistics of higher order and any
types of probability distributions.
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ABSTRACT

The time history of encounter waves differs
from the wave record at a fixed point, 1¢ the
groupiness of encounter waves varies accord-
ing to ship course and speed The groupiness of
ocean wave Iitself had been estimated statisti-
cally by using characteristic values of wave
spectrum This method has been applied to the
encounter waves, and the probability to en-
counter high run is shown as functions of I'/7
and number of runs It is concluded that the
groupiness or probability to encounter high run
becomes higher in the range of V'/7 between
10 and 2.0 (kt/sec) The danger of encounter-
ing such high run is confirmed by model test
results on capsizing

1. INTRODUCTION

A ship will encounter occasionally a group of
high waves,te high run, when navigating in
following/quartering seas One of the present
author had been explained this phenomena by
introducing a concept of the wave energy
concentration ratio which is determined on the
encounter wave specirum. and he has proposed
the dangerous zone to encounter high run on
the V/T-Diagram[1} This idea i1s now included
in the "Guidance to the Master for Avoiding
Dangerous Situations in Following and Quar-
tering Seas”, which recently was adopted as the
MSC/IMO  Circularf2] However, this V/T-
diagram gives no quantitative information on
the degree of encountering high run Then, the
authors have tried to derive the statistical
properties of this encounter wave grouping
phenomena 1n following/ quartering seas to
quantify the probability of occurrence of high
runs n wave group, applying the Longuet-
Higgins' method[3] that the groupiness of
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ocean wave ttself depends on the charactenistic
values of energy spectrum A band-width
parameter. which 1s calculated for the encoun-
ter wave spectrum transformed from the ocean
wave spectrum. is used to estimate the prob-
ability of wave group length or high run to be
appeared 1n encounter waves of a ship The
resudts have been confirmed by the statistical
analysis of simulated time series of encounter
waves that the probability of occurrence of
high runs in fellowing sea becomes higher in
the range of I'/7 =10-20 with the highest
value at I"/7 =145 The influences of direc-
tional distribution of wave energy. ie the
effects of short-crestedness of ocean waves
have been also investigated and it has been
shown that the increment of encounter wave
groupiness Is less, as the directional distribu-
tion of wave energy becomes wider The dan-
ger to encounter such high run has been de-
monstrated on the V/T-diagram by using ex-
periment results on capsizing for various ship
models

2. STATISTICAL ANALYSIS OF WAVE
GROUP

2.1 Longuet-Higgins' Method

The run is the number of successive wave train
in a group. all of which exceed a level p, as
shown mn Fig 1 According to Longuet-Higgins,
the mean length of wave group, /. the mean
values of wave number and run n a group,
and H. are represented by the following
formulae as the functions of the band-width

parameter. -, of the wave spectrum
[ {a Q) ] e (1)
G =m0 vl e e (2)




H =20 V1) v p (3

where v is derived from the n-th moment of
the spectrum , m . as follows,

1= \/m,,m, ~m, Im,

(4)
(5)

dy=n, o =00 go=m.-ny i,

provided that the components of the spectrum
i higher fiequency range than 15/ as well as

the lower frequency range than 03/ are

renored, where is the peak frequency of the
2 . p q

spectrim

The probabtlity density functions of /. ¢ and
1 are represented by an exponential function,
respectively, as follows

py=1 ‘e’ (6)
{r) = (G le " (7)
p(HYy = H e (3)

The probability that the run exceeds H is
calculated by equation (9)

POH) = f: pUH)dH = ¢ 7 (9)

The probability, (/7). takes the same value
for the same H/H value, or p It means that
the increased number of run and the increased
level of wave height of run have the same
efTect

2.2 Application to Encounter Wave

The encounter wave spectrum is obtained by
trtansformation of wave spectrum in wave
frequency domain @ into encounter wave
frequency domam » _,1¢

S, 2) = S(m)fil= 2wl cos 7/ g (1)

where I is ship speed. » is encountet angle.
and

0 =w-wlcosylg (11
The Longuet-Higgins' method is apphed to the
encounter wave spectrum The spectrum of
Pierson-Moskowitz type is used for calculation

of long-ciested sea. as shown by the non-
dimensional equation (12) and Fig 2
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/;\ L ~ 1
S'(m'):%-?-((g’l:(;lifa'* op{-04de’ '} (12)

m Tt

where o' =w/w,, @, =211 7.

wave period, A, the significant wave height

The short-crested wave spectrum is shown by
equation (13),

meai

[

Ster. 63 =Sy Dierd)) (13)

with the energy distribution function /Xw.6),
as equation { 14)

LoT(l+n/2)

16 = T
Sz T (1/2+n72)

cos” (7 (14)

The encounter wave spectrum in short-crested
waves 1s represented by summing the compo-
nent wave spectrum in various directions, as
equation (15),

r

S, x) =Y S, 2)

[ ]5)
r S(w.8 )A8 (
“ ’lm 2 cos(y-8,) g‘
where
@, =o-wVcos(y-6 )/g (16)

The band-width parameters of encounter wave
spectra have been calculated for navigation
conditions as shown in Fig 3, where V/T
(kt/sec) 1s taken as the unique factor to govern
the encounter wave grouping Figures 4, S and
6 show the encounter spectra of following sea
for various exponents of directional distribu-
tion function, # ==, 10 and 4, respectively
Figures 7(a),(b) and (c¢) show the band-width
parameter v versus !"/7 Then, the charac-
teristic values of encounter wave groupiness
such as /.(;. and H are derived by using
equations (1), (2) and (3) for the significant

wave height, 1e p/m° =2 or p=H, /2, as
shown in Fig 8 and 9 From these figures it is
clearly recognized that the encounter wave
groupiness increases remarkably in the range of
1'/f=10~20 and it becomes highest at

i =145




N Number of up—cross of a g ven laver per
unit time by the wave envelope
Number of maxima of wave elevation

Mean length of wave groups (=1/N)

max 4

I
G Mean number of waves 1n a group {=' N
H Mean number of waves 1n a high run

Fig.1 Definition of wave group and high run
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2.3 Statistical Analysis of Encounter

Waves Obtained by Simulation
The time series of encounter wave in short-
crested sea can be obtained by time-domain
simulation as double summation of elemental
waves as equation (17),

I J

nx)=3>

i=l pel

a,cos{wt -k, x+¢g) (17)

where

a, = J25(w,.6 )Aw A6,
k, x= k,(x(t)cosﬂj + ¥(t)sin 91) (18)
(x(), (N =(x,+Vcosg-t,y,+Vsin y-t)

The time series of encounter waves in long-
crested sea are shown in Fig.10 for various
V /T values. The envelope of wave amplitudes
are drawn on the figure.

3. STATISTICAL PROPERTIES OF
ENCOUNTER WAVE GROUP AND
EFFECTS OF PARAMETERS

The envelopes of time series of encounter
waves have been analyzed by statistical manner
and the probability that number of run exceeds
H has been obtained as shown in Figures 11,
12 as well as Table 1. The influence of direc-
tional distribution of wave specirum is also
shown by chain or broken lines in the figures.
From these results the qualitative features of
encounter wave grouping are concluded as
follows.

(1) Theoretical calculation and numerical
simulation give almost the same tendency that
the encounter wave, K groupiness Increases
remarkably in the speed range of ¥V /7T be-
tween 1.0 and 2 O, see Fig 11.

(2) The probability of exceedance, P(H), that
the number of waves in a run is greater than
H can be represented by a straight line on Fig.
12. Therefore, by using Fig. 11 and 12, we can
estimate P(H) for any conditions of ¥V /7 and
H as well as p.

(3) The increase Tate of encounter wave
groupiness in the range of V/7=10~2.0 will
become greater, as the value of H increases,
as shown in Fig.13.

(4) The increment of encounter wave
groupiness in the above-mentioned range of
V'IT is less, as the directional dlStI‘]bllthl’l of
wave energy becomes wider.
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4. COMPARISON WITH MODEL TEST
RESULTS

The capsizing rates of two model ships in
following/quartering seas[1] again are plotted
on the V/I-diagram together with the curve
representing the probability to encounter high
run, P(H=N), where number of run, N, is
assumed 4, as shown in Fig.14. From these
results, it is clearly shown that the probability
to encounter to high run correlates closely the
danger of capsizing events of ships in follow-
ing/quartering seas, as one of the present
authors already has shown by using the wave
energy concentration ratio which was defined
on the encounter wave spectrum. The degree of
danger could be assumed to be proportional to
the probability, P(H). Note that the capsizing
rates for larger GM show a better correlation to
P(H).

As the results of this study, the authors recom-
mend the followings:

(1) The dangerous zone shown in the opera-
tional guidance/MSC circular/IMO (1995) may
be classified according to the probability, i.e.
P(H) values, from the most dangerous zone
near V /7T =15 to the marginal zone lower than
1.0 and higher than 2.0.

(2) The model test in following/quartering seas,
ie. In irregular waves should include such
dangerous conditions defined by the mean
wave period and ship speed[5]. The V/T-
diagram is useful to find such conditions. In
performing the model test in such conditions, it
i1s necessary to encounter the model to high
wave runs, i.e. the design of test conditions is
important. The numerical simulation of en-
countering waves beforehand the test will be
effective. The examples of such model tests
were carried out by Umeda et al. [6] and
Hamamoto et al. [7].

5. CONCLUSIONS

By statistical analyses of encounter waves both
in frequency and time domain, the remarkable
increase of groupiness in following/quartering
seas has been shown qualitatively as the func-
fion of V/T and number of waves in a high
run. The degree of danger to encounter high
run can be classified in the dangerous zone
indicated in the operational guidance, and this
result will be useful to evaluate ship stability
against capsizing by probabilistic approach.
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ABSTRACT

During last decades a great deal of work was
devoied to the development of design stabilny
standards They were finally adopted by IMO
resoluttons  although  ship  designers  and
operalors are fully aware that they do not
constityte the ultimate solubon, At present
much attention 15 devoted to the operational
aspects of stability mcluding human factor,
because it 5 well known that 70 to 80 per cent
of casualties are caused by human failure. The
author considers operational aspects of stability
including human factor and dsscusses a set of

methods and measures necessary to deal with

the situation m order to safeguard sale
operation in various weather conditions

1. INTRODUCTION

During the last quarter of the century much
more attentton was paid to safety at sea and
manne environment protection. In spite of the
fact, that the number of serious accidents is
consfantly reducing, and, according 1o sfatistics
of fatalities it could be seen that seafaring 1s not
particularly dangerous enterprise in comparison
with other activities, it is general feeling that
shipping 18 not safe enough. Actually the
probability of losing life during sea voyage is
smaller than in road transport but siill 15 to 20
ships of the total capacity of more than 100000
gross tonnage capsize each vear (Lipis & Salov,
i "

The most dangerous accidents at sea are those,
where ships are lost, because usually in such
casualties there are also numerous fatalities.
Analysis of causes of such accidents reveals,
that about 2/3 of ships are lost in casualties of
the type CRG (collissons, rammings,
groundings). In the second place there are fires

8y

and explomions, m the third (about 19%)
capsizings Ihe last although not the most
frequent usually result m  many fatalities
because there 1s not enough time for rescue
action. Quite often capsizing 15 a result of
collision or fire

Great deal of work was deveted duning  last
decades to the development stability standards
aimed at increasing safety at sea. In particular
IMO was very active in developing and
adopting recommendations on intact and
damage stability standards, as e.g. Resolutions
A167, A 168, AS62. IMO developed also
Code of Intact Stability for all Types of Ships
{Resolution A.749), where all existing
requirements  concerning  stabihty  were
incorporated. This resulted in the substaniial
progress in safety against capsizing. With a
great deal of work devoted to developing
design standards, much less attention was pawd
to operational factors which in majority of
accident play the vital role. Therefore in this
paper attention i1s drawn to the operational
aspects of stability including effect of human
factor

2. BASIC PHILOSOPHY OF STABILITY
STANDARDS

The existing stability standards including
standards adopted by IMO are substantially
design standards, i.e. they are supposed to be
used when designing ships. However, if ships
constructed satisfy the standards it does not
mean automatically that they are safe. Analysis
of stability accidenis reveals, that ships which
capsize sometimes satisfy standards; this is also
cbwious from the way how , for example, IMO
standards were developed (Kobylinski, [2]). In
order to reduce the probability of capsizing
standards should be increased, this is, however,




mmpracticable from vanous reasons and even
may cause dangerous behaviour i a seaway.
it was stressed by many authors and legislators,
that from the pomt of view of siabibty to
design fool-proof ships 1 unrealstic
{Krappinger & Hormann, [3]) and that the
problem of developing salety measures for
stability of ships i a seaway is to complicated
that it would be mmpossible to solve it once for
all. This situation could be compared with the
sitnation  regarding estmation of ship
resistance, where in spite of the fact that
Withamn Froude when constructing his first
towing tank promused io solve problem of ship
resistance mn two years and we well know that
more than hundred years later this problem is
far from bemg solved.
Present interpational standards, as eg IMO
Resolution A 167(ESIV), are based on
statishical comparison of design  stability
parameters for ships considered safe in
operation and for those which capsized. In
both cases stability levers were compared
calculated for calm water condition m certain
assumed loading condition, which s purely
stipulated condition.  Simularly,  standard
included in the Resolution A 562(14) (weather
criterion) is also based on assumed wind
‘pressure and wave slope values. I a ship is
satisfymng those standards in assumed worst
ioading’condition intended by the owner it is
supposed to be safe enough to be allowed to
put mto operation. The regulations require also
that the position of the centre of mass of the
ship has to be calculated on the basis of
inclining test performed when the construction
is finighed.

The authors of the standards realised, however,
- that compliance with the standards is not
sufficient for mamntaiming safety, and operation
of the ship is vitally important as Res. A 167
(ES.IV) included the following statement:
~Compliance with the stability criteria does not
ensure immunity against capsizing regardless of
the circumstances or absolve the master from
his responsibilities. Masters shouid therefore
exercise prudence and good seamanship having
regard to the season of the year, weather
forecasts and the navigational zone and should

take the appropniate actions 85 $0 <peed and
course  warranied by the  prevailing
circumstances  (IMIO, 141)

The above statement reveals that operabional
factors were recogmised a3 umportani ssues
ensuring safery against capsizing Nevertheless,
rather few operational requiements were
included mto siability recommendations I s
clear, that operation of the ship depends on
human abiliies, 1 e so called Jbhuman facior”
plays important role.

3. SYSTEM APPROACH TO SAFETY
AND IMPORTANCE OF OPERATIONAL
FACTORS

It is clear that in order to achieve safety 1t is not
sufficient that the ship satisfies stability
standards. I is necessary to consider safety as a
system. This was proposed by the author
several vears ago {(Kobyhnski, [S], other
scientists expressed the same opinion { Kasiner,
I61). This idea was also adopted by IMO when
Code of Stability for all types of Ships was
developed (Kobyvhnski, [7]).

System of safety from the stabiity pomt of
view should include at least four elements as
proposed by Kastner [6], ie. ship, cargo,
environment and operation. These four
elements are sirongly interconnected and
influencing each other as it is seen from Venn's
diagram shown in Fig.1.

Fig. 1. Venn’s diagram showing four-fold
irtteraction of elements in safety system [8].
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Operanion 15 undersicod as humsn congol of

ship’s stability and its safe handling Therefore
operation 15 related to human factor Operation
affects siability, which s also affected by
environment and cargo Kastner [6] defined
operational stabihty in the followmg way
LOperational siability defines the actual stabibiy
status of the ship dunng her vovage, which
vanes w tme due to changes mn carge and
ballast of the ship, and due to changmg
environmental conditions at sea ”

The role of human operator 15 to conivol the
operational stabilty and take appropriate action
mn order to ensure safety

Operation which mcludes human f{actor,
according to some authors is responsible for 60
1o 80% of all stability accidents (Manum, [91),
other sources stress dehmitely that about 80%
of major manbme accidents are result of
human and organsationa! errors (Bea, [10],
U S Coast Guard [11]) The United Kingdom
P&I Chub performed an analysis of the claims
filled in 1993 and estimated human errors to be
primary cause of 62% of those acadenis
{Fig.Z) (Boniface, {i2]). From this # is clear
that operation must be considered as the most
important factor in achieving safety

Equip-
ment
6% o

Structi-  aJ°
ral
2%

errors
82%

Fig.2. Causes of major (>3100 096 US)
claims for all classes of commercial vessels

The importance of operation factors has begun
being recogmsed by international shipping
community. IMO included human factor ssue
mn is programme of work an already,

recognising organisation and management as
beinng source of many human errors 1t adopted
Safety Management (ISM) Code, which
requites vessel operators to develop and
mnplement a safety management sysiem starting
from 1998 (IMO, {13]} Also MO recognised
the necessity ic miroduce  formal safety
assessment w shipping as 8 way to increase
safety ai sea and a special working group was
crested to consider this issue which includes
also human element (IMO, [14]) How it
would be possible to mtroduce human factor,
at least partially, to formal safety assessment i
relation 1o stability was shown by the author
{Kobylmski, [151)

4. FACTORS IN OPERATIONAL
STABILITY.

Analysis of causes of serious accidents at sea
reveals that m the majority of cases {about
80%) they can be attributed to human and
organisational errors (HOE). The remaining
20% could be atiributed to material and
construction fallures due to force majeure or
other causes. Causes of marme accidents could
be classified as shown in fig.3 (Payer, [16]).
HOE could result from design, construction or
operational factors. Design and construction
are tesponsible for about 20% of ail HOE
failures, the rest are direct result of operation
HOE fallures are mfluenced by the following
factors

soctety ~ culture

organisation

mdividual

system

@ @& @ 9

Society-culture:

There is a strong mfluence of the society and
its culture on the acceptable nsk im human
activity. In general, there is a pressure to
reduce safety requirements and consequently to
reduce safety factor and to mcrease risk on
economic grounds because obviously safety
costs more From the pure economy there is,
however, ceriain optimum safety  index,
because it must be taken into account that with
the increased safety index investment and




operattonal costs also increase, but falure
related costs decrease (see fig 4, Huichimson,

Y

“Weather

. ' 32%
F“’e& Co!li Gi:ouﬂ”
Explo- sions dings B
sions 795 5%
27%

Fig.3. Causes of serious accidents in

percentage of the tonnage [16 |

Total risk Gactored invesient

Risk factored cost
of casualty

Fritial investment

{ost

§

' Optimum

i ! ) ; safety pomnt
g i 2 1 4

g Safety index

Fig. 4. Risk factored costs [17].

However safety index or risk calculated on the
basis of pure economy might be intolerable
from other reasons. Public opinion is a very
mighty factor. Public opinion tend to tolerate
many single fatalities, as e.g. car accidents but
does not tolerate single accidents with number
of fatahties (examples: HERALD OF FREE
ENTERPRISE or ESTONIA casualties).
Following the two casualties mentioned there
was enormous pressure of public opinion
moved by the great number of casualties to

revise and merease safety requwements. This
was mn spite of the fact, that as i may be seen
from the statistics of fatalities sea transport s
noi parhoularly nsky. {see Table 1) Public
opinion must be considered as a very important
factor mfluencing adopuon of tolerable nisk
However, the reaction of the public depend on
where the casualty happened and what kind of
people were mnvolved For example, the worst
ever casualty at sea, the collision, fire and
foundering of DONA PAZ ferry, where more
than 4000 people died was hardly noticed by
the public of the western world, because the
casualty happened in Eastern Asia.

Risk is the product of probability (or
frequency) of  accidents and  ther
CONSSGUEnCeES, t €.

R=PxC
For the estimation of tolerable risk ALARP (as
low as reasomably practical) principle is
apphed. Method of application of ALARP
principle is shown m fig 5

Table 1. Hourly mortelity rates (FAR) for
varipus activities

(Data in this table were taken from [18&191])

Activity FAR x
10°

World fleet as a whole 11.83
Passenger aviation - crew 14.0
Aviation - passengers 14
Agriculture 10
Fishery 35
Coal mining 49
Car driving 70
Off-shore mmdustry 76
Chnbing 4000
30 years old men- all causes 15
Organisation

A numb&r of casualties are caused by
mismanagement or bad organisation. Bad
organisation may mean:

o lack of supervision

o lack of procedures
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® jaCk Of assisting means

¢ lack Of activity of the administration
» lack of operational manualis

* lack of safety policy and mouvation

;. FREQUENCY
I'requem intolerable
Kedsonably
| probabic ALARP
| Remote
Uk i
reﬁ:l:‘e Y neghgible
; Insignifi- Minor  Major  Calastraphie
! cant CONSEQUENCE

Fig. 5 Application of the ALARP principle

The problems of orgamsation were well
recognised by IMO which recently adopted
aiready  mentioned  International  Shup
Management Code (IMQ, [13]) The adoption
of the ISM Code 15 to some extent closing the
exlsling gap 1 satety requirement and certamnly
wili \nciease satety, although this code s not
directly mentioning stabiity

individual

Errors of operators are often obvious cause of
accidents As the human error s well known,
there s a4 tendency to  make  operators
responsibie tor casualties However, usually the
cdasualty & the result of combination of
aidividual and organisational errors Moreover,
{he action of operator which depends largely
on individual features of human bemng depends
also on cxternal condinons There are many
causes of human failure which are hsted
below

iatigue

negligence

ignorance

envy

arrogance

wishful thinking

musjudgement

bad intention

¢ & ¢ & & & @

slackness
{aziness
boredom

e physical limuts

¢ alcohol/drugs

» 1Ot seriousness

» lack of education
The above list by no means s exhausuve The
human failures increase under pressure amd
pamic, they depend also on stress Factors
which influence decisions taken by operator
depend on

¢ @ &

physical predisposition
physical predisposition
character, morale, integnty
knowledge and expenence

* traiming degree
The effect of personnel selection and fraiming
on crisis management 1S shown m fig 6 (Ship
Structure Commuttee, [10])
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Fig.6 Effect of personnel selection and
training on crisis management.

Reaction of the controller to critical situanon
could be divided in three phases warning-
considenng of the decision- handling System
can not be controlled if the decision 15 taken to




late or the warning is to late or false or
assessment of the sttuation 1S wrong

Human failures can not be elumnated entirely,
but traiming, education, experence of the man
at control can considerably reduce their
number

System

Safety system of stabihity consists of elements
such as design stabiiity standards, operational
stability, stabiity control dunng operation,
stability mtormation and weather torecast and
mformation Also constructional features of the
shup and securing of cargo form parts of the
svstem

Design  stablity should sansty  standards
estabuishied, »0 does operationai stability as
detined above iHowever, the wmportant

element of the system 1s the possibilify 1o
control the operauonal stability Information on
the actual stability dunng the voyage allows
proper judgement of satety There are several
possibilities of control of stability in operation
They will be discussed in the following
paragraphs In some ways this 1s related to the
information concermng stabiity supphed to the
master Such information i1s required by the
provisions of SOLAS and aiso Load Lmnes
Conventions, but the traditional form of such
mnformation  requires  improvement  and
modernisation

Weather forecast and mformation constitutes
important element of the safety system, because
it allows the master to adopt appropriate tactics
in avoiding heavy weather

Stabiiity safety system inciudes also Formal
Safety Assessment (FSA), which m itself could
form a basis for development of more rational
stabibty standards FSA inciudes hazard
wdenufication, overall nsk  evaiuation,
assessment of tolerable risk, development of
safety requurements on this basis and safe
operation (IMO, [20]) This s, however, a
separate subject which 1s not discussed here It
mught be only mentioned, that quite recently
IMO decided to start work on requirements
concerning FSA and a special working group
for this purpose was created (IMO, [21])
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5 STABILITY
OPERATION

CONTROL i

There are several possibilities to contro! ships
stapihty dunng service They are  well
summansed by Lipis & Salov,[1], who divided
those possibiliies in two large groups, namey
methods ulibsing caiculaiion based on recorded
cargo daia and methods utiiig mstiuments w
measuie actual ship stability The first gioup
could be further subdivided i personal ncan.
{manual calculaions o computer calculations ).
and special devices for assessment of stability
{mechanical devices, eleCirosimulatorns, wdigl
foading computers eic }

All methods mvolving calcuiation, whethe
manuai of usiing special devices 1e  the st
group are based on data on the position of
centre of gravity of the empty ship and un
cargo mass and distribution They are thetefore
encumbered Dy €ITOrs i estumation poth

quantties In particular mass and posiion of

centre of gravity of the empty ship 18 changing
with its age [t 15 aiso changing dunig ihe
voyage because of consumption of fuel, water
and storage All devices in this group faciiitaie
only estimation of stability but n fact they do
not aliow assessment actual stability during the
voyage

There are many types of mstruments available
based on measurement of certamn shps
parameters dunng the voyage or when ieaving
the pori Parameters measured at sea could be
rolling amphitude, rolling period, acceleraticn
and inchning moment (executed by using wate
tanks or other means) The simplest method 15
measurement of rolling period of the ship
before commencing the voyage This method
was recommended by IMQ This method s
however, not very accurate because of ilic
uncertainty concerning racius of wnertia of the
ship Conventional mclining test befongs to this
category but it 1s usually performed betore
ships commissioning or after major alterations
Kaps and Kastner {22} proposed to peitorm
inchining test before commencing cach voyage
they call 1t operational inchinmg test (0S5i)
Fig 7 shows that operational stability esnmated
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This very simple method not  requinng
ciaborate  mstrumentanon could  be
recommended as a measure to mcrease safety

. INFORMATION
ONBOARD

AVAILABLE

45 altcady mentioned, SOLAS and Load Lines
Conventions  require  that  information
concerning stabihity has to be supplied o the
mastet The do not, however, specity the
content and form of such information
Resolutton A 167(ES IV) of IMO 15 more
specitic 1n this respect, so 15 recently adopted
Code of Stability tor all Types of Ships (IMO,
123} It 15 obvious, that mformation on stability
15 vital for the master to operate his ship safely
The jormat of this intormation should be such,
that necessary data could be obtamed n the
casiest  possible way which s important
especiaiiv i1 emergency situations IMQ has
stif 1 its work programme the subject of
slabuity information Withun this item there
should be also considered, apart from
traditional format ot a booklet, application ot
various instruments and computers facilitating
calculations
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There 15, however, other aspect of infoimation
This consists of mformation on how {o
navigate it adverse weather conditions birst of
all master should adopt tactics of avoidance
heavy weather which could bning the ship in a
dangerous siuation Ths requires long term
weather forecast provided by weather service
In most seas such service already does exast,
the problem 1s the accuracy of torecasts
Once the ship 15 sailing n confused seas, the
master should adopt tactics of avoiding
dangerous combmation of ship heading
against waves and speed The danger may
vonsist  of  excessive  (resonant}; rolling,
siamming, excessive deck wetness, loss of
control, et Quute recently IMO adopted the
recommendation in the form of a diagram
showing dangerous combinations of ship
heading and speed where excessive rolling
may occur (IMO, [24]) This s, however, the
tirst step 1 this direction, Turther effort is
anticipated and m future probably computer
systems will be developed allowmng to assess
properly and accurateiy siuations from the
point of view of all adverse effects
it seems that mn the future the mformation
provided tor the master and crew on siability
will be much more elaborate For future large
vessels, especially for high speed ships the
pattern adopted m commercial aviation mught
be useful Defintte proposal was made by
Jullumstroe, {25] 1 this respect The
information according to this proposal should
consist of

o piot manual

e operation manual

¢ routing manual

» transport manual

7. TRAINING

The mmpact of traming and education of
operators 15 well recogmsed Nevertheiess,
recently adopted STCW Code (IMO, [26])
when  specifying minimum  standards  of
competence for officers w charge of
navigational watch on shups of 500 gross
tonnage and over, mentions n tespect of
stability only three items




* working knowiedge and apphcation of
stability and stress tables, diagram,s and
stress calculating equipment

» understanding of tundamental actions to be
taken 1 the event of partial loss of intact
buoyancy, and

» understanding of the fundamentals of
watertight integrity

The same Code requires little more from

mdsters and chiet mates, namely

e undersitanding fundamental prmciples of
ship construction and the theonies and
tactors affecting trim and stabuity and
measures necessary to preserve tnm and
stabtiity,

e knowledge of the effect on tnm and stability
of a ship in the event of damage to and
consequent flooding of a compartment and
counter measures to be taken, and

e knowledge of IMO recommendations
concernng ship stability

This hardly sufficient, because no special
training on stability matters is anticipated such,
as tor example, 15 required with respect to
manoeuvrability It seems, that special courses
on stability have to be required, possibly using
stability simulators simulating behaviour of
ships 1n heavy weather conditions Such
stmulators do not exist at present, but nothing
prevents their development and marketing 1n
near future It 15 unportant that they should
sumulate emergency situations as the most
important part of the traimng should be
managenent of emergency situations
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SHIP CRANKINESS IN FOLLOWING SEAWAY
AND STABILITY REGULATION

by Prof. N. Rakhmanin, Dr. G. Vilensky
Krylov Shipbuilding Research Institute,
St. Petersburg, Russia

ABSTRACT

Below the analysis is given in relation to
existing approaches to development of stability
criteria for the case of ship sailing in following
seas. Ship crankiness is considered on the basis
of modern theory of ship motions and the
corresponding numerical measure for this
phenomena is found. Namely it is assumed to use
the amplitude of steady parametric rolling motion
as such a measure. Finally it is suggested the new
idea to check ship stability in following seaway
condition by means of the criterion which
supposes to restrict above mentioned parametric
roll amplitude.

NOMENCLATURE

L — ship length,

V — ship speed,

A — wave length,

£ — wave ordinate,

H,,; — significant wave height,

¥ — wave heading angle,

GM, — metacentric height,

AGM —— metacentric height increment in

waves,
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GZ__ — maximal arm of stability curve,
¢, — vanishing angle of stability,

¢ — instant roll angle,

o, — encounter frequency,

n, — natural roll frequency,

n — integer,

Vi nondimensional roll damping coefficient,

@>*" —z parametric roll amplitude,
par . . .
(¢ o )max — maximal parametric roll amplitude,

¢norm _
0

amplitude

agreed margin for parametric roll

1. INTRODUCTION

The problem of providing for safe ship
navigation while sailing in following seaway is still
actual today, although it started to draw the
attention of the specialists as far back as in the
mid-fifties. A great deal of knowledge has been
accumulated in the field of stability and ship
behaviour dynamics under the conditions of
following seaway, the unfavourable and dangerous
situations which the navigator may meet at sea
and certain

have been systematized,

recommendations which help the captain to escape

| e e o e



some dangers of navigation under such conditions
have been found. However, the variety of
mentioned dangerous situations and the difficulty
of their mathematical description create not a few
obstacles on the way of searching for practically
acceptable standards of ship safety in following
seaway. These standards must reflect the most
essential connections between safety criteria and
those ship constructional characteristics the
change of which on a design stage permits to
eliminate the capsizing.

Even not full enumeration of the names
of scientists who dealt with the problem shows
its complexity and variety. In Russia - S.N.
Blagoveschensky, I.K. Borodai, V.V.Lugovskoy,
N.V. Sevastianov, Y.I. Netchaev, D.M. Ananiev,
N.Y. Maltsev, V.N. Saltovskaya, Y.L.. Makov, in
other countries - B. Amdt, K. Vendel, O. Grim,
J. Paulling, S. Kastner, S. Motora and in recent
years S. Renilson, N. Umeda, G. Thomas, M. Kan
have made a great contribution to the investigation
of the problem. Reviews of works and publications
on the discussed theme are available in books [4,7]
and in proceedings of the International
Conference on Stability of Ships and Ocean
Vehicles of 1990 and 1994, e.g. [27].

The fact of stability reduction when a ship
is on the crest of a wave is wellknown. The
stability decrease influences the whole range of
heeling angles and can entail the capsizing of a
ship. In this respect the situation is the most
dangerous when the ship’s speed and length are
equal to the wave’s speed and length. This happens
when the Froude numbers are close to O.4.

The phenomenon of “broaching” of a ship,
which is joint riding and broaching on a following
wave, presents another danger for a ship in

following secaway [8]. Waves give an additional
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energy to a ship which moves on quartering
waves. When a ship’s length equals to a wave’s
length, this energy could be sufficient for a ship
to move together with the wave. In a riding
position the ship may lose its course stability and
spontaneously turn beam to the waves. Large
dynamic heels franght with a capsizing often arise
at this. However, these heels are by no means
related with stability decrease on the wave crest
and are the result of external dynamic moments
which arise in the process of spontancous
broaching.

This situation is especially important for
small fishing vessels or ships of other types (with
the length L < 60 m) in connexion with their
relatively high Froude numbers and frequent
operation under seaway conditions of A >1L .
The Rules of Register [14] (see 3.9.11 part IV
“The Stability”) for Small Vessels provide for
speed limitatio 1in a following wave, which length

1s equal or morz than the vessel’s length, to 1.4
\/f in knots for this reason. At this the vessel’s

speed will be 0.58 or less of wave phase speed
and as arule the riding on wave could be avoided
[12].

According to [4], “except for two above
mentioned factors which accompany the ship’s
sailing in following seaway, namely the stability
decrease and course instability with broaching, in
some cases parametrically excited roll may present
a certain danger for the ship safety’.

1t was generally accepted [10] in the end
of seventies, that with parametric excitation the
rolling motion amplitudes do not increase infinitely
according to the well-known solution of Mathicu
equation for unstable region but stay Lmited

because of nonlinearity of the restoring and the




damping moments. In other words the parametric.

rolling in following seaway was considered only
as a circumstance decreasing the ship’s resistance
to external heeling moments but not as a direct
danger for its safety [4,10].

It appeared as a result at present time that
with rare exception most of the national rules of
stability are lack of criteria which reflect directly
the physics of those dangerous situations which
arise from sailing in quartering waves. As a rule
indirect recommendations could be found like in
the 3.9.11 part IV “The Stability” of the Rules
[14], which deal with the option of safe speed
and wave heading angle or one can find common
warnings in general . For example we can refer to
the IMO Code of Intact Stability for All Types of
Ships [17] and IMO Guidance for a Captain with
recommendations for ship operation in order ta
escape dangerous situations while sailing in
quartering waves [27].

The first evidence of that foliowing seaway
can create troubles for large mordern ships of
fleet with the Ilength
L. = 100 m have appeared in IMO on the border

of seventies and eighties, when the Organization

merchant

started its work on review of the stability
requirements for transport ships on the basis of
introduction of a weather criterion to the
international practice. The German Delegation has
repeatedly drawn the attention of the IMO
Subcommittee on Stability and Load Lines to the
dangerous crankiness of containerships in
following seaway and to the necessity of this
problem to be researched for large ships. The
Head of the Ship Safety Division, Germanischer
Lloyd Mr. W. Hausler, the Member of German
Delegation for the Subcommittee has repeatedly

spoken about the reports the Division received
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about container losses in the open sea because of
unexpected heeling angles about 30° - 45°,
Against the back-ground of the usual small rolling
motion typical for sailing in following seaway [6]
these heels without a visible reason (such as a
wind squall or riding on wave which is unlikely
for large ships) could throw the crew down into
panic. And it must be noted that it is not without
the reason.

In the middle of the eighties the sufficiently
reliable experimental and gained with numerical
simulation theoretical data appeared confirming
the possibility of the ship’s capsizing in the strictly
following seaway only as a result of roll in the
regime of parametric resonance, which arises
because of periodical stability alterations. In
particular Prof. Paulling [26] demonstrated the
danger of the main parametric resonance by means
of seaway dynamics analysis of the “Mariner” type
ship with the stability curve that meets all the IMO
requirements for intact condition. Fig.1 gives an
idea of the capsizing dynamics, the calculation

results are shown with dots, and the model test

MARINER CAPSIZE RUN @901-—-41A
SPEED= 7.3 KN WAVE AHP= 17.5 FT  DAMPU~

1_ 080 FT'LPISEKZ'

MOLL SDESY

AVE ELEY B L0 P

Fig.1. The results of experiment al and
numerical determinations of rolling motion
amplitudes in the following seaway in the
regime of main parametric resonance [26]:

- the experiment; M- modelling;




data are shown with continuous lines. As it could
be seen the fatal inclination can occur after 3 - 4
roll double amplitudes and it is practically
impossible to escape it by changing the ship’s
course.

Analogous results were received during
the tests with radio-operated self-propelled
models in the Sevastopol Bay [9] and in
seakeeping basin [20].

It followed from these tests that during
sailing under strom conditions with medium wave
lengths equal to ship’s length the risk of dangerous
inclination of a ship subjected to crankiness may
appear rather high, within the limits of 1/100 to
4/1000, if the significant waves (exceedance
probability ~ 14%) are taken for large ones. This
is much higher than the probability of a road
accident for a car passanger within a 1 year period
(~107).

In spite of all mentioned the design
situation assuming the ship sailing on the following
wave crest, with the wave’s length approximately
equal to the ship’s length, nowadays finds its direct
reflection only in the National Standards for the
German Navy ships [18], {19], [22].

This situation is not formulated in the
Rules of Russian Shipping Register, but if follows
from the Annex explaining the principles of
composing these Rules [13], where the lower limit
for maximum curve arm is recommended. One
can find analogous requirements in the Japanese
Ruies of Stability for passanger ships.

Besides it is necessary to mention a
number of proposals, which didn’t find their
reflection in the practical Rules, but which are
instructive from the methodical side [3, 15, 16,
21,23, 24]. Most of them are connected with the

efforts to create the criteria of sailing safety in
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following seaway on the basis of using the main
weather criterion idea [2]. The extreme strictness
of criteria that have been found in this way
prevented from their practical use.

The second group of works [3], [21] paid
attention to the alterations of ship’s hydrostatic
characteristics under the conditions of sailing in
following seaway without additional external
actions. As a whole the criteria established in
this case being useful as a generalization of certain
experience bear rather relative character and not
always help to correctly foresee the danger
connected with following seaway. Striving for
evaluation of the latter danger on the basis of
dangerous phenomena characteristic of sailing
under these condittons leads either to unjustified
severity of stability requirements [21] or, on the
conirary, permits the reduction of stability to
rather low limits excusing this possibility with its
short duration if the course and speed [3], [11]
are properly chosen.

This approach may appear to be
inadmissible for a cranky ship. Resonance roll
excited by means of short-term but deep
alterations of the restoring moment under the
conditions of following seaway together with an
unsufficient level of stability in such seas may
itself as it has been mentioned lead the ship to
capsizing in the course of several cycles of
oscillations. In this case the crew will have no

time to alter the course or the speed for safe ones.
2. SHIP CRANKINESS

Crankiness as a characteristic of a ship to
show big inclinations to the side without visible
external reasons can be explained fully enough

from positions of the modern ship motions theory




by the ship’s heeling dynamic nstability which
originates as a result of periodical alterations of
her stability while sailing in seaway. It especially
reveals itself when the ship moves in following or
quartering waves.

The problem of roll caused by the
variability of the restoring moment comes to well-
known Mathieu equation, which has been
repeatedly discussed in shipbuilding literature [1],
[4], [25], [26]. From the theory of these equations
it is known, that under certain combination of its
parameters characterizing the roll damping vgo,
the natural roll frequency T4 and the depth of
stability modulation AGM/GM = the unstable,
prone to increase roll oscillations may appear. The
regions of unstable equation solutions pointing
to the ship crankiness are located in vicinities the

following relative frequencies:

1

We _

2n¢ T n ()

where n=1,2,3 ..

The case, when 1/n= oo, i.e. the apparent
frequency of encounter o, — 0, corresponds to
the static equilibrium condition of a ship with
reduced or lossed stability. This is reflected by an

evident relation for static instability

@)

For small values of initial stability
GM,/ B <0.02-0.03, which is characteristic
for cranky ships, this relation is realized with a
high degree of probability.
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When the value of apparent frequency we
differs from zero the possibility of realization of
different unstable solutions of the Matieu equation

1s not the same. For small roll damping values

v and small disturbance levels A GM/GM_
o
the width of unstable regions is proportional

correspondingly to (AGM/GMO)“, and the depth
of stability modulation necessary for unstable roll
evoluation (the threshold of parametric roll
excitation) appears to be proportional to the 1-st
or 1/2 degree of roll damping coefficient. In
particular, the excitation threshold for the main
parametric resonance (n=1) is determined by
condition [1] .

= >4y
GM, %

3)
For monohull ships without bilge keels
the nondimensiond linear roll damping coeflicient
2v 1s the of
0.605-0.10, therefore condition (3) seems to

be casier realized than the static instability

within limits

condition (2) and manifests itself in a rather wide
range of the parameter A GM/GM_ values.

Not only the above mentioned results
which determinethe crankiness presence or
absence and the frequency regions where
parametric role may occur are know nnowadays,
but the calculation techniques to determine the
amplitudes of such rolling motion are developed,
which give an idea of crankiness degree and its
danger |5, 16, 25, 26].

J. Kerwin [25] calculated the rolling
motion amplitudes in the main parametric
resonance regime on the basis of Mathieu equation

and has taken into consideration the nonlinear




character of roll damping by means of binornial
formula use with linear and quadratic terms for
resistance law. Specialists from Poland [16]
considered the nonlinear character of the restoring
moment at the linear law of roll damping. J.
Paulling [26] researched the nonlinear in damping
and restoring moment roll equation numerically
having taken the stability alteration in seaway into
consideration, and got satisfactory agreement with
the test (see Fig.1). G. Vilensky [5] established
general analitical solution of nonlinear roll
equation for the case of ship sailing in regular
following and quartering waves. Here the stability
curve form and its modulation were expanded
successfully into thrigonometrical series, and the
disturbing wave moment and static wind moment
were taken into consideration.

Calculated research [5] and model tests in
scakeeping bassin demonstrated that under the
conditions of purely following seaway the
parametric roll with frequency we 1s significantly
lower than the roll which occurs with frequency

o /2. However, the parametric excitation with

e

Sen stats

et i b height ~ 0 3

k] & 3 23

Fig.2. Relation between maximal heeling
angles during the parametric roll

¢f§“" i and ship’s speed and course
to the wave: GM = 0,3 m -
metacentric height; H, = 6,5m - significant
wave height.

angle g
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frequency we in the stern quartering waves can
be summed up with the resonance effect of the
exciting moment. This case of combinational
resonance (see Fig.2) doesn’t coincide with known
solutions of equation and may lead to dangerous
heeling angles ( ~ 60°). The essential part of zero
harmonic (a constant component) is characteristic
for this mode of resonance. The considerable
constant component increasing the ship crankiness
appears even without the wind[5].

Recent experimental and calculation
research by means of analytical method [5]
executed in the Krylov Research Institute
confirmed the known facts, that rolling motion
parametrically excited in following seaway can be

developed right up to the capsizing. It was found

AGM
GM

o

that with the relation increase and the

coefficient v decrease maximal inclinations or
crankiness gof a ship increases, the range of
apparent frequencies of encounter at which the
mentioned roll regimes exist widens, and the rate
of their amplitudes growth increases.

Known opinion has been confirmed that
the parametric resonance in the regime of @ /2 is
not dangerous in head scas. In this case it arises
with a sufficiently high stability and consequently
relatively smal
AGM/GM, , high natural frequencies Ilg) and
occurs with small amplitudes or doesn’t occur at
all. On the contary, rolling motion that arises in
the main parametric resonance regime in following
seaway 18 as a rule several times higher in
amplitudes than the usual one caused by the
exciting moment and serves as an indication of
dangerous ship crankiness.

As an illustration for above said Iig.3




demonstrates the results of a three-meter
multipurposed bulkcarrier model test under
unfavourable loading case connected with
container transportation on the upper deck

(GZ__ =0,35m, vanishing angle of stability

N A
00 _ 3
| /
80 CAPSIZING L1
60 X &M .
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40 ' g\x 7
DANGERQUS ZONE K‘*& \
i D U g
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Fig.3. Relation between maximal parametric
roll amplitudes in following seaway and the
stability carve maximal arm value in calm
—{0) andto
calculation [25] — ( A):

1 - vanishing angle line; 2 - line of agreed

water according to test

heeling angles limitation; 3 - data for modeis
without bilge keels; 4 - data for models with
keels.

curve - 65° and GM_= 0,67 m). The tests were
carried out to evaluate a ship’s crankiness with
various modifications of the constructional
elements and model loading, and also in order to
work out the recommendations for limitations of
crankiness during sailing in purely following waves

of sea state wave (H. . =6,5 m). The experimental

3
data correlate quite well with the maximal roll
amplitude values in the main parametric resonance
regime calculated with consideration of Kerwin’s

recommendations [25]. Fig4 demonstrates the
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variation of parametric rolling motion amplitudes
versus the ship’s speed, and the calculated values
for the amplitudes of 3% exceedance probability
of usual forced ship roll in irregular quatering
seaway while sailing at resonance course angles.

deg

1- 1
i1 | ‘
80| . /f- /’2_'
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Fig.4. Relation between parametric roll
amplitudes in following seaways and ship’s
speed according to model test data:

1 - the range of capsizing with
GZ o — 0.9 m and without keels;
2 - the same with GZm = 0,35 m;
3 - the curve for a ship without keels with
GZ__ =0,62m;4 - the ship with keels and
GZ_ =0.35m; 5 - the ship with keels
and G7__ = 0.62 m; 6 - maximal forced

roll amplitudes at resonance course angles.

ax

The analysis of data shown in Fig.3 and
Fig.4 demonstrates that:

Firstly, the amplitudes of parametric roll
are appreciably higher than the amplitudes of
forced rolling motion. At resonance conditions
this difference can achieve 10 times, if the rolling
motion is not completed with capsizing;

Secondly, it is seen that the amplitudes of

parametric roll are rather sensitive to the alteration




of parameters characterizing the rolling motion
excitation threshold (3) , and for this reason it is
very convinient to use them as a measure for ship’s
crankiness. The latter can be controlled at the
design stage by the rational selection of a hull form
(in order to reduce the relative depth of stability
curve modulation), by means of the bilge keels
area increase, and during the operation - by means
of stability increase and as well by means of
rational alterations in speed and course angle;

Thirdly, the possibility and the expediency
of maximal parametric roll amplitude values
limitation becomes clear.

It is evident, that ship’s crankiness may

be considered as a safe one, if its measure
¢,
[¢]

limitations (Fig.3).

does not exceed reasonable
max

The authors consider that in this way the
real enough and physically well-founded criterion

for the following seaway may be achieved as

par < gnorm
(627) <, @
At this the following value can be taken

as a norm of crankiness:

¢‘;‘°”” =k- ¢1im

where @ - is maximal allowed heeling angle,

for instance equal to the stability curve vanishing
angle, or to shift cargo angle, or to flooding angle
and so on depending on which is less;

k- is coefficient which takes into account the
inaccuracy of roll amplitudes calculation scheme,

in particular the error in roll damping coefficient
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determination, stability alterations in seaway or

test errors in the case of experimental amplitude

determination (¢fj‘”’) .
max

The criterion proposed takes into
consideration rather important specific character
of rolling motion in the following and quatering
course angles and head wave course angles either.
The meeting this criterion does not exclude the
possibility of additional ship stability check-up
under the conditions of durable decrease of the
restoring moment at sailing in following seaway
using other rational criteria or the requirements
official Stability Rules. At the same time it may
be expected that with reasonably selected
crankiness level the ship’s safety will increase to
some degree also 1n other hard situations related
to following seas, for example in the situations of

broaching or riding on wave.
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GUIDANCE TO THE MASTER FOR AVOIDING DANGEROUS SITUATIONS
FOR A SHIP SATLING IN ROUGH FOLLOWING AND QUARTERING SEAS.
CONCEPTION. CRITERIA. RATIONAL FORM OF REPRESENTATION.

A.I.Bogdanov
Central Marine Research & Design Institute Ltd.
193015, St. Petersburg, Kavalergardskaya Str., 6, Russia

ABSTRACT

Guidance to the master for aveiding dangerous
situations for a ship sailing in rough following
and quartering seas, acting in Russian sea fleet
is described. Is shown that for guaranteeing of
sufficient level of safety, the conception of such
document should ensure account for the actual
ship a features of: hull form, loading and stabil-
ity conditions, characteristics of sea state and
parameters of a ship movement, as well as to-
tality of the most dangerous phenomena capable
arise with the ship during sailing in such condi-
tions. Five dangerous phenomena and appropri-
ate them criteria of safety are considered. Ra-
tional form representation of information to the
master with account of human factor influence,
in the form of documentation and on-board PC
program, is discussed.

NOMENCLATURE

FQS - following and quartering seas.
WCA - wave-to-course angle.

MCH - metacentric height.

SSD - static stability diagram.

SC - stability criterion.

d.1. - dangerous inclination.

1. INTRODUCTION
For the ship-operators and ship-builders a dan-
gers of storm navigation in following and quar-

tering seas (FQS), connected with unexpected
occurrence of a large heel angles and even with
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a capsizing of various types and sizes ships,
satisfied to the national stability requirements
and the IMO requirements, are well known.
That testified about necessity of the special ad-
ditional requirements development, reflecting
peculiarities of navigation in a FQS. The prob-
lem of safety ensuring in these conditions are
mtensively investigated in the world and re-
mains important on the present time. Various
criteria of safety [1-10 and others] were of-
fered, however they have not yet received ap-
plication in a stability Regulations of the con-
ventional ships.
The variety of the dangerous phenomena, pos-
sible at navigation in following wave-to-course
angles (WCA) and complexity of their theoreti-
cal description, is left not enough hope for de-
velopment of the only universal criterion of
safety. The analysis of the existing offers on a
various ships stability normalising shows, that
safety of a particular vessel in these conditions
it is difficult (and, probably, it is practically im-
possible) to ensure only by constructive means
and on the basis of consideration of some the
only dangerous situation, similar to IMO
weather criterion. This problem not only scien-
tific, but also operational and technical. There-
fore for ensuring of safety in this conditions was
needed and was offered a complex approach
[11-12] , which stipulated fulfilment of the fol-
lowing measures:

- Consideration and joint account simulta-
neously of all the most dangerous phenomena,
capable to arise at storm navigation in a FQS




for creation of a complete picture of dangers
. menacing to a vessel;

- Development of a system rather simple
criteria, correctly displaying general laws of the
most dangerous phenomena,;

- Development and mtroduction in the na-~
tional and IMO Rules of the appropriate stabil-
ity requirements, used at designing of a ships;

- Development of a Guidance to the master
(included in the Stability booklet) on prevention
of dangerous situations at navigation in a FQS,
and also a special software for on-board com-
puter, used at operation of a ship;

- Training ship-operators to physical bases
of the dangerous phenomena and rules of safe
navigation in storm conditions on a FQS;

- Sharing the whole complex of set forth
- above measures.

Thus, for realisation of the complex approach
the work on ensuring of safety should be con-
ducted on a three interconnected and adding
each other directions: stability Regulations,
Guidance to the master, training of ship-
operators.

In the article the decision of an operational
safety ensuring problem is considered. That is
the safety of a ship already constructed and
adopted for navigation, which will satisfy to the
stability requirements currently in force.

In this case the safety is ensured:

- By knowledge and quality of a crew
preparation for navigation in FQS conditions;

- By presence, quality, completeness and
convenience of use of a Guidance to the master,
specially developed for a given purpose;

- By presence of the special program for on-
board computer and skill to it using (at pres-
ence on-board PC).

Such a problem was set and is solved in Russia
under the orders of Sea Transport Department
[11-13]. From 1988 the ships of Russian sea
fleet are supplied by a special Guidance to the
master, adding the Stability booklet, and then
also a software for on-board PC, taking into ac-
count specificity of conventional ships naviga-
tion in FQS WCA. The technique of a Guidance
15 authorised by the Russian Federation Sea
Transport Department, is adopted by the Rus-
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sian Sea Register of Shipping (further the Reg-
ister) and at the moment it is in force in the ad-
vanced and more perfect second edition [14]. A
purpose of the given article - to acquaint of the
experts with the basic provisions of a Russian
Guidance and accepted conception of safety
ensuring.

2. CONCEPTION OF SAFETY ENSURING
FOR THE CONVYENTIONAL SHIPS
OPERATION IN ROUGH FOLLOWING
AND QUARTERING SEAS

2.1 For the decision of a safety ensuring com-
plex problem for a ships storm navigation in
FQS it was supposed, that the development of a
stability Regulations and Guidance to the mas-
ter should be' realised through of the Register
Rules as follows:

At the designing stage - check of ship safety on
the criteria reflecting the most dangerous phe-
nomena and allowing to adjust safety by con-
structive measure should be made.

In case such criteria are carried out not com-
pletely, and high level of safety without in-
fringement of the ship voyage time-table 1s re-
quired, should be a ship design parameters (hull
form, centre of gravity location, bilge keels and
others) changed so, that the criteria were car-
ried out.

If the infringement of a ship voyage time-table
(caused compelled for preservation of safety by
changes of a course, speed, draught, stability
etc.) is allowable, its design characteristics can
remain previous, but in the Stability booklet the
appropriate operational restrictions should be
included.

At the stage of operation - in the Stability
booklet the information, describing a danger
degree of storm navigation of a particular ship
in FQS, should be included. If such danger ex-
ists, a Guidance to the master, containing the
recommendations for a rational loading in a
port with a purpose of possible reduction of this
danger yet before voyage, and also on choice of
safe modes of storm navigation during voyage,
with a purpose of an emergency situations oc-
currence prevention for all possible for the




given ship dangercus phenomena, up to prohi-
bition with FQS WCA navigation in certain
conditions, should be developed.

2 2 The most of undertaken earlier attempts to
normalise a ships stability in following WCA
were based on research and establishment of
capsize / non-capsize border. The scenarios
analysis of known wrecks shows, that for the
conventtonal ships in these navigation condi-
tions a such criteria are not sufficient. Inclina-
tion to much smaller heel angles can be a first
reason for them and result to a such dangerous
consequences in storm conditions , as, for ex-
ample: cargo shifting, infringement of the en-
gine work and to stop it, with subsequent
turning of a moveless ship to the beam sea and
wind, destruction by a wave of illuminators,
windows, air pipes, hatchway closings, flooding
through openings etc. That already subse-
quently, even after change of a course and
speed can result to wreck of a ship from loss of
a stability, buoyancy or as result of severe roll-
ing (ship "Komsomoletc Kirgisii" and others).
For ensuring of safety it is necessary to exert
influence upon the first reason.

Therefore it was offered to normalise the
meaning of a maximum permitted heel angles
and condition of sufficient safety on the FQS
was formulated - ship's stability and rolling
charactenistics should be those, that an oppor-
tunity of ship inclining on an angle of danger-
ous mclination - B4; was excluded. [11-14]. To
prevent occurrence of the listed above conse-
quences of a such inclination, the heel angles
should not surpass 40"

Was marked, that primary factors, . distinguish-
ing navigation in the FQS from all other and
having influence to safety in the greatest degree,
are essential increasing (up to <« at Froude
number Fr;=0,4) of a wave apparent period Tap.
in a combination with significant changes (in-
cluding possible reduction up to negative
meanings) of stability diagram arms for this pe-
riod. That rajses time of a ship staying with a
lowered stability so, that makes it commensura-
ble with own rolling period T, aliows to give a
vessel sufficient time, to be captured by a wave,

and also adequately to react by change of a roll
to change of a stability In these conditions rather
mportant factor for safety 1s a ratio of a lowered
stability existence time for apparent wave period
t and time, required vessel to dangerous inclina-
tion on one board tq; The listed factors should
without fail be taken mto account at the safety
criterion m FQS development.

2.3 In view of above-stated, for the decision of
a complex problem was formulated and was ac-
cepted the following conception of safety en-
suring for the conventional ships navigation in
rough FQS:

.1 Was considered, that the proper level of
safety of a ship can be ensured in the event that
methods and decisions, fixed in a basis of a sta-
bility Regulations and of the Guidance to the
master take mnto account:

- Individual characteristics of a particular
ship (type, sizes, hull form etc.);

- Actual loading condition, draught, trim,
stability, own rolling period in view of static
stability diagram non-linearnty mnfluence ;

- Parameters of designed, the most dan-
gerous sea state (in Regulations), and parame-
ters of actual sea state and sea depth (in the
Guidance);

- The most dangerous phenomena, the
physical bases of which allow to change the
constructive decisions at the designing stage (in
the Regulations), and simultaneously all the
most unfavourable and dangerous phenomena,
which are probable for the given ship in consid-
ered navigation conditions (in the Guidance).

.2 Should be considered and take account at
least 5 dangerous phenomena, capable to arise
at stern sea operation and representing the
greatest potential of danger concerning occur-
rence of accident in result of a ship inclination
to a dangerous heel angle:

- Significant reduction or loss of a trans-
verse stability at passage of a wave along of
ship length (for apparent period of a wave),

- Main rolling resonance, when the wave

apparent period Tapp, is close to or is equal to

own ship rolling period Ts;
- Parametric relling resonance, when
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Tapp. ~ Ts/2;

- Capture by a wave, manoeuvrability loss
and the inadvertent dynamic turning of a ship at
high speed (broaching);

- Deterioration of manoeuvrability, wave
impacts and pooping on small speeds.

3 Was supposed, that stability critena,
based on an establishment of the fact of capsiz-
ing / non-capsizing of a ship (i.e. wreck / not of
wreck) result to a too low level of safety.
Therefore as a condition of sufficient safety for
the conventional ships in FQS it is offered to
consider such at which a ship will not has an
opportunities of inclination on the dangerous
heel angles which are in limits of 40°.

4 Was taken into account, that the signifi-
cant and long periodic reduction of a transverse
stability has large influences to a ship behaviour
in all dangerous situations. It is the important
factor, determining safety of ship navigation in
following seas and distinguishing it from navi-
gation by other WCA (An example of a stability
diagram arms changing during of apparent wave
period for a ship of 119m length is shown on
fig. 1).

If this factor is not accounted or is accounted
insufficiently full, the recommendations of the
Regulations or the Guidance cannot ensure of
sufficient safety

5 Was considered, that the recommenda-
tions of the Guidance, based on the incomplete
account of simultaneously all possible for a ship
dangerous phenomena can result in a2 wrong es-
timation by the master of a general situation and
to acceptance of the decision, leading to a ship
accident or wreck. Therefore such recommen-
dations should be excluded.

.6 Was accepted in attention, that to cor-
rectly take into account in the Guidance all
listed important factors, remaining on a position
of the "umiversal" or "non-tailor-made" storm
diagrams (not depending on the individual char-
acteristics and loading conditions of a ship and
actual parameters of sea state) practicaily is im-
possible. Therefore the "non-universal" or "tai-
lor-made" diagrams, taking into account the
whole complex of the listed above characteris-
tics, phenomena and factors influencing on
safety, should be offered.

.7 Recognise the importance of simplicity

Typical example of a stability diagrams arms changing for apparent wave period.
Ier = 0,1m - minimum normalised critical stability arm value.
J ! Stability
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and convenience of the Guidance use, was nev-
ertheless considered, that 1t should be without
detriment to reliability and safety. The main
concept of the ship's document on safety should
be completeness of the information about a
condition of a ship and trapping its dangers and
guarantee of a necessary level of safety ensuring
after fulfilment of the recommendations of such
document. The recommendations of the Guid-
ance should not bring in unreasonable change of
a ship course and speed.

.8 Good addition to the Guidance is prepa-
ration of the appropriate to it program for on-
board PC, allowing to the master more opera-
tively to estimate safety and well-founded to
choose safe modes of navigation. Presence of a
such program should not exempt from necessity
to have the Guidance.

.9 Guidance and the program for on-board
PC should take into account "the human factor”
and to cover all ship's loading cases and sea

conditions, possible at normal operation of the -

ship.

3. DBANGEROUS PHENOMENA, DESIGN
SITUATIONS AND SAFETY CRITERIA

3.1 Design dangergus situations.

To follow the accepted concept, for purposes of
normalisation in Register Rules it is possible to
use three of first five described 1n 2.3.2 danger-
ous phenomena, as they depend on a stability
(1.e. design) of the ship and to them, in this or
that degree, it is possible to affect during de-
signing, Three criteria of safety could accord-
ingly be developed: stability, roll in a modes of
main and of parametric resonance. Taking into
account above-stated, for this purpose were
simulated and are accepted as designed the fol-
lowing situations [11-14]:

.1 The ship, making rolling, caused by influ-
ence of waves or any other reasons, operate
with designed speed by a following course and
gets on a wave with the most unfavourable
concerning a stability parameters. At passing
this wave along a ship hull at the time moment,
when the stability characteristics decrease be-
iow than normalised critical ievel, the ship with
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the maximum angular speed pass through a
vertical positton and then makes complete incli-
nation to one board. The amplitude of such in-
clination should not reach dangerous value.

.2 Ship on the most unfavourable concemn-
ing its stability a following seas operate with
speed corresponding to the rolling in a mode of
the main resonance. The maximum rolling am-
plitude should not reach a dangerous values.

.3 The same for a parametric resonance.

3.2 Stability criterion in a following waves

K-

Proceeding from the first design situation, for
normalisation purposes and inclusion in Rules
was substantiated and was offered a stability
criterion in a following waves Kg, [11,12,15].

It 1s based on the thesis, that the stability of a
ship 1s considered insufficient, and its operation
is potentially dangerous, if in the specified
situation for apparent wave period a time t
will be more time t,;., where:

t.y - time, during which the arms of a ("mo-
mentary") stability diagrams, approprate to
various ship locations on a wave profile during
apparent period, in a range of heel angles 10-40°
decrease below than normalised critical level
(Ls);

tg; - time of dangerous inclination. The
minimum time, for which in these conditions it
is possible for the given vessel to incline from a
vertical position to an angle of dangerous incli-
nation.

The stability of a vessel in a following sea on
criterion Ky, is considered sufficient, if at worst
concerning a stability loading case at a move-
ment with design speed in a direction of distri-
bution of a design following wave a condition
will be satisfied

K = td_i_/t(-) - Ts/(4*kf*’tapp,) >= 1,0 (1)
Where: k. - non-dimensional designed factor
(change of a stability in a following seas),
showing, which share of wave apparent period
Tapp. the stability arms of the given ship in a
range of heel angles 10-40° are reduced below
than normalised crtical value L, Tt be de-
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termined precisely by calculation under the
complete scheme [14], or under the specially
received simple regression formula [15].

T, - own ship rolling pertod on still water,
designed in view of non-linearity of the stability
diagram [14-15].

Tapp. = A{C - vg) - apparent period of a de-
signed wave, sec.;

A and ¢ - accordingly, length and speed of a
designed wave;

ve- designed speed, accepted equal 0,8 from
full speed in still water, m/sec. For ships, spe-
cially intended for work in heavy storm condi-
tions, and also for ships of length less 60m., the
value is subject to special consideration by the
Register. Thus 1t is recommended, that factor
should be more than 0,8.

L - choose by the greatest of the follow val-
ues 0,1m., 0,6l,, .. Where I, and L. - accord-
ingly, arms of heeling moment of a beam wind
pressure for unlimited region of navigation and
of heeling moment due to a steady circulation in
[16];

The criterion takes into account change of a
stability, draught and trim in various moment of
time for apparent period of a designed wave.
The satisfaction to criterion Ky, testifies that the
characteristics of a stability and roll of a ship
are those, that at a movement on a following
seas with given speed and hit in the most unfa-
vourable rolling phase on the most dangerous
concerning of a stability loss (or other given)
wave the ship has no enough time to make in-
clination on a dangerous angle of heel.

The more detailed description of the criterion,
physical sense and method of calculation is
contained in [11,12,14,15].

Inclusion of a stability criterion Kg, in the Reg-
ister Rules, in addition to existing, will allow yet
at the stage of ship designing to take into ac-
count dangerous change of its stability in a fol-
lowing seas and, if necessary, to accept the ap-
propriate constructive or other measures. It was
transformed into criterion of safety for assign-
ment of operational restrictions in the Guid-
ance, as will be described below.
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3.3 Criterion of a resonant rolling.

The condition of rolling resonant modes occur-
rence is defined by expression:

Tapp.=Ts /2 , where n=1234._ (2)
In 3.1 we are stipulate consideration and ac-
count only of modes really meeting in practice,
Main Tapp, = Ts (0=2) and parametric Tap, = 7, /2
(n=1) rescnances.

Rather wide range of the workers MCH, speeds
and WCA, possible at the conventional ships
operation testifies that normalisation of a stabil-
ity characteristics does not allow to provide the
conditions, excluding an opportunity of occur-
rence at least of one of resonant roll modes. It
is clear also, that roll can represent danger to a
ship only when its amplitudes or acceleration
exceed permitted value. However it was not
represented possible to estimate them quantita-
tively, due to absence of an approved and reli-
able methods of roll calculation in a following
seas,

Therefore the rolling criteria in the Regulations
were not offered by us, and for a required level
of safety ensuring at the given stage, was de-
cided to include into the Stability booklet (in
the Guidance) the operational restrictions and
recommendations for a ship-operators at the
choice of such speeds and WCA, which would
not be dangerous concerning occurrence of a
rolling of a vessel in 2 mode both main, and
parametric resonance. The rolling criteria fixed
in their basis are described in item 4.1.4. The
borders accepted in the Guidance as near-
resonant zones should be considered as condi-
tional, from which the rolling can adversely in-
fluence on ship behaviour and to it is necessary
to pay raised attention of a ship-operator.

The hydrodynamic problem about ship rolling in
FQS is difficult for theoretical study and only in
the most last time by V.V.Lugovsky [17] and
N.N.Rakhmanin, G.V.Vilensky [18] two vari-
ous variants of its solution, allowing to ap-
proach to practical development of rolling crite-
ria of ships in these navigation conditions, are
for the first time offered. If such criteria will be

develeped, they conld be included in the Reg-

(S LR )




1ster Rules in addition to of a stability criterion
Ksr and on their basis the more substantiated
recommendations on rolling in the Guidance,
instead of nowadays existing approximate could
be developed.

3.4 Account of the broaching-to phencome-
non and unfavourable phenomena on low
speed. .

The broaching-to phenomenon can also result in
an inclination on a dangerous heel angle or to a
capsize and arises on waves, length and speed
of which are close to length and speed of a ship.
Such situation is probable for small or rather
high speed large ships. This phenomenon is not
connected rigidly to a stability and cannot arise
if there are not enough conditions for capture of
a ship by a wave (surf-riding). Such conditions
are established for small ships tn the Register
Rules {16] and there correspond speeds in

knots, egual 1,4«/2 or Froude number 0,23.
This value was accepted for a basis of broach-
ing-to criterion in the Guidance.

Also nor depend on a stability and unfa-
vourable phenomena on low speeds, listed in
2.3.2. They do not usually arise, when ship
speed exceeds 3-5kn. The meaning of this speed
is nominated in the Guidance in view of peculi-
arities of a particular ship and results of it sea-
worthy tests.

4. GUIDANCE TO THE MASTER FOR
AVOIDING DANGERQOUS SITUATIONS
IN FOLLOWING AND QUARTERING
SEAS

4.1 Basic provisions of the Russian Guid-
ance.
4.1.1 Purpose. At ship operation in a following
and quartering sea occurrence of the dangerous
phenomena, resulting in accidents or a capsize
of a ship, is possible. The Guidance has a pur-
pose to help master to prevent occurrence of
emergencies and allows to decide the following
problems:

.1 At a load of a ship before voyage: - to re-
cetve the recommendations for rational draft,
trim and stability, at which the unfavourabie in-
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fluence of a following sea in voyage will be
minimum.

.2 At an actual ship loading case in a voy-
age: - to estimate a danger degree of storm
navigation at actual sea parameters, depth of
the sea and WCA; - to receive the recommen-
dations at the choice of safe modes of storm
operation in the stern WCA, and at a significant
danger - on a safe course changing and safe
sailing up to a beam sea; - to receive the rec-
ommendations for required change of draft,
trim and stability with a purpose of reduction of
unfavourable influence of a following WCA.
4.1.2 Area of distnbution.

.1 Vessel. The methodology of Guidance
preparation is distributed to all types of con-
ventional ships, satisfying to the Register Rules.
Each Guidance 1s developed in view of pecuti-
arities of a particular ship and can be used only
on ships of one series.

.2 Sea conditions. The stern wave-to-course
angle (WCA) - means, that the direction of
waves distribution makes with a ship course an
angle from 0 (by a wave) up to 45 The Guid-
ance is applied in a range of WCA from 0 up to
90 at all possible in operation sea parameters
and sea depth. The actual waves can be set ir-
regular (3% or 1/3 probability) or regular (swell
wave). Depth of the sea is taken into account.
The Guidance is 1ecommended to use, if the pa-
rameters of actual waves get in zones of unfa-
vourable or dangerous for a ship following sea,
determined on the graph of roughness,

Graph of rogghness.
Waves porameters which are considercd to be anfavorable or
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received on the basis of the analysis of emer-
gency statistics, results theoretical and experi-
mental researches (Graph of roughness in non-
dimensional co-ordinates, and also in dimen-
sional, for a vessel of length 96m is represented
on fig. 2. Where he,.=0,22*L>"" - height of a
designed wave.). Otherwise the navigation in
the stern WCA is considered favourable and to
apply the Guidance there is no necessity.

3 Loading condition. Cover the whole
range of possible in operation loading cases at
which storm navigation is allowed.

4 1.3 Definitions; L - ship length between per-
pendiculars, m.; B, d - breadth and draught on a
midship, m.; A - ship displacement, t.;
hew=0,22* %75 h3%=1,336he, hys=1,004hy, -
accordingly average height of a swell and ir-
regular waves of 3 % and 1/3 probability, m.; A1
- average waves length, m.; ¢ - wave speed,
m/sec.; H - sea depth, m.; T, - wave apparent
period, ¢.; T, - own ship roll period on still
water in view of non-linearity of SSD, c.; h -
initial MCH in view of free surfaces of Liquid
goods, m.. Corresponds to a horizontal axis of
"Diagrams” on fig. 3-4; - V, - ship speed, kn,; -
Ve - Speed, appropriate to the main roliing
resonance, when 7., = 7, , kn; V, - mini-
mum speed at which ship is yet capable to be
operated in conditions of a following sea, kn.;
k, = 1,4. As agreed with Administration for
ships of length L> 40m. this factor can be in-
creased, but no more than 1,8.

4.1.4 Dangers of stern seas and criteria of
safety.

The Guidance simultaneously takes into ac-
count 5 kinds of dangerous and unfavourable
for a ship phenomena, probable at storm navi-
gation in the stern WCA. To each phenomenon
there corresponds a certain zone on "tailor-
made" "Diagrams for a ship sailing in rough
following and quartering seas " (further "Dia-
grams"), submitted on fig. 3-4.

.1 Significant reduction or loss of a trans-
verse stability at wave passage along a ship (1st
dangerous zone - insufficient stability, con-
structed on the basis of criterion Ksy).

Criterion of safety:
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Vi< (c-4*k o * A/ THN0,514*cos 8), kn.  (3)
.2 The intensive rolling in a main resonance

mode, when wave apparent period T, is close

to own ship rolling period 7, (2nd dangerous

zone - main rolling resonance).

Crtenion of safety:

< 13
Vo }{c-{ }A/THN0,514%¢cos B), kn
> 0,7

)

(Note: here and further in figured brackets are
specified the top and bottom borders of a
zones. )

In case the ship has not goods, dangerous con-
cerning a shifting, criterion of safety:

< -
Vo { }(e- A/ T(0,514*cos B) { } 2 kn, kn. (5)
> +

.3 Intensive rolling in a mode of a paramet-
ric resonance, when T, ~ 742 (3rd dangerous
zone - parametric rolling resonance).

Criterion of safety:

< 2,1
Ve{ }(c-{ } A/ THN0,514%cos B), kn.
> 1,5

(6)

4 Movement of a ship with high speed,
when its capture by the wave, loss of manoeu-
vrability and spontaneous uncontrollable dy-
namic turning broad-side to a wave and wind -
"broaching-to" is probable (4th dangerous zone
- "broaching-to"). Criterion of safety:

V,<ko*+[L /cosf , kn. €))
.5 Ship movement with low speed, when it
is poorly listened of a rudder, is more subject to
impacts of stern waves and pooping (5th, unfa-
vourable zone, - insufficient manoeuvrabitity).

Criterion of safety: V.> Vy,, k. (&)




Diagram for a ship sailing 1n rough folloving and quartering waves
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Fig 3. Example one of the main "Diagrams” for the wave length 96 m. and draught 6,57 m.

DMagram for a ship satling in Tough folloving and quartering waves
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Fig. 4 Example one of the additional "Diagrams” for the wave length range 40-160 m.
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4.1.5 Necessary data to safety estimation.

.1 At a ship loading before voyage.

d {or A), Xg - prospective on loading con-
ditions a mdship draught {or displacement) and
centre of gravity on ship length position; bumn...
hmax - range of imitial MCH possible change un-
der the given loading conditions; he, - height of
a designed wave.

.2 At storm navigation during voyage.

d (or A), Xg - actual midship draught (or
displacement) and Xg; h - actual initial MCH in
view of free surfaces of liquid goods influence;
V- log ship speed; £ - wave-to-course angle
{WCA); H - sea depth; (h3%, hl/3 or hy), A-
height and average length of observable waves;
- presence on a ship of goods dangerous con-
cerning shifting (yes /no).

4.1.6 Diagrams for a ship sailing in rough fol-
lowing and quartering seas.

.1 The estimation of safety of ship storm
navigation is made under the set of "Diagrams”,
- example two of which for a ship with length
96m. is submitted on fig. 3-4. They are condi-
tionally divided on main and additional.

.2 Main "Diagrams" (fig.3), calculated in a
range of WCA from 0 up to 45° for three-four
loading cases, at which there is a 1st dangerous
zone. At each meaning of loading, the wave
lengths (in a range the most dangerous con-
cerning a stability A =0,7L-1,3L) and their
heights (no less than three meanings in a range
0,5-1,5 from designed wave height he) are
vary. The main "Diagrams" characterise the
most unfavourable combination of a lowered
stability and phenomena, described in 4.1.4.
They are intended for: a choice of optimum
draught, a tom and a stability during ship load-
ing; estimations of safe modes of navigation on
all 5th dangerous zones simultaneously at wave
parameters, comresponding of a dangerous
waves on fig. 2; to an approached estimation of
the 1-st dangerous zone borders at operation in
the field of unfavourable roughness on the
graph of roughness.

.3 Additional "Diagrams" (fig. 4) are con-
structed in the whole range of loadings for a
number of chosen wave lengths, is more signifi-

- P[PPI Lo Lol | PRSI A bam
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tended for an estimation of operation safety un-
der the relation to 2nd and 3rd resonant zones
of a rolling at 6,7L. > A4 > 13L. Contain a
wider WCA range - from 0 up to 90°, for con-
venience of ship course change determination
from following and up to a beam wave, in case
of necessity to avoid resonant kinds of a rolling.

4 In a field of "Diagrams" 5 zones, de-
signed at f =0 and H= o, are constructed.

The transition to other f and H is made ac-
cording to vertical axes V{f), V) or

AVi(H, ).

.5 The choice of safe modes of navigation at
intermediate meanings of an actual sea and
loading parameters 1s made by a linear interpo-
lation between their adjacent meanings under
"Diagrams”.

4.1.7 Estimation of safety.

.1 The estimation of safety under "Dia-
grams" is carried out in case the point ("A"),
appropriate to actual parameters of sea state on
the graph of roughness gets in area of unfa-
vourable or dangerous roughness.

.2 To safe modes of navigation there corre-
sponds a points of "Diagrams", not belonging of
any from 5th zones listed in items 4.1.4.

3 To permitted modes of navigation there
correspond points of 2-nd dangerous zone -
main rolling resonance, differ from a V... curve
more, than on 2-3 knots, if the ship does not
transport goods, dangerous concerning shifting.
Short-term navigation inside of the 5th, unfa-
vourable zone is allowed also, if the point
Vi £, H) is not simultaneously in 2-nd or 3rd a
dangerous zone of main "Diagrams".

4 The greatest danger to a ship is repre-
sented the navigation, when MCH, speed, WCA
and H are those, that the appropriate point is
simultaneously in several dangerous zones of
"Diagrams"”.

4.2 Substantiation of the '"tfailor-made"
storm diagrams form of representation.

The information can formally be submitted to a
ship operator in the various graphic form.
However unsuccessful choice of such a form
can essentially reduce, to reduce to zero and




even to bring in negative consequences in effi-
ciency of practical use of the information. That
especially important at development of a "tailor-
made”, more exact diagrams and, if a purpose -
a safety ensuring, when the speech goes about
life of the passengers and crew, safety of goods
and vessel.

Tt is represented obvious, that first of all, with
the maximum accuracy and graphical clearness
should be displayed the information about influ-
ence of the most important, for achievement of
a given purpose, parameters. Our purpose - a
safety ensuring in relation of an inclmation on a
dangerous heel angle (which, in a final result,
can bring to the subsequent capsize). The main
contribution into its achievement, for the ma-
jority of conventional ships, 1s brought by the
safety criteria (SC) (3-6), dependent upon a
siability. Is possible to show, that from pa-
rameters, usually used for construction of the
storm diagrams, the most important for a given
purpose is a stability characteristic (MCH - h),
second - speed of a ship V, third - WCA, fourth
- sea depth etc.

Actual MCH in a voyage cannot be determined
precisely. Its relative error usually makes no
less than 10-15 %, and it grows with reduction
of absolute meamng of h and can reach 50, 70
and even more than 100 % [19-21]. As with re-
duction MCH grows and danger of a wreck, for
the correct and duly of a ship operator wamning
about of the phenomena dangerous concerning
a capsizing, the storm diagrams should reflect
SC dependence on important parameter h with
taking into account of influence of a probable
error of its practical determination +/-dh.

For a substantiation of the storm diagrams form choice
which is the most answering for a put purpose, compari-
son of the alternate diagrams was carried out: offered
multi-parametric diagram in co-ordinates V-h-WCA-H
and known diagram in polar co-ordinates V-WCA, dis-
tinguished by absence in an obvious kind the most im-
portant parameter h (see fig. 5, where the axes H from
place economy reason are not placed). Each polar dia-
gram is designed only for one meaning of MCH | sea
depth and sea parameters . The receive information cor-
responds only to one point of a multi-parametric dia-
gram V-h-WCA-H (Fig. 3-4).

Dependent from a stability SC (3-6) have an identical
structure
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V =1(h} / cos{WCA) %

To estimate influence only the forms of diagrams repre-
sentation was considered, that: - is considerad the arbi-
trary SC, depending from a stability and having a
structure (9); - all parameters on both disgrams are
equally determined; - the border of criterion on the dia-
gram V-h-WCA-H is linear on a considered piece; - the
ship point "S", appropriate to a ship location, is in a
safe zone in direct affinity from a line of border SC, but
does not belong to it. In this simplified case fimction
f(h) =f (&) Where -« an angle of an inclination of a
SC line to a positive direction of an axis h on the dia-
gram V-h-WCA-H. which can change from 0 up to + /-
90" and characterises a degree of SC dependence ("fi-
gidity") from a stability.

The determination of safe speed error, caused by an er-
ror dh of determination h in voyage
dV(dh) = m*dh*tg &z / cos(WCA), (10)
is directly proportional to product ig @ on H/cos(WCA),
where m - scale of the diagram V-h-WCA-H. These
functions heavily grow, accordingly from 0 and 1, up to
0O at change of & and WCA from 0 up to 90, ie. at
increase of SC rigidity from h and with approach to a
beam sea course (See fig. 6). In these cases a significant

Graphs of functions
1/cos (WCA) and tga
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Fig. 6

errors in determination of safe speed V are possible,
which easy to see and them easily to estimate and to
take into account under the mulii-parametric diagrams
V-h-WCH-H. In polar co-ordinates V-WCH they are
latent, therefore their vse lead to closes of a master's
eyes on a possible affinity of a danger, that can resuit to
indefinitely large errors of a ship operator at determina-
tion of safe speed, including errcrs to the dangerous side
{see Fig. 3) and acceptance of the decision, bringing
near to a dangers or aggravating an emergency situa-

tian,
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It was represented important to determine in which
cases it is possible to apply the polar diagrams and in
which it is impossible. With this parpose a numerical
research of meanings of non visible in the polar diagram
V-WCA of an error + /-dV, depending on an angles&
and WCA values, was carried out. All possible combi-
nations WCA meanings, changing in a range from 0,1
up to 1,0511 and angles & and WCA in a range from 0
up to 90, were considered. The calculation was made
under the formula (10) (where scale m = 10 1s accepted,
as it is usueal 1sm. of the diagrams V-h-WCA-H corre-
sponds to change of speed on 1kn. and WCH on 0,1m.).
The example of calculations for a case, when actual
MCH h=1,0m is determined with (minimum possible in
voyage) a relative error 10 % (dh=0,1m}, is brought on
fig. 7. The level of a permitted absolute error of deter-
mination of safe speed in rough sea is accepted equal
0,5kn. Possible consequences of the polar diagrams ap-
plication by the ship cperator are analysed.

Results of numerical research have allowed to
make the following conclusions:

.1 The error in determination of safe speed
(dV) heavily grows with increase of an angle «
(degree of SC dependence from a stability), in-
crease of a WCA and an errors of MCH deter-
mination (dh). It aspires to infinity at «=90"
and WCA=90" and reaches the maximum
meanings at a combination of these values;

2 Area of permitted errors (dV < 0,5 kn.)
corresponds to small meanings of angles (from
0 up to 28grad., when is away or SC depend-
ence from a stability is weak), and is limited by
WCA curves from 0 up to 85°. {fig. 7). In these
cases both forms of representation of the dia-
grams, as polar V-WCA, and V-h-WCA-H can
successfully be applied;

.3 Area of inadmissible high errors (dV >
0,5 kn.) is extends with increase of an angle «
and exists at the whole WCA, from following
(WCA=0) and up to a beam sea (WCA=90"). It
covers about 90% of all possible in practice
variants of combinationse and WCA. In these
cases application of the polar diagrams V-WCA
can result in dangerous consequences and,
therefore, it is not recommended;

4 The so wide area of inadmissible high er-
rors 18 a characteristics of polar co-ordinates
system V-WCA, is caused only by the form of
the diagrams representation and does not de-
pend more of any other factors;
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.5 The diagrams form in polar co-ordinates
V-WCA can be safely used only for problems,
SC of which do not practically depend on a sta-
bility, or for construction of the less exact "non-
tatior-made” diagrams or for the bow WCA:

.6 For an estimation of safety of navigation
in all possible in ship operation cases of chang-
ing A, Xg, h, 4, h, WCA and H in the Guid-
ance no more than 30 diagrams V-h-WCA-H,
including main and additional is encugh to in-
clude. To reach the similar result and accuracy
with use of the diagrams in polar co-ordinates
V-WCH 1t is required with a small step on h to
construct a few hundreds such a diagrams;

.7 At the decision of problems of ship safety

providing from a capsize on the whole WCA, it
is recommended to make an estimation of a
used SC dependence degree from a stability. At
presence of high such dependence it is neces-
sary to pass to the V-h-WCA-H system of co-
ordinates.
Above-stated has served as a substantiation of a
"non-tailor-made” diagrams representation form
choice in the Russian Guidance [14,23], satis-
fying to the requirements showed to it (item
2.3), taking into account "the human factor®
and ensuring the greatest efficiency of a ship
safety in stern WCA storm navigation. For this
purpose the Diagrams are submitted in co-
ordinates system V-h-WCA-II, free from lacks
of the polar form V-WCA diagrams. ’

4.3 Program for on-board PC and illustra-
tion of its work on emergency examples.

At presence on a ship of on-board PC, a safe
modes of storm navigation choice preferably to
carry out with the help of the special software.
For this purpose the program Following Waves
Safe Sailing (FWSS) is developed which corre-
sponds to the described above Guidance provi-
sions and allows more operatively and precisely
to decide the worth problems. It 1s developed
according to [14] and corresponds to the IMO
recommendations.

The dialogue with the program is extremely
simple. Common skills of work on IBM PC
compatible computers and some ship operator
experience are required only. It can be used
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also as a simulator for training of ships officers
and cadets-ship operators to methods of safe
navigation in storm following sea.

The main MENU FWSS contains the items:
HELP, DATA, LOADING, VOYAGE,
RECOMMENDATIONS, PRINT and EXIT.
The HELP - contains the minimum information, neces-
sary for the nght use by the program.

The DATA - contain two submenn, in which a ship and
sea state data, listed in item 4.1.5 are entered.

At activization of item the LOADING one of the "Dia-
grams" is calculated, appropriate to an entered data on a
ship and parameters of a designed wave A = L and
hw= 0,22% 1 %"  the most dangerous concerning loss
of a stability. The diagram allows during a ship loading
to choose a such stability. at wiuch “the range of safe
speeds in voyage will be greatest.

At activization of item the VOYAGE occurs calculation
of the Diagram, appropriate tc an entered data on a ship
and actual sea state. Varying these parameters it is pos-
sible to determine a safe speeds and WCA. On the Dia-
gram also displayed the graph of roughness (in the right
top corner) by which it is possible to estimate a danger
degree of a given roughness for the ship, and also cur-
rent data on a ship and roughness.

In mem item the RECOMMENDATION, depending on
location of a current point "S" of a ship relatively the
dangerous zones, at a screen is displayed the informa-
tion about condition of a ship safety and recommenda-
tion abeut possible actions of the master for prevention
of a dangerous situation.

The diggram, corresponds to the chosen decision can be
printed on the printer with the help of a key a PRINT
and can be included in the voyage report,

The EXIT itemn - corresponds to an exit from the pro-
gram,

The results of a ship operator dialogue with the
program FWSS are submitted on fig. 8-11 on
examples of accidents cases of two various
ships.

The diagrams on fig. 8-9 correspond to prob-
able conditions of wreck in 1970 of the ship
"Poronaisk" (length of 96m), on which m con-
ditions a roll at storm forcel0-12 has taken
place a goods shifting. A static heel in 20" was
formed, continuing to be increased. That has
result to an engine stop, turning broad-side to a
wave and to subsequent capsizing of a un-
moved ship. As it is visible from fig. 8, at sail-
ing by the stern WCA a ship could simultane-
ously be in a two dangerous zones - insufficient
stability and main rolling resonance, and at -

creasing of speed at 1 ka. - also in a broaching-
to zone. Joint influence of these three danger-
ous phenomena could quite result to inclina-
tions on a dangerous heel angles and lead to a
goods shifting, with all following consequences.
In these conditions it was necessary to reduce
speed essentially up to 5-6 kn., or to change the
WCA to 30-30" According to fig. 9, the situa-
tion even was more aggravated, when a vessel
has lost a speed and was turned to a beam sea.
Thus it got in a dangerous zone of a roll in a
parametric resonance mode, as could serve as
the reason of the subsequent capsizing.

The diagrams on fig. 10-11 correspond to prob-
able wreck conditions in 1993 the ship
"Polessk” (length 140m), at which in conditions
of rolling in roughness 5-8 numbers has also
taken place a goods shifting. There was ap-
peared the static heel in 30-35" with roll swing
up to 52° The engine has stopped, vessel has
lost a speed, was turned a broad-side to a wave
and subsequently has capsized. According to
fig. 10, at sailing by the stern WCA the ship
was 1n a dangerous zone of the main rolling
resonance, on separate waves with length 100-
120m and height 10-12m could simuitaneously
get yet in a zone of a insufficient stability, and
at increase of speed only on 0,5kn. - in a
broaching zone. That could result to inclina-
tions on a dangerous concerning goods shifting
heel angles. With account of possible error of
MCH determination, the further scenario and
the reasons of a ship wreck without a speed
broad-side to a wave are similar described
above for the ship "Poronaisk".

The given examples show clearness and con-
venience of application of the diagrams V-h-
WCA-H for the detailed analysis of an emer-
gency simultaneously on all dangerous phe-
nomena. The master sees the whole picture in
function of important parameter - stability and
it is easily to him {o estimate, which dangers are
threaten and what it is necessary to undertake,
if the error in MCH determination is possible in
the large or smaller side. It is visible, that in the
area of a beam sea WCA a line of roll SC bor-
der are close to a vertical (fig. 9,11) and even
the small MCH error can result in very large er-
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rors In determination of the safe speed of a
ship. Having such complete mformation the
master can well-founded to accept the decision
leading away from danger on important SC,
dependent from a stability. That not allow to do
of the polar diagrams V-WCA.

Relability of a technique of the Guidance and
the programs FWSS are repeatedly checked at
the wrecks analysis of a various ships

5. DEVELGPMENT OF THE IMO GUIDANCE

In 1991 under the initiative of Japan in the
agenda of IMO SLF Sub-Committee a question
on development of the IMO "Guidance to the
master for avoiding dangerous situations in
following and quartering seas” was included.
International correspondence group under the
direction of Japan (co-ordinator - Prof. M. Fu-
gino) was orgamised. In work of which from
Russian Federation Prof V.B.Lipis and author
was participated. The offers of Japan [22], Rus-
sia {23], Poland [24] and Canada [25] were
considered. The Japanese offers are based on
results of systematic model tests of a fishing and
several container ships for the phenomenon of
surf-riding and broaching, and also on influence
of a successive high wave attack. In tests the
facts of capsize / non-capsize were registered.
The two simple "non-tailor-made (universal)"
diagrams of safety i polar co-ordinates

(V/~/L)-WCA and (V/T)-WCA were offered,
used for all ships and cases of navigation.
Where V - ship speed in knots, L - ship length
in meters, and T - wave period m seconds. With
the Japanese offers corresponds a similar on es-
sence of Canada and Poland offers.

The offers of Ryssia, based on the concepts de-
scribed in the article of the complete account of
the individual characteristics of a ship and its
load, parameters of actual sea state, "tailor-
made” diagrams and technique [14], have re-
ceived a positive estimation. With interest was
perceived in IMO and demonsiration of the on-
board PC program FWSS. However, complex-
ity of preliminary calculations and labour input
of preparation of such Guidance and the soft-
ware for an individual ship, requiring of pres-
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ence a special methods and programs of calcu-
lations, have not allowed them to accept at the
given stage. Was decided to accept the Guid-
ance, using the less exact "non-tailor-made”
diagrams, but based on a more simple and not
requiring realisation of preliminary calculations,
the offers of Japan. Which were much revised
and are complemented mn view of the main pro-
visions of the Russian offers and remarks of
other countries: the initial sizes and form of
dangerous zones are changed, roil in a mode of
the main and parametric resonances [26] etc.
was added.

However the dangerous phenomenon of essen-
tial reduction of a stability on a wave, in an ob-
vious kind, was not accounted. Irrespective of
the ship characteristics and of a voyage condi-
tions was considered, that this phenomencn is
always inside dangerous zones of the "non tai-
lor-made" diagrams and outside its boundaries a
ship will be obvicusly safe concerning of a sta-
bility loss on a wave [27]. About mistaken of
this statement, in our opinion, opportunity of a
zone of a insufficient stability existence in a
wide range of MCH, speeds and WCA beyond
the scope of all other dangerous zones on the
"tailor-made" diagrams of emergency ships,
showed by us on fig. 3, 8, 10, convincingly tes-
tifies. Which are constructed at the complete
account of actual parameters of a ship and
roughness. The author of the Japanese offers
has subsequently tried to take into account this
phenomenon [28,29]. However his offer nor
was accepted in IMO.

In the draft MSC circular about approve of the
MO Guidance [26] was especially marked, that
the accepted Guidance does not take into ac-
count the actual stability and dynamic charac-
teristics of an individual ship, but provides a
general boundary of safe and unsafe combina-
tion of the operational parameters for all types
of conventional ships covered by IMO insiru-
ments. It is not the criteria to guarantee of the
safety absolutely, since the vessel can be unsafe
even outside the dangerous zone, 1f the stability
of the ship is insufficient and the dangerous
phenomena happen simultaneously. Is decided
to review the Guidance in the future in a view




to improving it, especially concerning large
ships It is recommended to encourage use of
the spectal developed sofiware for on-board PC
for the account of the actual characteristics of
an individual ship and real voyage conditions.

6. CONCLUSION

Summarising of dene work it is possible to con-
clude.

! Concept and technique of decision the
problem of a safety ensuring for the ship navi-
gation tn a stern WCA | based on the complex
approach is developed

2 Stability criterion in a following seas Kgs
(in the Reguiations) and a system of safety cri-
tenia (in the Guidance) is offered. Methods of
their calculation are developed.

.3 Diagrams of storm navigation are offered,
allowing to the master to see a complete picture
of totality probable for the given ship dangers,
to choose safe modes of navigation in a WCA
range from following seas up to a beam sea at
actual loading condition of an individual ship
and sea state, The form of representation of
these diagrams in co-ordinates V-h-WCA-H,
the most adequate to safety ensuring concerning
a capsizing is validated.

4 Managing document [14], approved by
the Regisier and Sea Transport Department, in
a sea fleet of Russia in force at the moment, is
developed. The training on practical application
of its recommendations is carry out in a ship-
ping companies and is include in the working
programs of educational institutions on ship op-
erator's, ship mechanic's and a ship builder's
specialization, and also on ships officers qualifi-
cation improvement Courses.

.5 Software for on-board PC, approved by
the Register and allowing to ship operators
more operatively to choose a safe modes of
navigation in these conditions is developed.

.6 Complex of carried out work has allowed
successfully to decide at the given stage an im-
portant operational problem of safety ensuring
for a conventional ships storm navigation in
following and quartering seas. From 1988 the
ships of a Russian transport fleet supplies with
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addition to a stability booklet (Guidance) ac-
cording to [14], and from 1994 alsc of a special
software for on-board PC, allowing to ship op-
erators receive the reasonable recomrnendations
for safety in these complex conditions of navi-
gation

.7 The accumulated usage experience of the
Russian Guidance and on-board PC sofiware,
based on the described above safety concept
can be useful for improving and revising m fu-
ture of the Russian and the IMO Guidances ac-
cepted at the given stage.
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SURVIVAL TESTS OF A DAMAGED FERRY VESSEL

ILM. Riola, A. Marén

Canal de Experiencias Hidrodindmicas de El Pardo (Spain}

ABSTRACT

In August 1995 an association of Spanish
shipowners and shipbuilders asked the "El Pardo
Model Basin" (CEHIPAR) to carry out a series
of seakeeping tests of a damaged passenger ferry
vessel.

The main aim of the tests was to contribute 10 a
better understanding of the effect on stability
and survivability of the water inflow in the
garage deck after a side damage. The tests were
also useful to develop a methodology for future
tests of this kind.

0.- INTRODUCTION

The ship forms were based in the I.J. Sister, a
typical Spanish ferry vessel owned by Compafiia
Transmediterrdnea. A side damage near
amidships was reproduced. The model was
loaded so as to achieve different residual
freeboards with an upright and evenkeel after
damage condition.

For each loading condition several GM’s were
tested including the minimum SOLAS90
requirement.

The model was subjected to three different wave
conditions for each combination of residual
freeboard and GM. These corresponded io 1.5,
2.75 and 4 meters significant wave height.
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The test set-up, test cases and results obtained
are described in the following paragraphs.

1.- MODEL DESCRIPTION

The model scale was 1:24. Table I shows the
main particulars of the ship and model
corresponding to the moulded draft.

Table I. Main Particulars

Ship | Model
Length overall (m) 140.8 | 5.867
Length between perp. (m) | 125.0 | 5.208
Maximum breadth (m) 22.01 0917
Moulded draft (m) 6.0 0.250
Depth fo garage deck (m) 8.1 0.338
Garage deck area (m*) 2300 | 3.993

The model was made of wood. The model
arrangement together with its instrumentation is
shown sketched in figure 1.

The rudder and bilge keels of the actual ship
were reproduced in the model. The model was
fitted with four holds to contain the varying
ballast weights. Reserve buoyancy was put over
the upper deck to avoid complete capsizing of
the model.

A garage deck was reproduced at 8.1 meters
over the baseline without any obstruction,
casings or trunks. This garage deck had no sheer
i the model for simplicity of construction.
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A damage extending 0.03 L,; + 3 meters Oin
length and with a penetration of B/5 was cut on
the starboard side. The vertical extension was
from the bottom to the upper deck.

This damage produced the flooding of the two
largest adjacent compartments of the real ship
(the main engine room and the avxiliary
machinery room) extending a total of 20.2%
(25.2 m) of the ship’s length.

The double bottom was not flooded in these
tests, although its complete flooding was
simulated with additional ballast. The damaged
bulkhead was reproduced except for the damage
extension.

The different loading conditions and GM’s were
obtained by varying the ballast distribution in
the holds and upper deck.

The drafts were checked against draft marks
with the ship in water.

The GM’s were adjusted to the target values by
means of inclination fests before and after
damage.

The transversal radius of gyration of the model
was measured prior to the tests and the total
transversal radius of gyration of the model plus
ballast was checked to be within 5% of 0.35 B.

The model was fitted with instrumentation to
measure:

.- Roll angle.

-~ Water elevation at 18 points distributed
uniformly on the garage ro-ro deck as shown in

figure 1.

.- Water elevation at the damage opening, giving
an indication of the instantaneous freeboard.

A waterproof video camera was installed inside
the garage space to record the ingress of water
through the damage. Two external video
cameras recorded the model motions.

All the signals were digitised and sampled at a
rate of 20 Hz (4.08 Hz at full scale) and
recorded in hard disk.

2.- TESTS PERFORMED

Nine different loading conditions were proposed
initially in order to study the influence of
residual freeboard and stability in the ship
behaviour after damage. All the loading
conditions were such that the ship will stay
upright and evenkeel after damage because this
was expected to be the worse condition from the
point of view of water ingress.
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The nine conditions were the combinations of
three residual freeboards at the damage (2.00,
1.15 and 0.81 meters) and three effective
metacentric heights after damage. One of the
metacentric heights was the minimum required
by SOLLAS 90 for each of the three drafts. The
other two metacentric heights were 0.5 and 1
meters over this minimum value.

The 0.81 meters residual freeboard wounid
correspond to the real ship maximum draft after
the damage considered in these tests,

Actually, for the 0.81 meters residual freeboard
it was not possible to increase the GM more
than 0.8 meters over the minimum required GM.

Therefore the ship was tested with 0.8 and 0.4
meters of additional GM instead of the 1 and 0.5
meters originally intended. Also, due to time
constraints, the tests with 2 meters freeboard
and minimum GM was skipped and therefore
the corresponding results are not available for
this report. Looking at the results obtained for 2
meters freeboard and other GM’s, it secems that
this condition is not very dangercus for the ship.

Table Il resumes the eight different loading
conditions tested:

Table 11, Loading Conditions

Residual freeboard
GM 20m | 1.15m {08l m
SOLAS90 X X
SOLAS 90 + 0.5 X X X(*)
SOLAS%0+1I m X X X(*)

(*) The actual GM’s were 0.4 and 0.8 meters
over the minimum required SOLAS™90 value
due to model constraints.

The displacements and drafts before and after
the damage for each residual freeboard and the
minimum GM required by SOLAS 90 are given
in tables Il and IV.
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Table I11. Displacements and drafts before
and after damage

Residual Freeboard
2.0 1.15 | 0.81
Intact | Dispiac.
Cond. |(mt) 6423 | 7860 | 8475
Mean
draft (m) 457 | 529 | 559
Trim (m) | 0.37 0.8 0.89
Damage | Mean
Cond. |draft (m) 6.1 6.95 | 7.29
Trim(m) | 0.0 0.0 0.0

Tabie IV. GM’s before and after damage

(SOLAS 90 reguirement)
Residual Min. GM Min. GM
Freeboard | before damage | after damage
(mm) (m) (m)
2.00 0.851 0.494
1.15 1.296 1.517
0.81 1.980 2.403

A roll extinction test was performed for each
loading condition in order to determine the
natural roll period. Table V gives the measured
rolling periods.

Table V. Natural rolling periods (seconds)

Residual freeboard
GM 200m| 1.L15m {0.81 m
SOLAS90 13.82 | 11.34
SCLAS 9% + 0.5 18.60 | 12.76 | 10.76
SOLAS 90+1 15.16 | 1092 | 9.80
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For each of the loading conditions, the model
was subjected to irregular long crested seas
corresponding to wave spectra with three
different significant wave heights (H ).

Following the recommendations of the IMO
Panel of Experts, Jonswap spectra with a peak
period of 4 ./H, and a peak enhancement factor

of 3.3 was used.




The three different combinations of significant
wave height and peak period are given in table
I

Table VI. Wave characteristics

Significant wave height Peak period

{ {(m) (s)

. 1.50 4.90
2.75 6.63
4.00 8.00

For each sea state two different realisations were
iested with a duration corresponding to half an
hour each at full scale. Therefore, a total of 48
runs were made corresponding to a duration of
24 hours at full scale.

The wave tests were performed in the large
CEHIPAR seakeeping model basin. This basin
iz 150 m long, 30 m wide and 5 m deep so that
no depth or wall side effects can be expected.

Each run was started with the model parallel to
the wave crests and with the damaged side
{starboard) to the incoming waves.

The model was free to drift with the waves and
to move in the six degrees of freedom.

Two rope lines were tied to the bow and the
stern near the waterline in order to restrain the
model from turning away from the waves.

These ropes proved to be unnecessary as the
model remained almost parallel to the wave
crests during all the runs and therefore they kept
completely slack not influencing ship motions.

The data acquisition was started after the wave
pattern was fully developed.

The computerised planar motion carriage
(CPM.C.) was moved following the model
drift so that the umbilical cable was kept as
slack as possible.
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J - ANALYSIS OF RESULTS

The observation of the video recordings and the
numerical results indicates a homogeneous
behaviour of the model in all the runs. After a
few waves have produced a massive inflow of
water into the garage, the ship heels away from
the incoming waves (to port) accumulating
water in the port side and increasing the actual
freeboard at the damage point.

Further groups of high waves preduce additional
ingress of water augmenting the port side heel
and the frecboard presented to the waves.

The frequency and amount of water inflow
diminishes with time as the waves have more
difficuity in exceeding the freeboard at the
damage until some stable condition is reached.

Eventually a big wave or group of waves forces
the model to heel to the waves (starboard side).
In such cases the final result is that a substantial
amount of the water accumulated previously
leaves the ship through the damage taking
advantage of the relatively mild waves
following the high wave group.

After that, it takes a short time for the model to
heel again to the port side and the cycle of
increasing water accumulation begins again
until either the stable condition is reached or a
new ingress of water with a starboard heeling
OCCUTS.

The time the ship heels to the waves is generally
of a very short duration lasting a few wave
cycles, just until the next high waves come.

Only on one occasion (H=2.75 m, Fb= 1.15 m,
GM=SOLAS + 0.5 m) the ship stayed for a long
time (about half the run duration of 30 minutes
full scale) heeling to the starboard side.

In such a case a smaller amount of accumulated
water was observed because more water left the
model through the damage than was introduced
by the waves,




As a consequence, the mean heel angle toward
the waves was smalier than when hecling (o the
oppositc side.

The tables and hgures at the end of this report
present same results obtained during these tests.
The foliowing three variubles have been
considered:

@ The mean list in (he last five minutes (full
scale) of the run. This is considered to be the
final stable condition for the ship due to the
wave induced heel and the heel caused by the
accumtlated water on the side opposile fo the
waves.

e The maximum roll angle in the full duration
of the test.

¢ The mean waler level in the garage in the last
five minutes (full scale) of the run. This
value is obtained as an average of the
measurements obtained from the 18 water
level sensors installed on the garage deck.

The results given correspond o the worst case
of the two roms for each Joad condition and sea
state.

Figures 2, 3 and 4 represent the three variables
as a function of relative GM after damage. They
show some tendency for a higher list and mean
water level for the intermediate GM. This is
especially clear for the 0.81 m freeboard case.

It can be seen that the maximum mean list
during these tests was 12 degrees commesponding
to the 1.15 m of {reeboard with a significant
wave height of 2.75 m and a GM of 0.5 m over
the SOLAS 90 requirement.

The maximum roll recorded was 32 degrees.

The dependence on sea state is shown in figures
5, 6 and 7 were the significant wave height is
the independent variable. It can be observed that
the maximum list occurs generally for the
intermediate sea state of 2.75 meters, decreasing
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for the higher waves of 4 m. The same happens
to the water accumulated on deck. On the other
hand, the magimum roll angle is always
increases with the wave height.

Figure 8 represents the variation of mean water
level as a function of residual freeboard at the
damage and compares it with the values
proposed by the IMO panel of experts.

It can be seen that the measured waier
accumulation is similar but a little higher than
the values given by the formula proposed by the
IMG panel of experts.

4.- STATIC STUDIO

Apart from the damage stability basin tesis
carried out at the Ship Dynamics Laboratory
further research was undertaken via computer
simulation from both static stability and
probabilistic calculus. The study focussed on
two different areas:

4.1.- PROBABILISTIC METHOD

Probabilistic method of damage siability was
calculated with the module F6/4P of the
FORAN naval architecture computer program.

The ship is not of recent comstruction and
therefore unlikely to conform to rule 6/7 of IMO
A.265 (VIL) for ferry vessels.

With a subdivision length of 134.82 meters and
a total of 930 passengers of which 345 could be
allocated in boats, the final indexes required (R)
and attained (A) were calculated.

The value of the necessary required index is
0.66322 and the attained one does not reach 0.6

4.2.- WATER ON DECK

The “FLOOD” module of FORAN calculates
the stability curve taking into account the
flooding of the auxiliary machinery rcom, the
main engine room and the ro-ro garage deck.




Table VII summarizes the resuits for the worse
case, 1.6. minimum freeboard,

The table shows the cases in which the
SOLAS'90 requirements are satisfied considered
various levels of water on deck. In this table
C/N means compliance/not compliance with the
requirements.

Table VIL Stability for 0.81 m of freeboard

Mean Water on Deck ()

GM 0(.1(.2|3 4.5
SOLAS’90 CINININININ
SOLAS+H0.S | CiCclclc|C|C
SOLAS+1 cicl|c|c|lc|lcC

It can be observed that the cases of GM plus 0.5
or 1 meter are safe enough.

In the worst case (GM = 0.459 and freeboard =
0.81 m) a total amount of .45 m of water was
measured during the tests, for which the stability
is far from complying with the SOLAS'90
requirements. Even so the maximum and mean
rol! angles were below the limits suggested by
the Panel of Experts.

5.- CONCLUSIONS

The following conclusions can be drawn from
these tests:

e Jn all the cases, with this symmetrical
flooding, the model tends to heel to the side
opposite to the incoming waves increasing
the real freeboard at the damage side.

e The heeling to the side opposite to the waves
increases progressively until the freeboard at
the damage is large enough to avoid further
ingress of water.

e Big waves can produce a femporary and short
heel towards the waves. The result will be a
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decrease in the amount of water accumulated
on the deck.

o A larger GM will generally result in a larger
accumulation of water but with a final mean
list similar to the case of lower GM’s. The
reason is, probably, that to obtain a large
freeboard, a larger amount of water is needed
when the GM is higher.

s The amount of water accumulated on the
garage deck for waves of 2.75 and 4 m
significant wave height is very similar to that
given by the formula of the IMO Panel of
Experts.

e FEven with this amount of water accumulated
on the garage deck, the model, with a GM as
required by SOLAS 90 or higher, is able to
withstand waves up to 4 m significant height
with no capsizing (mean list less than 20°,
maximum roll less than 40° and 30° of list
not exceeded during more than 20 % of the
time).

e Further research seems recommendable.
Variables such as wave period damage size
and position, effect of obstructions on the
deck, initial list, casings and so on, shouid be
further investigated.
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ON A 3-D MATHEMATICAL MODEL

OF THE DAMAGE STABILITY OF SHIPS IN WAVES
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'Dr.-Eng., MARTEDEC S A, ?Professor, NTUA, 3Dr -Eng. Cand., NTUA

Ship Design Laboratory, National technical University of Athens
Herpon Polytechniou 9, 15 773 Zografou, Athens, GREECE

ABSTRACT

The formulation of a three dimensional six
degrees of freedom, mathematical model for the
simulation of large amplitude motions and
capsize of a damaged ship at zero forward
speed in waves is presenied. The employed
numerical solution and the related computer
algorithm are explained and resuits from an
application of the developed method to an
existing Ro-Ro Passenger ferry are presented
and discussed.

NOMENCLATURE

A infinite frequency added mass
coeffictents (i, j=1, .. ., 6}

B,(c) damping coefficients (i, j=1, . . ., 6)

F sum of external forces

Fo. @)  diffraction forces i=1,..., 6)

Fg @) radiation forces(i=1, ..., 6)

i intact ship inertia matrix

G intact ship centre of gravity.

Gx'y'z"  body-fixed coordinate system

K,(r)  kemelfunction(i,j=1, . , 6)

M., M, sum of external moments about
points C and G respectively

mg intact ship mass

Py, flood water mass

OXYZ  inertial coordinate system

R coordinate transformation matrix

t time

K
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/4 flood water centre of gravity.

X, position vector of & with respect to
the inertial coordinate system

X, position vector of # with respect to
the inertial coordinate system

B wave heading in the inertial

coordinate system
B wave heading in the body-fixed
coordinate system

&0,y Euler angles (0 roll, ¢ pitch and
yaw}

o wave frequency

7 time lag

@ angular velocity vector expressed in
the inertial coordinate system

@' angular velocity vector expressed in
the body-fixed coordinate system

INTRODUCTION

The present paper derives from current research
at the Ship Design Laboratory of NTUA on the
damage stability of Ro-Ro passenger ships in
waves, in view of recent regulatory
developments of IMO (SOLAS 95, Regional
agreement, Reg. 14) to allow the physical
modelling of the damage stability of Ro-Ro
passenger ships in waves as an alternative to the
so-called ‘water on deck’ penalty concept. In
the light of these developments, it becomes
evident that the availabihty of proper computer
algorithms, allowing the theoretical simulation
of the capsize of a damaged ship in waves,




provides the necessary flexibility and efficiency
to address systematically alternative design
measures, in order to improve the survivability
of the ship and to ensure compliance with
SOLAS regulations

Based on previous work of the Ship Design
Laboratory of NTUA in the field of linear and
nonlinear ship motions (Zaraphonitis and
Papanikolacu {11]), a six degrees of freedom
mathematical model for the ship motions in
waves, at zero forward speed, has been
formulated and solved numerically, in the time
domain, allowing the theoretical-numerical
simulation of large amplitude ship motions and
the prediction of capsizing under specific
environmenta) conditions.

The nonlinear, 6 DOF equations of ship
motions, accounting for the effect of flooding in
case of ship damage, have been formulated
based on large amplitude rigid body dynamics.
In order to simplify the formulation and
subsequent solution of the equations, the effect
of the flood water is treated assuming the mass
concentrated at the centre of volume occupied
by the fluid A semi-empirical water
ingress/outflow model is used for the estimation
of the flow of water into and out the damaged
compartments Radiation and wave diftraction
forces are calculated using hydrodynamic
coeflicients from application of a 3D computer
code in the frequency domain, and by
employing the impulse response function
concept for the calculation of forces in the time
domain. Froude-Krylov and hydrostatic forces
are calculated by direct pressure integration
over the instantaneous wetted surface.

An advanced numerical integration method has
been developed, based on the extrapolation
numerical integration technique, which proved
to be very efficient The developed algorithm
has been implemented at a DEC 3000 Alpha
workstation.
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2. MATHEMATICAL MODEL
2.1 Coordinate Systems

Four coordinate systems will be used to express
the equations of motion. Let OXYZ be an
inertial coordinate system, with OZ vertical
and positive upwards and Gx'yz” a body-fixed
coordinate system with ( located at the centre
of gravity of the intact ship. We introduce also
a coordinate system OX'Y'Z' which i1s always
paralle! to the body-fixed coordinate system and
Gxyz which is always parallel to the inertial

coordinate system.

Fig. 1. Coordinate systems

When the ship is at rest, point O coincides with
(r and all coordinate systems coincide with each
other. The instantaneous position of the ship is
uniquely defined by the position vector X of
point G with respect to the inertial coordinate

system and the three Euler angles {yaw, pitch
and roll).

Let P be a point in space and X its position
vector with respect to the inertial coordinate
system. Let X', ¥ and £’ be the position
vectors of point P with respect to systems
OXY'Z', Gxyvz and Gx'y'z' respectively




These vectors can be transformed to each other
using a coordinate transformation matrix R

X=RX' =X, +%=X,+R¥ (1)

The full expression for the coordinate
transformation matrix R is given in appendix A.

In the following, all vectors or matrices
expressed with respect to OX'V'Z" or Gx'y'z’
will be marked with an ("), while one or two

dots over a variable or function denote first or
second order time derivative

2.2 Eguations of Motion

We consider the complete dynamic system
consisting of the intact ship and the flood water.
In order to simplify the derivation and solution
of the motion equations of the above dynamic
system, the mass of the flood water is assumed
tc be concentrated at its centre of gravity This
is a rather reasonable assumption, since as
already discussed in previcus work (see eg
Vassalos [10]), the effect of sloshing is
expected to be weak. Sloshing can induce
considerable dynamic ecffects when the
excitation frequency is close to the natural
frequency of the flood water However, the
possibility of resonance is rather small, since the
roll natural frequency of Ro-Ro ferries is
usually much lower than the natural frequency
of the flood water, unless the flood water layer
is thin. In this latter case, sloshing will be
naturally negligible, due to the small mass of
ocsiilating water involved

According to Newton's second law

F= iﬁ‘ [ pXav )
df 24

For the angular motion the expression 1s.

M, = % (Il X x Xav (3)
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where F and M, are the sum of all external
forces and moments (about C) apphed to the
dynamic system consisting of the intact ship and
the flood water, expressed in the inertial
coordinate system,

Let W be the centre of gravity of the flood
water and X, its position vector, expressed
with respect to the inertial coordinate system
Equation (2) can take the form.

) G+mWXW+mWXW (4)

where m is the mass of the intact ship and m,
15 the mass of the flood water.

1t can be easily proved that:
H}; pX x Xdv = m X, x )?G +R{107)+

+mW()?G +§W)><()?G +5§:’W) ©

where Xy, 1s the position vector of ¥, expressed
in Gxyz Let M, be the sum of all external

moments about point (G, also expressed in
Gxyz

(6)

Introducing equations (5) and {(6) in (3) and
after some manipulations, the equation of
angular motion takes the following form:

M, =R (16"+3"x (16"))+
Y

% (X +5~e,,,,)+mwf,,, < (X ; xW)

The details of the derivation of the above
equations can be found in Zaraphonitis [12]. In
Appendix B, equations (4) and (7) are
transformed in a form more suitabie to be used
n a numerical integration scheme




2.3 Exciting Forces

The external forces and moments consist of the
following parts:

e Froude-Krvlov and hydrostatic forces

Froude-Krylov and hydrostatic forces and
moments are calculated by direct numerical
integration of the incident wave pressure and
hydrostatic pressure respectively over the
instantaneous wetted surface. Integration 1s
extended up to the instantaneous free surface,
taking into account the ship’s motions and the
free surface elevation due to the incident wave.
The distortion of the free surface due to the
diffraction of the incident wave system and due
1o radiation is omitted.

e Radiation forces

Radiation forces and moments are associated
with the disturbance of the flow due to the
motion of the ship. Ignoring the nonlinearity of
the problem and following Cummins procedure
({1]), radiation forces and moments are
calculated from the added mass and damping
coefficients of the ship (see, aiso, de Kat and
Paulling [31]):

B ()=~ A7 X - [ K, (x) X, (1-T)dr,
0
i)jzls-"56 (8)

and
K, (7)= %FB,} (6)cos(at)do {9

where A is the infinite-frequency added mass

coefficient and B (o) is the frequency-

depended damping coefficient of the ship.
These coefficients are calculated in the
frequency-domain by the three-dimensional
computer program NEWDRIFT (Papanikolaou,
[6]). The integral of equation (9) for the Kernel
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functions is calculated numerically using Filon's
method. Due to the very fast decay of the
Kernel functions, the integration of the
convolution integral in equation {8) i1s truncated
at an appropriate upper limit.

Finally, 2 quadratic roli damping model is used
to correct the employed inviscid flow model for
viscous effects, therefore ensuring realistic roll
motion responses at resonance.

e Diffraction forces

Diffraction forces and momenis  are
approximated by superposition of the
elementary diffraction forces associated with
each of the component waves composing the
ship exciting wave train:

F(H=Re) F(0,,p) (XoYs.l),
i=1,..6 (10)

3 3

where F°(c,,B,} is the frequency-depended
diffraction coefficient of mode 1, { (X .Y,.0) 1s

the instantaneous wave elevation at point G of
wave component # and £, is the relative wave

heading ( §,=8-vy).

2.4 Water Ingress Model

The flow rate of flood water 7, into

respectively out of the damaged ship
compartment is calculated by integration over
the surface 4 of the opening:

ri, = [ dQ (11)

dQ is expressed by a semi-empirical formula
{Hutchinson, {2]):

dQ = gKsign(H,,, — H,, 1/|HM —H |d4 (12)




where K is an empirical weir flow coefficient,
H__ is the height of the external free surface

QUi

and H _ is the height of the internal free surface
at the damage opening.

2.5 Natural Seaway Modelling

Two different approaches are used for the
modelling of the incident wave spectrum by a
finite number of harmonic waves. According to
the first approach, we introduce a lower and an
upper limit for the wave frequency o and

0. - The continuous incident wave spectrum is

discretized by a number of N harmonic wave
components of frequency:

o,=0_ +ndo (13}

and amplitude:

a,=[28(c Mo (14)

where;
AO. - amax mn (1 5)

Following the second approach, the area under
the incident wave spectrum curve between o

and o,

X

i

is subdivided into N parts of equal

area ds. The mcident wave spectrum is
decomposed nto N harmonic wave components

of equal amplitude a= V2ds and frequency,
corresponding to the centre of the nth
elementary part. In both cases, the phase angles
of the regular waves are randomly distributed in
the entire range [0, 2x].

The wave energy of the discretized wave
systems resulting from the above two
approaches, obviously equals the wave energy
of the mcident irregular seaway In figures 2
and 3 a JONSWAP spectrum with significant
wave height H_=40m and peak period

T =8sec is presented, along with its
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discretization calculated by the two approaches
{amplitudes and corresponding frequencies of
the individual harmonic waves).

Let m be the nth order moment of the

continuous wave spectrum. The comparison of
the calculated moments of order »=-1,..,4
for the continuous wave spectrum and for the
discretized wave systems is also presented n
figures 2 and 3. It can be seen that for » 22 the
first approach gives better results, which could
be expected, since there are more waves 1n the
high frequency range. On the contrary, the
second approach gives better results for the
moments of negative order.

Let T be the average period of the continuous
wave spectruin,

v mq
7, =2n—L (16)

0

and T, the period corresponding to the average
frequency of the continuous wave spectrum:

f m,
T =21 (17)

m,

The calculated values of T, and T, for the

continuous spectrum and for the approximate
discrete wave systems, resulting from the above
two approaches, are given in the following
table:

Table 2. Average Wave Periods

T, T,
7.29048 6.86722
7.29656 6.86722
7.28516 6.86722

Cont. Wave Spectrum
Approach A
Approach B

Since in the first approach the frequencies o, of
the harmonic wave components are equally
spaced in the interval [amm, crmx} , the resulting

wave system is almost periodic. In order to
simulate an irregular seaway for a long time, the




number W of the harmonic wave components
should be quite large On the other hand, since
the frequencies o, of the harmonic wave

components calculated by the second approach
are not equally spaced, the resulting wave
system gives a closer simulation of an irregular
seaway even with a few wave components.
Figure 4 presents the wave elevation calculated
by the two methods. The difference in the
graphs, as far as the reproduction of
aperiodicity  for the modelled seaway is
concerned, 18 evident. Therefore, the second
approach is adopted, because it gives a better
representation of the irregular incident seaway.

3. NUMERICAL SOLUTION

The resulting system of differential equations is
infegrated numerically in the time domain, using
an advanced integration method based on an
extrapolation scheme described in more details
by Stoer and Bulirsch [9]. This method is found
very fast and accurate, especially for this
specific type of problems. It allows relatively
jarge time stepping and therefore significant
reduction of the number of calculations for the
right hand side of the equations,

The basic aspects of the adopted numerical
procedure for the calculation of the exciting
forces and for the implementation of the
simulation scheme are presented in more detail
in Spanos et al. [7].

For the time being, the computer program runs
ont 2 BEC-3000 Alpha deck station. Simulation
time is zbout 15 times slower than real time in
case of one compartment flooding, considering
an ncident wave train consisting of 20 wave
components,

4. BISCUSSION OF RESULTS

Simulation records for the motion of an existing
Ro-Ro passenger vessel, in service between the
Gresk mainland and the Aegean islands, are
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presenied The main charactenstics of the Test
Ship are presented in Table 1.

Table I Test Ship Main Characteristics

Lep 14200 m
B 2280 m
T 640 m
Draam pscx BOO m
Direrroacx 1290 m
LIGHT SHEIP TEB4 ¢

DISPLACEMENT 11354 1

KG G874 m

In figure 5 the discretization of the vessel by
2x177 panels is presented. The discretization
concerns the vessel’s bottom, sides and the first
watertight upper deck.

The incident wave is described by a JONSWAP
spectrum  with A, =4.0m significant wave

height and 7, =8sec peak period (fig. 3). The

initial wave heading £ is equal to 90" The
continuous spectrum is approximated by a wave
systermn consisting of 20 elemeniary waves.

The simulation of the ship’s motion is
performed for two cases. At first the ship is
considered intact, floating freely ar the iree
surface with zero forward speed. In the second
case, one compartment of 66m length, ranging
crosswise over the entire ship’s breadth and
vertically from the main to the upper deck,
located 3m in front of the intact ship’s LCG, is
considered flooded. The flood water mass is
equal to 10% of the intact ship’s displacement
and is kept constant throughout the simulation
{no water inflow or outflow is considered).

In fig. 6 the simulation records for both cases
are presented. In the uppermost graph, the free
surface elevation at the centre of gravity of the
intact ship is presented (pomnt (), foliowed by
results for the heave, roll and pitch motion. In
the last four graphs, the resulis for the second
case {ship with fiooded compartment) are
presented, Capsize occurs after about 250sec.
The fifth graph from the top shows the free




surface elevation at point (. Note that,
although the incident wave system remains the
same in beth cases, the free surface elevation
given in the first graph differs from that in the
fiftih one This is because, n the Inertial
coordinate system, point ( is moving in
different ways in the two cases, follewing the
motion of the ship. In figures 7 to 12 the same
results are presented in the form of phase
diagrams.

5. CONCLUSIONS

A mathematical model and the corresponding
numerical solution procedure for the simulation
of large amplitude motions and capsize of a
damaged ship are presented, followed by
numerical results from the application of the
method to a typical Greek Ro-Ro vessel.
Further work is now underway in NTUA-SDL
towards the refinement and vahdation of the
mathematical model and the developed
computer algorithm, as well as to their
flexibility for applications to various ship types
A series of model experiments tank are
scheduled for late 1997 at NTUA’s towing
{Laboratory of Marine Hydrodynamics) aiming
at the systematic validation of the developed
theoretical-numerical method.

Concluding, it is obvious that the presented
simulation model will be eventually a valuable
tool in the process of designing a Ro-Ro vessel,
since it will enable the designer to analyse the
impact of damage stability on different design
sclutions and to maximise the survivability of
the wvessel, before proceeding to the
experimental investigation, following the
Equivalent Model Test Method according to
SCLAS 95, Res. 14.
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APPENDIX A
COORDINATE SYSTEMS
TRANSFORMATION

When the ship is at rest, point O coincides with
(r and all coordinate systems coincide with each
other. When the ship is moving, the position
and the orientation of the body-fixed coordinate
system with respect to the inertial one is
uniquely defined by the position vector X, and
the set of the three so-called Euler angles: roll

(&), pitch (@) and yaw (y).

To obtain the body-fixed coordinate system
from the inertial one. the later is supposed to be
translated to Gxyz and then rotated by an angle
w about the yaw axis, then by an angle ¢ about
the new pitch axis and finally by an angle &
about the new roll axis.

The transformation matrix between the inertial
and the body-fixed coordinate system is given
by:
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[ cospcosy  sindsingcosy  cosdsingcosy |
— cosfsiny +sinfsiny
R =| cospsiny  sinfsingsiny  cosfsingsiny
+ cosfcosy —sinfcosy
- Sing sinflcosg costicosp
(18)

The derivation of (18) can be found in [12].
Let @ and @’ be the angular velocity vector
expressed with respect to the inertial and the
body-fixed coordinate systems respectively:

B=Ra' (19)

1t can be proved {see [12])} that:

—*y A - . 1‘
a'=80 ¢ vyl (20)
where
B 0 —sing
B=|0 cosf sinfcosp 21

0 -sinf costicosp |

APPENDIX B
EQUATIONS OF MOTION

In order tc proceed with the numerical
integration of the equations of motion,
equations (4) and (7) must be transformed to a
more appropriate form.

From eq. {4) we derive:

(g +mW)}?G = F—m,x, —mw()?s +5&’W) (22)

From eq. (7) it can be proved that:




X, x F+

My =R(16"46'< (16")) + oy

mam, .. o ot 5 :
Pl i 4 by S - ==
e Xy, X Xy A X, X (XG %xW)

mg +m, mg +m,
(23)
and from eq. {20):
g 9'
@'=B| ¢ |+ Bl ¢| (24)

¥ A4

Inserting (24) in (23) and after some
manipulation we derive:

G
I-B| ¢ |= M} —-&'x(1&') -
4
— gy cosp
—1| —0¢ sinB+0yr cosd cosp—pyy sinf sing | —
—0g cosf—r sin@ cosp—pyr cos6 sing

My, ., =, M, Lo
-— %, xF’——iRT(xw xxw)—
m, +m, my +m,
m_ - = LA
—-—S—W—RT(JCW X (Xa +xWD —
mg + Iy,
‘ (25)
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~ Let £ bea 13-dimensional vector, with:

¢ ¢ &l =% 262)
&, & &l =[0 ¢ ] (26b)
E=¢ _i=7,...,12 (26c¢)
and

f[}zmw (26d)

The equations of mation (eq. 22 and 25) can
take the form:

éf:éﬂﬁ 4 i=1> srta 6 (273)
and
gi:f(fl,,..,gn,r) , =10, 12 (27b)

Finally, from eq. (11) and (12) we can derive:

élSZf(f[r--:Q:]ggt) (270)
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A Study of the Safety of Small Fishing Boats for the Scallop Hanging
Culture on Fishing Operations in Severe Conditions
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* Hokkaido University, 3-1-1, Minato, Hakodate, 041, Japan
** Tokyo University of Fisheries, 4-5-7, Minami, Minato, 108, Japan

ABSTRACT

Lots of small fishing boats for the scallop
hanging culture on the coastal area in Funk-Bay,
Hokkaido have been sometimes compelled to
work under the sever sea condition since it 1s
actually main producing season in winier. To
secure a safety of fishing operation, there
should be great needs of an accurate criterion
for judging sea condition, in addition to the
sufficient seakeeping qualities.

On basis of tank tests and researches of
actual fishing operating condition, it was
clarified the stability and the rolling response
characteristics of the scallop fishing boats in
various working conditions.

In this paper, using wave data measured in
the fishing ground, the authors would propose
the critical wave height that these fishing boats
could be on the sea with safety.

NOMENCLATURE
B :ship’s breadth, m
g :gravitational acceleration, m/s?

GM  :metacentric height, m
GZ  righting arm, m

H;;  significant wave height, m
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k swave number, rad/m
S(@ ) :power spectrum, m” * Sec
[ :wave amplitude, m

@ :rolling amplitude, rad

¢ mex maximum rolling amplitude, deg
A :wave length, m
@ :wave frequency, rad/sec

1. Introduction

The fishing of the scallop culture is one of
main fishing since a sum of the fishing
production has amounted 1o about 60% of all of
them in this area.

In the fishing ground in winter, the complex
wave condition has well happened because of
overlapping the short periodical wave generated
from the wind blowing from the north-west
direction and the long periodical swell
transmitted from the Pacific Ocean. Moreover,
since the facilities of the scallop culture are
commonly set on offshore in the range from 1.0
mile to 2.0 miles according to the isobaths that
are nearly parallel to the local coast line, the
scallop fishing boats are generally under the
beam sea condition on the fishing operation.
circumstances

Then, on the actually




encountered while the fishing operations, the
authors would discuss the safety from the
standing point of the rolling angle generated by

the characteristic wave 1n the area.

2. Fishing boats for the scallop culture

A scale of the scallop fishing boats is
generally very small in the range from 5.0 gross
tonnages (G7) to 15.0 GT with length between
perpendiculars being less than 20m, made from
FRP, and there are specific structural features
that have a squarish ship form, a overhang deck,
a wide breadth compared with the length, a
high bulwarks and small scale f{reeing ports
without prevention system of reversed flow,
etc.

A general arrangement of the fishing boat
for the scallop culture is shown in Fig. . As a
bridge 1s situated on the fore deck and an
engine room is located on the after deck, the
fishing operation is generally doing on the
center area between them.

Because fishermen are usually working
used a hydraulic crane equipped on the after
deck fixing the right side of the fishing boat to

CRANE

e Tj—,/——%
B T W————
— | Chew s e T e No TFISN Nol  HOLD
Em HoLe HOLD £ how 5%1-
o=
AP -} Fe

o — ST

Fig. 1 General arrangement
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a main {ine of the culture facilities, the fishing
boat 1s always fairly mchining to thus direction
and there 1s sometimes occurring a lot of free
water due to sinking freeing ports under the sea
surface. It is said that the inclining angle would
exceed 10 degrees in winter when the scallop
would completely grow up. It has been reported
that the effect of the free water for the small
fishing boats 1s dangerous on the specific
conditions because the area of working deck is

relatively wide compared with the ship scale "
2

3. EXPERIMENT

3-1 Tank test
A ship model of a 7.9 GT fishing boat, that
has a typical ship form of a fishing boats for the
scallop culture using in this area, reduced in
scale by 1711 was used in the experiment. The
roiling tests in the beam sea condition were
carried out in the regular waves considering
vartous fishing conditions. The principal
particulars of the scallop fishing boat and its
body plan are as shown in Table 1 and Fig. 2,
respectively, On the basis of the researches of
actual fishing operating condition, the loading
conditions on the deck were decided as to be
0.0, 2.0, 50 and 7.0 tons. they are
corresponding to the condition of the departure
without the catch, the general catches in the
the full

maximum catches in the past, respectively. In
the table, the rolling angle & ;,; (deg) indicates

fishing season, catches and the

that the bulwark top is even to the sea level and
the rolling angle ¢ ;. (deg) indicates that the

freeing ports are inclining to it, respectively.




3-2 The Stability

The stability curves for the each conditions
were shown in Fig. 3. In the case of the small
fishing boat like this, the rolling angle that
sinks the bulwark top into the sea is one of the
threshold value so that the stability would
change remarkably™. In this time, the authors
would discuss the safety taking notice of the

relationship between this angle and wave height.

As the GM is manifestly over 2.0m 1n the light
condition and the GM is still over 1.5 m even if
it is in the worse stability with 5.0 tons loading,

Table 1 Principal particulars of the 7.9GT
fishing boal.
Loading conditions

ITEM LIGHT 2ton 5Ston 7ion
Lpp {m) 14.14

B (m) 3.63

D (m) 1.25

Disp.  (ton) 13.54 1554 1855 20.55
bM (m}) 0.39 0.43 0.49 0.53
TRIM  (m) 0.46 0.42 0.25 0.24
GM (m) 2.40 2.06 1.65 1.43
KG {m) 0.95 (.98 1.02 1.05
BG {m) 1.41 1.31 1.21 117
¢ bul, (deg) 35.39 34,37 32.83  31.81
¢ scu. {deg) 1840 17.06 1500 1374
L =L

Fig. 2 Lines of the 7.9 (T fishing boat
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to say nothing of the size of the GZ, it would be
evident that the ship body generally has the big
stability.

3-3 The rolling response characternistics
Fig. 4 shows the response characteristics of
the rolling motion to the wave in the various

loading conditions. A vertical line shows the
rolling response function to the wave ( /& { o)

| 7.9 GT FISHING VESSEL

T T T T T T i
- — LIGHT CONDITION
———: 2ton LOADING
—_ B —=: 3ton LDADING
=
= = - ~: Tton LOADING i
~I
<o ™ T \ shipping of water
O 5_ ’."/’j"il 0y over the bulmark top
. o 1~
N
S N, ™
— " / \‘ \ \‘\ —
/e NN .,
L ‘r// ‘\\ .
[ Y s, —
,-/{/ O .
- ':}/ \‘ N h N -
74 AN
L \‘\\ RS m
NN
0 s
R
0 1 ] 1 ] 1 i r\‘\\

ANGLE (deg)

Fig. 3 Stability curve
ROLLING RESPONSE FUNCTION
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& LIGHT (- OSM)
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.
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0 0.2 4 0.6
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Fig. 4 Rolling response function
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and a horizontal line shows the non-
dimensional frequency (V' B/ A ) . Furthermore,
a solid line in the figure shows the estimated
value due to erdinary strip method { OSM ) on
the no-catch. The responses became slightly
greater according to the increases of the scallop
catch. It was already clarificd that the scallop
fishing boat has the maximum rolling response
to the wave on the catch with 5.0 tons .

The responses fixing the ship body to the
culture facilities are shown in Fig. 5. On this
condition, the responses without the caich are
getting a high values in the range of low
frequency.

Fig. 6 is showing the response
characteristics on the no-catch using the crane
and fixing the ship body to the culture facilities.
Fig. 7 is also showing those for the catch with 2
tons.

Mark @ symbolized the rolling response

function in the condition of using the crane and
mark C symbolized those on fixed ship body

to the main line of the culture facilities added to

ROLLING RESPONSE FUNCTION
3 T T 3 T T

FIXED TO CULTURE FACILITIES
W I~ & LIGHT 7
S 2 2ton LOADING
3 oL o A 5ton LOADING
©
i
1F g . -
z
- ée g HME -]
A [}
1 ) | J ¢ Io 8 T
0 0.2 0.6

0.4
v BIA

Fig. 5 Rolling response function, fixing
the ship bedy to the culture facilities
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the aforementioned condition. The natural
frequency of the scallop with 400 kgw, a unit

generally wrapped by a net, lifted by the crane
w cis v B/A =023

In the frequency region over v B/ A = 0.30,

the response function with use of the crane has
a bigger values compared with those values
without it. In the cases of fixed the ship body to

ROLLING RESPONSE FUNCTION

3 T T T ]
LIGHT CONDITION
@ USING THE CRANE
fuy] . QO ADDED TO & CONDITION;]
:ﬂ FIXED TO CULTURE FACILITIES
— L_ .
- 2
- e ® o
-]
1 s ° 1
(o]
- C Q oo —
o C 0
i L 1 1
0 0.2

0.4 0.6
vB/A

Fig. 6 Rolling response function, light
condition

ROLLING RESPONSE FUNCTION
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2ton LOADING
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X 51 °
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&
L e o N
o®
]
1 ®o’ o .
L 0 o |
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000
1 i I 1 1
0 0.2 0.4 0.6

v B/A

Fig. 7 Rolling response function, 2 tons
loading




a main line of the culture facilities adding to the

fore condition, the response function becomes
very small in the frequency region over ¥ B/

A= 0.30 and is conversely big for the long
periodic wave under ¥ B/A = 0.25 close to
@ ..

As the scallop fishing boat fixes the body to

a main line of the culture facilities, the ship

ROLLING RESPONSE FUNCTION

3 T T T T T
= LIGHT CONDITIONS
s F @ MEAN VALUES -
vor B RIGHT SIDE
x 4 LEFT SIDE
% 27 ° i
=
4 e
1 » g .
= * . : - -
| 1 f 1 e Je o
0 0.2 0.4 0.6
vy B/A
Fig. 8 Rolling response function, light
condition
ROLLING RESPONSE FUNCTION
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LIGHT CONDITIONS, USING THE CRANE
s F a @ MEAN VALUES -
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1t . -
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]
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X g ES .
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VvB/A

Fig. 9 Rolling response function, light
condition, using the crane
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would be doing the asymmetric rolling motion
around the stationary inclining angle. The
differences of the rolling response for the right

side and left side are showing in Fig. 8. In the
figure, it is evident that the response for the
right side (B) is bigger than that for the other

side(&). As shown in Fig. 9, there is same

response characteristics in the case of using the
crane. Consequently the scallop fishing boat
would get larger rolling on the inclining side
while she was under the fishing operation.

3-4 Characteristics of wave in the coastal area

In order to clarify the characteristics of wave
generated on the coastal area, the authors have
carried out the observations of the wave using
the microwave doppler radar set on the research
ship Ushio-maru ( 128 GT ) since 1994,
Considering the stationary of wave data, a time
of a measurement is 10 minutes and a sampling
time is 0.2 sec.

Fig. 10 (a), (b) indicate the examples of the
power spectra of the waves measured on
December 6th and 19th, 1994 that would be
dangerous to the scallop fishing boat because
the fishing cooperation demanded all of the
ships to a voyage home. Fig. 11 shows the track
and positions of these measurements.
Nevertheless the sea condition was critical for
the small fishing boat, the authors could watch
a scallop fishing boat still fishing at point No.1
on December 19th. On December 6th, all of
the ships were suspended in the fishing port due
to the rongh weather.

In the Figures, because of overlapping the
short periodical wave generated from the wind

blowing from the north-west direction and the




long periodical swell transmitted from the
Pacific Ocean, the characteristic wave having
the twin-peaks on each excellent frequency

would occur in the fishing ground 1n this

WAVE SPECTRA  1994-12-6
,_..‘101 E T T v T " T
§ - ®10283 ]
g D.4.4506 |
E A7,A8Y9

1072

[rad/sec]

Fig. 10(a) Spectra of the wave in the
coastal area, Dec.6th, 1994
WAVE SPECTRA 1994-12-19
107 e
@:1,0:2,8:3

[m2 - sec]

,_.:1 OO E E

107 ;

—2 " I . 1. L | s
10 0 2 4
W [rad/sec]
Fig. 10(b) Spectra of the wave in the

coastal area, Dec. 19th, 1994
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season. Furthermore, this characteristic would
become clearer according as the fetch from the
coastal line would be apart longer.

Then, to estimate the appropriate distribution
of the wave height generated in this area, the

Track and positions cf measurement

& A 9412 6
3 ® "941219
5
2
2
7
42" N
5
X \ 3
2 6
E i N3y
%‘W‘ﬂ &x
Ysuzirl g, 5
R i
55 R H 4
55 141" E 5

Fig. 11 The track and positions of the
measurements
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Fig. 12 Fitting for the distribution of

wave height




authors picked out the three typical

distributions and carried out the fitting to the

distribution of the wave height processed by the

Zero - up - cross method. The apphed
distributions were the traditional Rayleigh, the
Log-Normal and the Beta distwribution,
respectively.

An example of the fitting applied the
Rayleigh distribution (&), the Log-Normal

distribution (&) and the Beta distribution (&)

to the frequency distribution of the wave height
1s shown in Fig. 12. The width of each class on
the horizontal line is 0.2m in the figure.

The distribution of the wave height could
be well approximated by using the distribution
of the Bera distribution, although the fitting of
the distribution functions of the Rayleigh
distribution and the Log-Normal distribution
are not successful.

The probability density function of the Beta
distribution 1s shown as follows:

1
flpg) = 2P (e ) o,
B(p,q)
p>0, ¢>0, O<x<1
=0 ,x<0,x I ()

where B (p,q) = [ 'ou P (1-u)*'du, p and g are
parameters of the distribution, respectively,

The result of the statistical test of the
goodness of the fit for the wave data are shown
in Table 2. Mark * that the
distribution function is not fitted to the data at

indicates

1% significant level. As all cases adapted
the Rayleigh distribution were significant, it
was clear that the distribution was completely
different from this. On the contrary, the Beta

distributions were indicated stable fitting. With
respect to the parameters p and g, It 1S
considered that the slight wvariation 18 a
conseqguence generated by the configuration of
the distribution. However, the parameter p was
constantly equal to 2 was a typical
characteristic of the wave height in this area.

If the distribution of the probability density
function of the wave height would follow a
Rayleigh distribution, the rolling amplitude to
the

distribution. From the standpoint of the safety,

response would also follow same
it would be important to estimate the rolling in
the case that wave height would be around the
limit of fishing operation and its configuration

of the distribution wouldn’t follow a Rayleigh

" distribution.
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Table 2 The compatibility test to the
frequency distribution of the wave height

DATA POINT N (p,q) HRapleigh Beta
‘941206 01 295 (1,3) 30077.7% 103.7"
‘941206 02 150 (1.1) 118.8° 19.1
'941206 03 140 (2,4) 1185 157
‘941206 04 150 (2,4) 598.9° 139
‘941206 05 220 (2,3) 84.7" 584"
941206 06 260 (2,4) 16259.4° 136.4"
‘941206 07 180 (2,6) 891.1* 189
941206 08 192 (2,2) 369.6° 15.7
941206 09 145 (2,3) 14H5.57 129
941219 01 212 (2,3) 91.1" 126.8"
941219 02 159 (2,2) 33.80 219
941219 03 170 (2,2) 31.6° 24.7
941219 04 163 (2,3) 607.7° 16.6
941219 05 120 (2,3) 119.0* b4.4*

* sigmificant at 1% of the significant level
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Fig. 13 Estimation of the critical
probability of rolling amplitude

In order to estimate the critical probability
like the bulwark top would sink into the sea,
the authors assumed the above two kinds of
distribution functions. The authors show an
example of the frequency probability of the
rolling amplitude in Fig. 13.

Considering the probability that the
bulwark top would be under sea level, the
incidental probability is 0.6% estimated by the
Rayleigh distribution and 2.4% by the Beta
distribution. As it is evident from this result,
the function of the Beta distribution could
estimate well the probability concerning the
safety , although the function of the Rayleigh
distribution fairly underestimate it.

It’s shown an example of the fitting for the
rolling amplitude of the scallop fishing boat in

Table 3. As the distributions were all fitted to
the Beta distribution except one case, it could
be suggested that the distribution of the rolling
amplitude would follow the Beta distribution in
case the distribution of wave height would
follow this distribution. Then, considering the
critical rolling amplitude of the small fishing
boats, it’s important to grasp the characteristics
of wave occurred in fishing ground.

Table 3 An example of the compatibility
test for the rolling amplitude

DATA POINT CONDITION N (p,q) Rayleigh Beta

‘941206 03 Drift 181 (2,3) 810.4* 195
‘941206 04 Dnft 179 (2.3) 1959.1" 18.4
‘941206 07 Drift 207 (2,3) 6966.5° 272
‘941206 09 Drift 185 (2,2) 963.9" 5047

* gignificant at 1% of the significant level

3-5 Critical wave height for the fishing
operation

The authors would suggest one criteria
based on the critical wave height related to the
# ma, because the stability of the scallop
fishing boat would rapidly take a turn for the
worse when the bulwark top would be under
the sea level.

As the wave data on the fishing ground, the
authors had carried out 49 measurements of
wave, whose H;s were above 0.5m, in the
fishing between November and
February from 1994 to 1996. The points and
nurnber of the measwrements in Funka-Bay

scason

were shown in Fig. [4.

Fig. 15 is showing the estimated values of
the @ mar in the condition with 2 ton’s load
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Fig. 14 The points and number of the

wave measurements in Funka-Bay

using the crane and Fig. 16 is showing those on
fixed the ship body to the culture facilities
added to the fore condition, respectively.

In the figures, mark O symbolized @ max
and mark @ symbolized the significant rolling
amplitude. The intercept of the vertical line was
corresponding to the initial inclining angle ¢
imi. (deg) due to fixing to the culture facilities.

To estimate the critical wave height for the
fishing operation, it was applied a simple linear
regressive equation to the relation between H, ;3
and p’ max- Lhe regressive equation and the 95%
confidence interval were also drawn in solid
and broken line on the figures, respectively.

The test of goodness of the fitting due to the

linear regressive function were shown in Table
4. Mark * in the table indicates the goodness of

2 ton LOADING

60

] T T T T M T
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20t ¢ scu.
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Fig. 15 Estimation of the maximum
rolling amplitude, 2 tons loading,
using the crane

2 ton LOADING

60 T T T T i T v 1 ¥
O max. value USING THE CRANE
N @ sig. value FIXED TO CULTURE FACILITIES

H1/3=1.08m 95% upper limit

40k o7 i
é bul. o ~ 8.05+16.27Hy/3
_/_/FL 0 el
5]

t}b max [deq]

20

His ]

Fig. 16 Estimation of the maximum rolling
amplitude, 2 tons loading, using the

crane, fixed to the culture facilities




the fitting with significant level at 5% for the
regressive equation is significant. As all of the
fitting were good and the values of the
coefficient of determination R® for the
regressive function were high { i.e. R = 0.68 in
the case of Fig. 15 and R® = 0.66 in the case of
Fig. 16 ), it was clarified that @ ... could be
statistically estimated by H;;. However, there
were fairly difference among estimated critical
wave heights according to operating conditions.
Considering the general use ( i.e. the catch with
2 tons fixed the ship body to the culture
facilities), the authors could suggest that A3 =
1m should be corresponded to the critical wave
height for the fishing operation. On the
condition without catch, it was dangerous for
the scallop fishing boat because of creating
Then, the
fishermen should take delicate care for the

fairly big rolling amplitude.

wave condition.

Table 4 Critical wave height for the scallop
fishing boat.

USING CRANE
Loading conditions FREE FIXED FREE FIXED

LIGHT CONDITION 0.97m* 0.95m* 0.68m* 0.68m™*
2ton LOAD 0.80m* 1.05m* 0.87m* 1.05m*
bton LOAD 0.72m* 1.31m*

* sigmficant at 5% of the significant level

4. CONCLUSION

The main results from this work are
summarized as follows;
(1) The characteristic wave having the twin-

peaks on the frequency would occur in the

fishing ground because of overlapping the short
periodical wave generated from the wind
blowing from the coast and the long periodical
swell transmitted from the Pacific Ocean.

{2y The distribution of the wave height
generated on the fishing ground in Funka-Bay
could be well approximated by using the Befa
distribution.

(3) If the distributions of the wave height would
follow the Beta distribution, those of the rolling
amplitude would also follow the same
distribution.

(4) As the scallop would load on the deck from
0.0 to 5.0 tons, the value of rolling response
function would slightly increase.

(5) During the fixing of the ship body to the
culture facilities, the rolling responses would
force little. Furthermore, the rolling motion to
the mooring side would become bigger than
that to the opposite side.

(6) On the condition using the hydraulic crane,
the rolling responses would fairly increase.

(7) From the viewpoint of the safety for general
conditions of the fishing operations, it would be
estimated that the scallop fishing boats could
do fishing is under H;;=1 m.

However the authors have studied a safety of
the scallop fishing boat under the considerable
operating conditions and waves, it would be
still the region of a case study. The authors
should like to generalize the safety based on the

above mentioned standard.
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ABSTRACT

In this paper, some relevant aspects of
hydrostatic non-linear coupling between
symmetric (Heave and Pitch) and anti-
symmetric (Roll) motions are discussed. The
discussion is presented by comparing the
differences in response of two hulls,
represcotatives of typical small fishing vessels.
The two hulls are very similar, but their stern
arrangements are different; one of the vessels
has a transom stern, whereas the other one has
a more conventional round stern.

Starting with a complete six degrees of
freedom mathematical model, non-linear
equations describing the Heave-Roll and Roll-
Pitch couplings are used to investigate the
dynamic stability of the two ships in regular
waves. Attention is focused on the analysis of
the differences in geometric aspects of the
stability Hmits of Roll motion of the two
vessels and the different role played by each
coupling. Connections  between  these
differences and the stern arrangements are
then clarified.

NOMENCLATURE
A Linear added mass matrix.
A Linear added mass or added

(1 )-]

inertiain “i” due to “ j ” mode.
A, Wave amplitude.

Py

Water line area.
Linear damping matrix.
Lincar damping coefficient in “i”

[ 4]

due to “j ” mode.

Element of linear damping
matrix.

Total damping moment

Non-linear component of

damping momernt

Distance between centres of
gravity and  bouyancy  at
equilibrium

Linear restoring matrix.
Non-linear restoring coefficient in
“1”dueto“)”,“k” modes.
Non-linear restoring matrix.
Gravity

Transverse metacentric height

Longitudinal metacentric height

Mass moment of inertia with

respect to 1, J axes

Area moment of inertia with

respect to 1 axe.

Ship mass

Cosine amplitude coefficient of
time-dependent restoring matrix
element




]

Yij

b
Kis

N NI N <

o

% £ 2=

[

=]

Six  degrees of  freedom
displacement vector.

Generalized wave excitation

Sine amplitude coefficient of
time-dependent restoring matrix
element

Cosine amplitude cocfficient of
time-dependent damping matrix
clement

Finite mteger.

Sine amplitade coefficient of
time-dependent damping matrix
element

Perturbation superimposed to
{inear response.
Elements of generalized

displacement vector “y .

Wave frequency

Encounter frequency

Natural frequency in “1” mode.
Surge displacement

Surge linear response
Longitudinal centroid of water
line

Sway displacement

Sway Hnear response

Tranversal centroid of water line
Heave displacement

Heave linear response

Vertical position of center of
mass

Roll angle

Roll linear response

Pitch angle

Pitch linear response

Yaw angle

Yaw linear response

Water density

Specific density

ship displacement

ship displacement at equilibrium.
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1. INTRODUCTION

The stability condition of a ship in waves is
very different from that of the same ship in
calm water. The difference is due to changes
in the geometry of the immersed volume and
the altered pressure distribution over the hull
when the ship is responding to waves.

In waves, a rigid hull will be excited in six
degrees of freedom, and these six modes will
be, in many ways, coupled to each other.
‘When the motions are considered to be small,
linear equations may be emploved to describe
the resulting ship motion. In this case,
symmetric and anti-symmetric modes may be
uncoupled. On the other hand, when large
motions are assumed to occur, non-linear
equations of motion are required and such
uncoupling is not applicable and may not be
enforced. In particular, roll motion assumes a
strong coupling with the vertical modes.

Parametric resonance may strongly influence
the dynamic ship behaviour and stability in
waves. This phenomenon has been observed
for more than a century. Since Froude
observations until nowadays several works
have been published on parametric resonance
of the roll motion [1,2,4,11,12,16]. These
studies usually treat roll motion as an
uncoupled motion and the stability analysis
may be carried out using the Mathieu
equation. This equation may give instabilities
when the metacentric height oscillate with a
frequency, such as 2, 1, 1/2, 1/4, ..., to the
natural frequency of roll motion [1]. Yet,
other unstabilizing frequencies may appear
when a set of coupled equations with
parametric excitation is considered.

In this paper a six degrees of freedom
mathematical model is employed in order to
study ship stability in quartering seas.
Coupling of roll motion with the vertical
modes is introduced by deriving hydrostatic
force and moments with terms up to second
order in the heave, roll and pitch
displacements. Stability analysis is made by
considering the linear variational equation. A




system. of coupled equations with parametric
excrtation is obtained for the pertfurbed
motions. Distinct effects are found from the
heave-roll and roll-pitch couplings. Stability
limits corresponding to these couplings arc
obtained for two vessels.

The discussion s presented comparing the
different responses of two hulls. These are
representative of typical small fishing vessels.
The two hulls are very similar, but their stern
arrangements are distinct. Onc of the vessels
has a transom stern, whereas the other has a
more conventional round stern The lines plans
of the two wvessels, together with other
characteristics are given in Appendix A.

The linear responses in the frequency domain
of the two wvessels are almost identical
[8,10,14]. Yet, significant differences in
response are obtained when large motions are
considered [9]. Differences in stern shape are
pointed out as responsible for these
differences in the dynamic behaviour of the
two small fishing vessels.

2. MATHEMATICAL MODEL

A non-linear set of equations of motions in six
degrees of freedom 18 presented in this section,

2.1 COORDINATE SYSTEM

Let (oxyz) be a right-handed coordinate
system fixed with respect to the mean position
of the ship with a vertically upward through
the center of gravity of the ship, x in the
direction of forward motion, and the origin in
the plane of the undisturbed free surface, as
shown in Fig. 1.

The ship is supposed to be rigid and to travel
with a mean forward speed U at an angle ¥ to
waves incidence, such that y=0 stands for
astern waves.
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Fig. 1 Coordinate System
2.2 EQUATIONS OF MOTION

The non-linear equations may be expressed as:
[M+AYg(0)} +B@H)} + Oz Og0} ={Q0OHD)

The elements T\/I1J and A;; in the first two

matrices on the left hand side of equation (1)
represent generalized masses and added
masscs. Only linear terms have been retained
in the inertia terms. A 3-D panel method has
been used in the potential calculations of
added masses and potential dampings for zero
speed. Speed effects have been introduced in
accordance with the Salvesen, Tuck and
Faltinsen theory [15]. The hydrodynamic
coefficients and exciting terms for the two
fishing vessels have been presented in ref
[14].

The matrices B and C represent the damping
and the restoring components of the system
and contain non-linearities in roll damping and
heave-pitch-roll restoring terms, respectively.

2.2.1 RCGLL DAMPING

Viscous roll damping has been considered
scparately and determined by means of
Himeno’s method, in which the roll damping
moment is divided into different components,
with explicit consideration of bilge keel
effects. The damping components are due to
friction, eddy-making, lift, wave generation
and bilge keel. The roll damping moment is
then expressed in a guadratic form:




B($) = B0+ B, 9l¢) )

Detaiis of the method may be found in
reference [5].

2.2.1 RESTORING TERMS

The restoring actions in heave, roll and pitch
have been obtained from an expansion in
Taylor’s series up to second order, the
following notation being used :

Ci(2,0,6)=Cz+C6+C, 0+
Cipn2” +Copyp” +C 0™ +
Cppzp+ Cyyiz0 + C 598
{3.a)

C(2,0.0)=Cz+ Cup + OO +

Ci2” + Coad” + Cs 0™ +

Causz® + Cyssz0 + Cy§0
(3.b)

Cs (z, (I)»B) = Cszz + C54¢ + Csse +
Csz,sz2 + C344¢2 + Cssse2 +
Conb+ Co20+ C.f0
" (B0

The linear and non-linear coefficients are given
in tables 1 and 2 respectrvely.

Table 1
Linear Restoring Coefficicnts
C33 = 'Y Aw C34 = 0 C35: ~ 'Y AW X
Cu=0 C44: '}/VEE C45: 0
Ca=7Auxs [GCs=0 Css=vy VGM,

Derivation of hydrostatic actions is given
Appendix B. The values of the linear and non-
linear hydrostatic coefficients for the two
vessels are presented in Appendix A.

It is important to note that the two hulls
display significant differences in some second
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order restoring terms, due to geometrical
differences in the stern shape.

Table 2

Second Order Restoring Coefficients
nga: " C444:O
Cs3~=0 Cus=Y %
Cazs= y[a(A Xy} 629“ Cyss=0
(Ca45=0 Cozs= ___2,}, 5(A Xy}
Capi= 2,Y 5(AwY: Cs34~0
Csss=2Y ‘“A x| Coud
Car=y[ 5+ —“’Zﬁ;ﬁ'”] Csas=—y[2582 - 2|
Cay=0 Cs45=0
Cons=0 Csss= 2Y %%”

3. DYNAMIC STABILITY ANALYSIS

In order to investigate the behaviour of the
solutions and their qualitative characteristics, a
stability analysis of the non-linear equations
was carried out.

3.1 LINEAR VARIATIONAEL SYSTEM

The stability analysis was determined by
means of the variational technique [3].

Consider a solution q(t) to be of the form ;

q(t) =q(t) +u(t) 4)

where ;
g(t) 15 the solution of the linear system

u(ty is a perturbation superimposed to the
linear solution

If the solution of the linear system is
considered stable, then the solution of the non-
linear system near this solution will be stable if
a solution of u(t) — 0 when t >0, and is

unstable otherwise [3].




Taking the linear wvariational system of
equation (1), a coupled linear system with time
dependent coefficients is obtained.

[M+ A+ [B+BOla+[C+ D=0 (5)

The stability of the non-linear system (1) is
then governed by the stability of the solution
of the disturbances, as sef above in equation

(5).

Matrix [B,(t)] represent dissipation of encrgy,
and matrix [IXt)] is composed of oscillatory

terms at the excitation frequency and may be
expressed as

0 0 0 0 . 0 0
0 0 0 0 0 0
D] 0 0 C,z+C,0  Cud _cmﬂcssﬁ 0
00 Cusd  CZ+Cld  Cud 0
0 0 C,,z+C,0 0 CpuZ+Cl 0
0 0 0 0 0 0

where Z(£), §(¢), 0(¢) are oscillatory solutions
to the six-degrees of freedom linear problem
of the ship excited by regular waves of
arbitrary incidence.

32 COUPLED EQUATIONS WITH
PARAMETRIC EXCITATION

Pre-multiplying the terms of equation (5) by
the inverse of inertia matrix, inputting the
linear transformation #={7}y, where [T] is
the eigenvalues matrix associated to the linear
restoring matrix, and expressing the resulting
equation in inditial form, gives:

&
5?1 +ny1 = _Au{zbqyl +
a (6)

M-

(r, cos(w t) + s sin(w t))y +

—

M T

(pu COS(Wet) + qlJSin(Wet))YJ:E
3

3

—
Il
kS
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where y, arc elements of the generalized
displacement vector y, w,” represents the
square of natural frequencies, b,, represents the
elements of a linear damping matrix, 1, and s,
are elements of non-linear damping matrix, p,,
and q, arc elements of non-linear restoring
matrix and A, is the wave amplitude.

Equation (6) is a system of parametrically
excited coupled equations. As shown by FHsu
[6] there are many conditions of possible
instabilities when a set of Mathieu equations
are coupled together. For a system under small
parametric excitation and having w, (i,1,2,....n)
all distinct, instability may occur at excitation
frequencies in the neighbourhoods of}

where i, j =1,1,2,...,n, and s is a finifc integer.

For each of the above resonant frequencies,
criteria for determining limits of stability were
obtained by Hsu, for the first approximation.

In the folowing discussion the stability analysis
will be restricted to three cases of practical
importance, viz.:

We— 2 Wy

We= W3 -Wa . {7}
We= Ws ~Wy

where w,, w, and w; are natural frequencies

associated with the heave, roll and pitch
modes, respectively.

The auto-resonant condition w.= 2 w, has
been investigated in a previous paper [10]
where it was concluded that in longitudinal
waves the main mechanism of energy transfer
is the pitch coupling to roli, with heave playing
a less relevant role in exciting the roll mode
near this resonant condition.

Stability limits for the resonant conditions
given in (7) may be investigated by applying
the stability criteria established by Hsu [6]. In
order to apply the Hsu criterion, and to
investigate the assumed couplings in a




qualitative way, the variational system has
been uncoupled in two separated systems, the
heave-roll and roll-pitch systems.

33 COUPLED HEAVE-ROLL SYSTEM

When coupling derives from second order
expansions in the restoring terms, and
discarding terms of couphng with pitch mode,
the equations to stability analysis in the
resonance frequency w. =ws-wy; may be
expressed as:

[ M+ Al +| Bl +HC+ D) =0 (8)
where:

m+ A4, 0
WJFA]:[ 0 IH+A4J

B = {Bz.s 0 T:{
0 B44 + B444¢

G, 0
C:it 33 :'
0 Cu

D(f) — liCSSBf C344¢j!
C443¢ C4432

System (8) can be reduced to the canonical
form of equation (6), and then the expression
for stability limits can be applied to the w.
=ws3-Ww, condition. Stability limits for the
motions near this resonant condition are then
obtained in an encounter frequency basis
against wave amplitude, as will be given ahead
in the next section.

3.4 COUPLED ROLL-PITCH SYSTEM

Similarly, the coupled system roll-pitch may be
analyzed. In this case, and applying similar
reasoning as for the heave-roll coupling, the
fime-dependent coupling between the two
modes may be derived as
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Clas
D(r) :{ 0'

On applying the same stability criteria in this
case, it is found that the system in this case is
always stable. So, the coupling roll-pitch,
defined up to sccond order in the restoring
terms, is not able to produce combined
parametric instability. Therefore, instabilities
in the neighbourhoods of w,= w5 -w, may be
obtained only when considering a system of
coupled heave-roll-pitch, such that any energy
transfer from pitch to roll at this resonant
frequency will occur through the activation of
the heave mode.

4. RESULTS

Stability limits were calculated for two vessels
with different stern arrangements, in several
conditions, in order to verify the influence of
stern shape. The two vessels have been tested
previcusly by Moiral [7], Neves, Pérez and
Sanguinetti [8] and Pérez and Sanguinetti
f13). The first ship, here denominated TS, is a
typical transom stcrn fishing vessel. The other
one, denominated RS, is a more conventional

rounded stern fishing vessel. Principal
particulars of the two ships are given in
Appendix A.

The influence of transversal metacentric height
on stability limits near the w, =ws-w,
condition were calculated, by considering
several values of GM, (Figs. 2-3). As
expected, instability regions are increased
when GM, is reduced. In these figures, the
two ships are taking waves by the stern and
sailing at 6 knots. Stability limits for the TS
hull are more critical than for the RS hull.
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Different forward speeds at a heading angle of
15° are considered in Figs. 4 and 5, both
vehicles with a metacentric height of 0.7m. It
is seen that increasing speed is a stabilizing
action, specially for the RS hull. This i1s a
consequence of the lift damping that increases
with speed. Stability limits for different
heading angles (15°, 30° and 45°) at 6 knots
and metacentric height equal to 0.7m are given
in Figs. 6 and 7 for the two vessels. For both
ships limits are lower for the 45 degrees wave
incidence.

Figs. 8 and 9 show two direct comparisons of
stability limits for the two small fishing
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vessels, considering the zero speed and 6
knots cases, respectively.

In all cases it can be seen that the RS type
vessel 1s much more stable than the TS type
vessel.

4, CONCLUSIONS

A non-hinear coupled six degrees of freedom
mathematical mode! for predicting the
response of a ship in waves has been
described.

The non-linear model presented in this paper
permits to study critical stability regions where
may occur situations of real risk, depending on
the methacentric height of the ship, heading
angle of waves, frequency and the hydrostatic
restoring proprieties of the hull.

Introduction of non-linear restoring terms
coupling the roll motion to the heave and pitch
modes makes it possible for new dangerous
conditions of parametric resonance to
intervene in the ship dynamics. From the
stability point of view, the resonant
frequencies that appear are; W= 2 Wy , W=
w3 -wy and W= Ws -wy; Combined
frequencies are particularly interesting to
analyse, because they correspond to low
frequencies, usually found when the ship sails
in stern waves, a situation described by many
authors as potentially dangerous.

The theoretical mathematical model presented
herein shows that for the level of hydrostatic
coupling assumed, heave and pitch modes
define distinct mechanisms of parametric
excitation of the roll motion. Analyses of the
effects of restoring couplings on ship stability
are very important, in the sense that they have
a direct correspondence with the geometry of
hull shape.

Linear  hydrodynamic and  hydrostatic
coefficients are very similar for the two ships.
Some second order hydrostatic coefficients,
on the other hand, are quite distinct, reflecting
the different stern arrangements, and they give




rise to quite  different stability limits,
indicating that they describe some essential
aspects of the ship dynamics in waves.

The model shows that at exciting frequencies
near the we= ws -wy tuning the regions of
parametric instability are reduced when
metacentric height and speed of advance
increase. This is in agreement with reports on
the occurrence of parametric instability.
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APPENDIX A

Table A2
PARTICULARS OF SHIPS Values of Linear Restoring Coefficients
Coefficient RS TS
The main characteristics of the ships used in Cs 105.06 124.02
this paper are listed below, followed by Figs. Css 72 47 103.65
A1l and A2 which show their lines plans : Css 72 47 103.65
A 3320.
Table A1 Css 3039.48 0.92
- PRINCIPAL PARTICULAR OF SHIPS Table A3
enonmunation RS TS -
Length [m] 24361 25.01 Values of Second Order Restoring
Length between perp.  [m] 2144 2209 Coefficients
Beam [m] 6.71 6.86 Coeflicient RS TS
Depth [m] 3.35 3.35 Cuaas 21032 41397
Draught [m)] 249 248
Dasplacement [tons] 162.601 170.30 EMS g(]}ggg lf 12 31 '946
Water planc area [m’] 10250 121.00 344 : 97
x - Centroid of Ay [m] 0.69]  -0.84 Cas 42.20 77.63
Trans. radu- of gyration [m] 2.62 2.68 Ciss 2794 .47 6346.08
Long. radus of gyration [mj 5.35 5.52 Caas 106.42 421.83
Length of bilge keel Epl|  30-801 30-80 Cszz 106.42 421.83
Wldih Of bllgl} keel [m] 0.15 015 CSSS 1 1449 75 43373 17
Csas 2794.47 6346.08

Fig. A. 1 Body plan of transom stern vessel {TS)

Fig. A. 2 Body plan of round stern vessel (RS)

APPENDIX B

NON-LINEAR RESTORING ACTIONS
B.1 EQUATION OF WATER PLANE

Fig. B-1 shows the cross-section of a vessel
with two reference axes, AXYZ (inertial

system) and Gxyz (fixed system at G). At the
equilibrium position the two systems coincide.
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Denoting linear displacements of G by %, , y,
and z, , and angular displacement by the
modified Euler angles ¢, 6 and w, the
coordinates of a point in the AXYZ system are
given as

X=x,+ax+by+¢z
Y=y, +a,x+b,y+c¢,z

X=z,+a,x+b,y+¢;z




where a, , b; , ¢, , i= 1,2,3, are the directional
cosines of axes Gy, Gy , G, , respectively,
obtained from the ordered rotations defined in
sequence as v, 0, ¢.

/““ -
y
. T
]"-.
Iy
/z
Fig. B-1

The equation of watcr plane area is:
2, =27 — X800 + ysing cos0 + zcos p cos 0

The water colum at each point due to vertical
and angular displacements ish =z, - z, or

h=—2x g @B
cosdpcos®  cosd

B.2 HYDROSTATIC ACTIONS

The bouyancy force acting on the huil is

¢(2,,4,0) ==V, -y [hdA (B2)

and the moments of this force in the roll and
pitch modes are given as:

¢.(z,.9.0)=— [[c,y+b,h/21hdA

+by V, BG (B3)
c:(z,,$,6) =~y [[~c,x+a,h/2]hdA

+a,y V, BG (B4)

269

After substitution of (Bl) in equations (B2),
(B3) and (B4), the following hydrostatic
actions, valid for large displacements ,arc
obtained:

c,(z,,9,0)=—yV, —v]

x, 180 4,
- +y, 189 4,] (BS)
cosd

€(2,.0.0)=—y [z y, 4, +y [ sind -

cosd cos@

1
v I, sing cos® +yA, —y 5 sing cosb

[~ +ytgb I 4, -

v sing cosO VOE
¢s(z,,0,.9)=v[z x, 4, — 1 sin0 +
z.‘c@
osd)

(B7)

cos¢

(B6)

I, cosbsing] -y % Sin0[~x
vig0 A, +v sind V,_ BG

In the above expressions, xf and yf represent
planar coordinates for centroid of waterplane
area.

B. 3 HYDROSTATIC COEFFICIENTS

The expressions for the hydrostatic actions
given above (equations (B5, B6 and B7)) may
be expanded in Taylor series up to second
order terms. Equations (3a, 3b, 3¢) in the main
text are then obtained, where, In accordance
with the nomenclature introduced :

__o,
Y on, °’
62C
o on 8 [V];ﬁk
and
__1oc,
il 2 51][2 o




ON THE STABILITY SAFETY OF THE SHIPS

G. Bocecadamo, P. Cassella, A. Scamardella
Dipartimento di Ingegneria Navale
University "Federico " of Naples

via Claudio, 21 - 80125 Naples (ITALY)

ABSTRACT

As it is well known the ships safety against
capsizing depends not only on the intact
stability of the ships but also on the operative
conditions and on the crew ability.

As a maiter of fact, while on one hand some
dangerous situations of capsizing, such as deck
in water, water on deck, poor stability in very
severe environmental conditions can be avoided
mainly by means of ship’s stability
characteristics, on the other hand other
dangerous situations can be avoided only by
means of the ability of the ship master to escape
from them.

The paper deals with,

- an useful tool to satisfy the stability criteria in
the prelimminary design stage by means of
geometrical similarity laws and of regression
analysis technique applied to systematic series
of the hulls

- the necessary measures in order to reduce the
danger of the ship capsizing due to particular
combinations of operative situations and of
environmental conditions,

1. INTRODUCTION

Many theoretical and experimental researches
carried out dunng the last thirty years allow
nowadays a good understanding of the various
causes of ships capsizing, but it is not possible

to transfer all the results of these rescarches
into simple regulations.

Nowadays for all types and sizes of the ships,
having length of 24 m and over, the safety
against capsizing should be given by the IMO
stability criteria (statistical criteria and weather
criterion).

These criteria, by considering only the
geometrical characteristics of the ship, the
loading conditions and some very simple
operational conditions, should establish a same
standard level of safety against capsizing for
any ship.

However the 1.M.O. stability criteria do not
take into account various possible dangerous
situations of the ship at sea, such as: stability
reduction on wave crest, influence of deck in
water, influence of water on deck, surf-riding,
and consequently possible broaching-to,
dynamic rolling resonance in beam sea,
parametric rofling resonance in following and in
quartering sea, bifurcation phenomenon, poor
stability in very severe conditions, concentration
of a dominant part of wave energy in a narrow
band of encounter wave frequency, load shifting
on board due to severe environmental
conditions, etc. ’

Moreover, the stability criteria do not consider
that the same environmental conditions for
small vessels, and especially for the fishing
vessels, are more severe than for the other
ships
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2. DIFFERENT SIZE AND TYPE OF TIIE
VESSELS: CASUALTIES AND LOSSES
OF HUMAN LIVES

The comparison of the casualties among
the fishing vessels, the oil tankers and the gas
carriers is shown by the histograms from fig |
to fig.3 obtained by Lloyd's Register data

REPORTED SERIOUS CASUALTIES TO OIL TANKERS OF LESS THAN
6000 GT IN THE DECADE 1982-1891 {by size)
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Another comparison of the human lives lost
among the fishing vessels, the oil tankers and
the cas carriers is shown by the hystogram of
fig 4 obtained by the same data

ToTal LOSS OF HUMAN LIVES IN THE DECADE 1982-1894
EAR)

LOSS HUMAN LIVES
g

a e

o 213 FISHING

Al cRIC S TANKERIGAS VESTELS >
ARFIEF 5 CARRIERS « 1L GT AND <
LT 6006 51 sO00 6T

The above mentioned comparisons are given for
ships having gross tonnage between [00 and
6 000, and they point out the necessity to
iunprove the safety at sea of the small ships,
especially the fishing vessels.

By the Lloyd’s Register data we obtained also
the following histograms for ships with gross
tonnage between 100 and 6 000

- the total loss of human lives in one decade
subdivided by the size of the vessel (fig.5);

- the number of serious casualties in one decade
subdivided for type of casualty (fig.6);

- the number of human lives lost in one decade
for type of casualty (fig. 7).

TOTAL LOSS OF HUMAN LIVES FOR FISHING VESSELS < 6000 GT
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TOTAL RUMBER OF ACCIDENTS HAPPENED N THE DECADE 1982-1991
TO FISHING VESSELS
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For the smallest fishing vessels, we have no
data of casualties, but it is well known the
dramatic situation of the many disasters and of
human lives lost at sea.

However the safety against capsizing, not only
of the fishing vessels, should be improved, but
of all the small ships by means of the
improvement of the stability characteristics, of
the training of the crew and of guidance io the
Master for ship navigating in rough sea

By means of the analysis of the systematic
series of the hulls the paper shows the
possibility of

- analyse methodically the influence both of the
ship form and geometry and of loading
conditions on the I M O stability indices,

- furnish the ships designer with an useful tool
in order to check LM O stability criteria in the
preliminary design stage and to use automatic
procedures for a quick optimisation of’ ship’s
stability characteristics;

- check quickly the stability of the operative
ships in different loading conditions;

- make a comparison among the varicus
stability indices,
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- verify if the compliance to LM O. criteria
could imply undesired consequences as bad
characteristics and operational conditions on
board

3. CHECK OF THE LM.O. STABILITY
CRITERIA

In previous papers [1], [2], [3]. [8], the
theoretical background of hull's geometrical
similarity and its application to the systematic
series hulls have already been discussed.

Particularly if we consider many different
combinations of hulls geometrical
characteristics and loading conditions, by means
of geometrical similarity and of regression
analysis it is possible to have the following
polynomial expressions for the stability indices:

¢, = ?tgfprz,a,c;;‘cg(%p(%]q(KDGJr (1)
saera (S oa(2) @

WO el ey

P
Yoy c;‘c:[%)

)

being

B, T and D the moulded beam, mean draught
and moulded depth respectively;

¢, the angle at which the nghting lever GZ 1s
maximum,

{ is the generic statistical stability index (GM,
GZyw, GZu, Ear, E40ﬂ'an°);

b/a is the index considered by the weather
criterion,

f the design freeboard at midship;

v :

Cy = — the ratio between the real and the

0
design displacement volume;
Cy (or Cp) the prismatic {or the block)
coeflicient;
KG the vertical position of the centre of gravity;
A, the superstructures area;,
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h, the vertical distance from the centre of the
windage area to the centre of the underwater
lateral area.

Then the maximum allowable KG*/D value
which fulfils each index can be obtained by
solving the previous equations with respect to

KG*/D and by substituting for C_ T and b/a

the mimimum values required in the TM O
recommendations

So, these KG*/D values can be expressed by
means of the regression analysis in the form:

KG * m [H B r f !
~b——=2,b, CrCy ("T) (E) ()

J— P q !
KRG’ =% b C‘:‘C'\L(—BJ (fj v:[_l: } (5}
D ol T B V‘}

(s e ©
i — b Clllcn iy _ \fs — 775 #i
D b.CCy VRN AR RS RN N VR |

where the first KG*/D value satisfies the o,
criterion, the second one satisfies
simultaneously all the other statistical indices
and the third one satisfies the weather criterion.

The previous polynomial expressions, by means
of the flow diagram shown in fig. 8, give us the
possibility to use automatic procedures in order:

- to check the influence of ship’s form and
dimensions on the different stability indices and
to furnish the ship designer with an useful tool
for the optimsation of ship’s stability
characteristics;

- to furnish the ship master with a simple tool in
order to check the operative ship’s stability in
any load condition by means of computer on
board;

- to check that the GM value, in order to verify
all the stability indices, does not assume
excessive value with very low rolling period of
the ship and consequently bad seakeeping

characteristics and operational conditions on
board.
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4, CONSIDERATIONS ON THE SHIP'S
SAFETY AND ON THE NECESSARY
MEASURES TO IMPROVE IT

Every ship has its individual
characteristics and responds to environmental
conditions in its own way. Therefore the ship
should be designed so that it can survive in the
extreme environmental conditions which are
expected to encounter in the life time.

But the stability safety is a very complex
problem and it is at present not possible and
we think that will be not possible in the future
to have stability criteria, which take into
account all the different possible causes of
ship capsizing

At present we can consider two groups of
dangerous situations relating respectively to
ship stability in beam sea and to combination
of speed, direction and sea condition in
following and in quartering sea.

4.1 - Ship in beam sea

The safety against capsizing of the ship

in beam sea should be given mainly in the ship
destgn by means of standard stability
characteristic. This is the main aim of the
IM.O stability criteria which furnish a
standard safety against capsizing taking into
accouni some considerations due to the
experience and especially to the possibility of
the ship to survive in severe beam wind and
wave,
However in order to have the same standard
safety for to all the ships these criteria should
take into account also the different types and
the different sizes of the ships, and the
difterent effective operative and environmental
conditions in the geographic area in which the
ship will operate during its life.

Moreover we think that it is necessary to
improve the IM.O criteria with the following
additional measures:

- to fix a minimum allowable value of /B, and
consequently the angle of the deck edge
immersion in order to avoid the heeling
moment due to water on deck.
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- to fix not only a minimum allowable of GM,
but also a maximum value of GM to beam
ratio, being this value an indicator of the
natural rolling period of the ship and
consequently of the inertia forces, which
influence the comfort and the operational
conditions on board.

- to fix a maximum value both of the ratio of
windage area to underwater lateral area and of
the wind heeling lever in order to avoid the
danger of capsizing due to heeling moment
both of the wind and of the wave action in
very severe beam sea.

- to use a procedure which includes the
variation of the wind velocity at different
heights above the waterline in order to have a
more realistic determination of heeling
moments due to wind

- to consider a velocity of overturning wind
related to a fixed risk level in the geographic
operational area of the ship in order to have a
sufficient stability margin  against heeling
moment due to the wave pressure effect,
water on deck etc

4.2 Ship in following and in quartering sea

Theoretical researches and especially
towing tank model tests highlight the various
dangerous situations of the ship's capsizing in
following and in quartering sea’ pure loss of
stability on wave crest, surf riding and
broaching to, parametric rolling resonance,
high concentration of wave energy in narrow
band of encounter wave frequency

At vpresent it is well known that these
dangerous situations are due to a specific
range of combination of ship speed, encounter
angle and sea condition; as the ship capsizing
can be avoided if the ship runs out of tlus
range, it is necessary to furnish the ship master
with a guidance for avoiding the dangerous
situation in following and in quartering sea

Particularly the master should be provided
with a set of simple basic previsions which
could be used by him in order to escape from
them in a rapid and effective manner.

To this aim, the polar diagrams (figs. 9 and
11}, suggested by working group of Intact
Stability at thirty-minth session of IMQ SLF
Sub-Committee held in London on March
1995, could be very useful | as guidance to the
master,

These diagrams show the dangerous zones
due to surf-riding and to concentration of
dominant part of wave energy in narrow band
of  encounter wave frequency  and
consequently to successive high wave attack,
by means respectively of VAL and V/T
diagram versus wave encounter angle, being V
the speed of ship in knots, L the length of ship
in meters and T the mean wave period.

When the operational conditions of the ship
are out of the dangerous zone due to
broaching and to successive high wave attack,
it 1s necessary to determine by means of the
fig 10 the encounter wave period, and if it is
nearly equal to natural rolling period of the
ship or its half the speed of the ship must be
reduced in order to avoid respectively
synchronous rolling motion and parametric
rolling motion

'l'

¥
i J! AVE DIRECTION

lr i

Definition of encounter angle
Fig. 9
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Dangerous zone to encounter to high wave
group and relation between mean wave period
and encounter wave period in following and
quartering scas

3.3 The human error

The human error is the main source of the ship's
disaster. Particularly the disaster can be due to
loading and ballasting errors, to water-tight
doors open, to wrong manoeuvres, etc

As ascertained by the conclusions of various
Inquiry Committees the human error is the
source of almost 80% of the ship’s disasters
Therefore, it is necessary to reduce the
probability of disaster due to human error

To this ainr

- The stability criteria and the loading manual
should be as simple as possible and should
foresee an adequate safety margin in order to
enable eventual loading and ballasting errors;

- the crew, and particularly the Officers, should
have a deep knowledge of the ship operative
dangerous situations due to the various types of
error or negligence

5. CONCLUSIONS

The intact stability of a ship is one of
the most important elements to consider in the
desiun  stage  The ship's safety against
capsizing in fact depends on its stability
degree
Many theoretical and experimental researches
carried out in the last thirty years allow
nowadays a good understanding of the various
possible causes if ship's capsizing: insufficient
intact  stability with particularly  severe
inclining actions; resonance between rolling
motion of ship and incliming actions period,
parametric resonance in following sea; deck
wetness or shipping water on deck, effect of
the sliding weights, pure stability loss on wave
crest, successive high wave attack, surf-nding
and broaching-to, bifurcation, etc.

On the other hand the human error is the main
source of the ships disaster, consequently we
have to concentrate most of our effort on
tasks: "how to assist the master in order to
reduce the probability of human error”.

First of all we consider that it is necessary a
better training of the crew and particularly of
the officers, as they have a good
understanding of the various possible causes
of ship's capsizing and a deep knowledge of
the operative dangerous range

As far as the foreseeable modifications of the
stability criteria are concerned in the next
future, we should first all consider that each
ship has its own dynamic characteristics on
which the reaction to the effecting
meteomarine action depends.

Therefore, in order to avoid the frequent ioss
of small ships we should have different values
of the stability indices for different ship's size
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and for diflerent geographic operative arca
Particularly the stability criteria should be
most severe for small ships, as the fishing
vessels.

Really each ship should have appropriate
stability criteria, which could take into
account all the dangerous situations of the
ship at sea.

However the manifold possible operative of
ship scenarios give us till now, but perhaps in
the future too, no possibility to obtain ship
individual criteria. Such criteria should be
obtained both by means of mathematical
models and of ship model tests. The models
adopted till now are very simplified and
therefore do not give us the desired goal

Some phenomena involved in extreme wave
conditions still await their mathematical
representation.

However, even though we are far from
obtaining satisfactory mathematical models of
the ship in its own eflective operative
situation, this direction could provide the
solution of the problem, sclution which
modelled by computer would allow the ship's
master to avoid the capsizing by taking the
necessary decision thanks to a computer on
board.

If will not be possible to consider all the
different operative situations of the ship by a
mathematical model, however the well known
dangerous situations deriving from beam sea
and from the quartering and the following sea
could be avoided by satellite observation of
the meteomarine conditions on the ship
course. In this case a computer on board with
the obtained data could change automatically
speed and course of ship so to avoid the
dangerous capsizing situations,

At last it would be necessary to create in each
seapott navigational aids centres tor all the
ships and especially for the small ships, as for
example the small fishing vessels, whose crew
is made of fishermen who don't have a
satisfactory training,
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4BSTRACT

The commercial fishing fleet of Turkey is
axperiencing sudden changes m economic
strategies so that the design and use of fishing
vessels requure new approaches that should
sroduce a better efficiency in their exploitation.
Since the great majority of present vessels are
suilt using traditional methods, there is a very
ittle collected information on their design data
15 well as current stability levels within
sommercial fishing fleet.

n this paper, basic design characteristics of
some selected fishing vessels, operating in
Turkish waters, are studied with different
scopes such as quality of design properties and
safety levels. These levels are described by
somparing the present vessels with the ones
iesigned by using rational engineenng tools.

NOMENCLATURE

TTC Standard Symbols and Termunology n SI
inits are used.

L. INTRODUCTION

n this study, a general view was carried out on
ome  particular  {raditional  fishing  vessels
aperated in Turkish waters, Therr basic design
sharacteristics were studied mn different scopes
)y comparing with some other vessels designed
1sing engineering knowledge.

The tradttional Turkish vessels in this study are
all craftsman designs and operated o purse-
seine  applications. Their stability and
seaworthiness capability were compared with
some competitive vessel designs whose quality
already justified through model tests. Although
a large quantity of computations were carmed
out, the results were converted to practical
figures in order to make a practical comparison
among all vessels.

According to the results obtained by using basic
naval architecture tools, the designed vessels
clearly showed better stability quality than
traditional ones. As far as the seakeeping quality
on vertical motions were considered, traditional
vessels seem to be supenor with the advantage
of large beam to draught ratio. However, their
operating expenence reveals that the traditional
vessels in general are not strong enough to
perform fishing activities in extreme weather
conditions.

2. TURKISH FISHING VESSELS

The Turkish fishing fleet has about 10,000
coastal fishing vessels, most of which purse
seiners and trawlers, catching 1,200,0C0 tones
per year according to the statistics of 1993, As
regards to this figure, Turkish vessels are
competitive with respect to the catch quantity
per vessel The overall lengths of vessels
employed n professional fishing is varying from
20 to 45 metres, mn addition, in recent years,
some larger vessels built whose length reached
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Table 1
Number of fishing vessels in different regions [1].

Vessel Type Bhf:zsgea Blg;s;ea Marmara Sea | Egean Sea Mcdltgzzancan
Purse-seiner 130 I 132 129 33 35
Trawler 55 | TEN 30 0 123
Cartier 78| ] 11 24 6
Other 278 | 945 | 1731 | 2182 1.061
TOTAL 3,044 1,211 1,901 2,320 1,225

62 metres with 16 metres of breath. Table |
shows the distribution of different vessel types
with respect to the sea regions.

3.SELECTED VESSELS AND THEIR
DESIGN PROPERTIES

In this study, 7 traditional purse-seiner vessels
and some other fishing vessels previously
designed by the professional designers were
selected. The traditional wvessels (123, T30,
T34, T40, T41, T62, KTU2T) are presently
operated in Turkey, all are moenohull, steel built
by the local craftsmen. The vessel KTU27
represents a typical Black Sea vessel was used
as parent form in a hull form optimization study

2]

In order to define relative design features of the
traditional hulls, the data-base of some other
vessels possessing naval architecture designs
were also used, those are C.1482 designed for
Mediterranean fishing {3}, ITU148/1B, parent
form of Istanbul Technical University small
fishing vessel family and ITUI148/8B and
ITU148/4K from the same family [4].

Sectional views of the investigated vessels is
shown in Figure 1, and Table 2 contains their
detailed hydrostatic characterisiics in design
loading condition.

3.1 Stability Properties of the Vessels

For the purpose of investigating prelimmary
design characteristics of the fishing vessels,
stability computations were performed in calm

sea and in waves. Stabiity i waves was
considered in two different wave positions
relative to vessel, wave crest and wave trough
amudships. In both cases the wave length was
set equal to the wvessel length between
perpendiculars.

The restoring levers were divided by the breath
of each vessel in order to provide a sensible
comparison. The computation of the restoring
levers were carried for heel angles up to 80
degrees where the most competitive vessel
reached its maxinum potential restoring.
Stability computations in waves was performed
for a wave amplitude equals to L,,/40 where
Ly, the length between perpendiculars, varying
for each vessel.

As regards to the stability characteristics in
calm sea shown in Figure 2, the traditional
vessels showed relatively higher restoring levers
in the range of smaller heel angles. However,
the ‘designed vessels’ demonstrated their
superiority in larger heel angles. As showi in
Figure 3 and Figure 4, as far as the stability in
waves are considered, the designed vessels
showed their supenority particularly in the case
of the wave trough amidships.

Considering the same relative height of the
centre of gravity, the engincering designs
demonstrate better resioring capabilities at large
angles of heel where the probability of capsizing
is higher both for calm sea and waves.
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Table 2
Hydrostatic properties of the vessels at design waterline.

Vessel | Ly | B | TILBIBTI DI CG | ClCwl| ¢ [LVv"
C.1482 12801 1 675! 287 ] 41501 2352 1 4650 ] 0.468 | 0.581 | 0.745 | 0.805 1 4.489
148/1B 12000 | 5711 2291 35001 2500 ] 32201 0378 1 0.560 | 0.728 | 0.673 | 4.329
148/4K 12000 | 5711 2291 35001 2500132501 0490 | 05531 0740 | 0877 | 3968
T23 2200 | 6901 2001 3.188 | 3.450 1 2800 F0s03 | 0676 1 08221 0745 | 4.115
T30 2610 | 8101 200 32221 405013504 ] 04291 07551 0.832] 0.567 | 4612
T34 340t 1 9151 2201 37171 41591 4050 ! 04731 0694 | 08191 0.681 | 4.950
T40 3991 1 1051 250) 38001 42001 36601 0465 0629 0768 | 0.738 | 5.074
T4l 3745 | 1171 200 32000 5850 1 3800 0416 | 0728 1 0811 ] 0572 | 5241
T62 5935 | 1551 3201 38291 48441 5800 0485 0.732 1 0.871 | 0.663 | 5270
KTU27 12700 | 800] 2001 3375 ] 400012940 ] 0453 ] 0.713] 0793 | 0635 4650
v A Aws Awp A XCF xCB
Vessel (m* (kN fm*y (m*) {m*) (m) (m)
C.1482 | 2395 2407.8 226.5 132.7 156 | -1.218 | -0.581
14%/1B 98 6 $91.0 1355 83.2 88 | -1.800 | -0.869
148/4K 1 128.1 1287.9 138.5 84.5 116 | 0602 | -0035
T23 152.8 1536.9 171.2 1247 103 | -0691 | 0279
T30 1812 1822.0 | 2188 175.8 92 1 1095 | 0577
T34 324 4 3262.2 3233 324.2 137 | -1.653 | 0619
T40 486.6 4893.1 416.7 3218 194 | -2339 | -1.021
T4i 364 .8 3668.6 | 4113 355.2 134 1 -157% | -1.042
T62 14286 | 143650 | 9852 801.3 329 | 4552 | -1.565 |
KU 195 % 1920.7 223 8 1712 10.2 2022 2787
(minus valucs of xcr and xep shows aftward)
Vessel KM KB BM; BM, T, M,
(m | (m) my | (m) (kN/cm) | (kNm/cm)
C.1482 3338 | 1784 1554 | 22301 1335 1 2034
148/1B 3200 1 1510 1,780 18.183 8209 | 8844
148/4K, 2.687 1.366 1.321 15.014 8.50 | 9.67
T23 3.966 1,290 2.676 24.864 1253 | 1794
T30 5.806 1.370 4.436 42322 1766 1 2933
T34 5.933 1.448 4 485 58. 143 2568 | 5562
T40 6.548 1.608 4.940 58.479 32.35 71.70
T4l 10,120 1.369 8.732 87,731 35.72 85.05
T62 12.131 2.143 0988 | 131.417 | 80.57 318.09
KTU27 4,942 1.346 3.597 30798 | 1.75% 29.02
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3.2, Motion of the Vessels

Seaworthiness capabihitics of the vessels were
studied by considering coupled heaving and
pitching motion Using the statistical output of
response amphtudes of the wvessels, the
operability index computations were carried out
m  order to compare the seakeepmng
performance trends of the vessels

For this aim some sigmficant seakeeping
phenomena which Imut the fishing vessels
operability were taken mto consideration [5]
The operability index for absolute bow
acceleration, slammung and deck wetness
probability of occurrences were computed The
wave statistics were used m the computations
contain the data of East Mediterrancan seaway
area [6]

As seakeeping limut critena, the following limit
criteria for the fishing vessels were used

» absolute vertical bow acceleration
(at station 0) 0 5x9 81 m/s?,

e slammng (at station 17) 6%,
e deck wetness (at station 0) 10%,,

where station means that the length between
perpendicular was divided wmto 20 sections and
statton 0 and 20 refer bow and stern,
respectively

The operability ndices of the vessels for
absolute vertical bow acceleration, slamming
and deck wetness are shown 1n Figures 5, 6 and
7 respectively. The operability indices were
computed as percentage for the same non-
dimensional Froude numbers

Regarding to absolute bow acceleration from
Figure S, larger vessels i length demonstrated
higher operability The highest operabihty was
of vessel T62, which has the largest size i the
vessel group under imvestigation. It s
remarkable that this vessel has very hugh form
coefficients and length to displacement ratio
On the other hand, bow acceleranon of small
hulls were very sensitive to the speed of




advance, so that for the Froude numbers higher
than 0.20, their operability decreased gradually.

The effect of size was slightly appeared also in
slamming and deck wetness operability indices.
T62, T41 and ITU4K had higher slamming
performance where ITU1B and ITU8B showed
worse values. The vessel ITUSB was selected in
order to insert a larger vessel from the ITU
family which was derived from ITUIB with
L,=28.7 metres [4,7]. As deck wetness
operability index is concerned, Figure 7 shows
that, apart from KTU27 and T40 which has
worse deck wetness operability, all vessels
performed fair deck wetness operability. The
vessel T62 is also the best at this performance
measure because of her stff motion
characteristics for the given seakeeping limits.

The most important difference in the motion
characteristics of the traditional vessels relative
to the designed ones is due to their wide and
shallow sections which produce larger restoring
and damping for vertical motions.

3.3, Power Estimation

There are several power estimation methods in
the literature, however, these estimations gave
some difficulties because of the exceptional hull
form geometry of the traditional forms . In this
application, the algorithm proposed by Darwin
which reasonably predicis the effective power
of the vessels was used [8]. The algorithm was
checked with the tank test results of the
designed vessels and the error level was found
acceptable for the preliminary design purposes.

As seen from Figure 8, for the same Froude
number, the effective power of the vessels were
transformed to a dimensional ratio, i.e. effective
power (kW) divided by the displacement (kN).

The vessels ITUIB and ITU4K gave the best
powering characteristics in the whole Froude
number range, while the other vessels needed
much more power to mamntain 1n the same

OPERATING INDEX (28)

OPERATING IMDEX (%)

OPERATING INDEX (%)
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Fig. 5 Bow acceleration operability index
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Froude number Certamnly, almost all {raditional
vessels operated in Turkey are over powered
because of the lack of engmeering practice
the concern of hull form, resistance and
propulsion design

The vessel C.1482 required much power smce
this vessel was designed for trawling operation
and had fish hold. The traditional ones were
without fish hold, in fact they use fish carnier to
transfer the cafch

4. CONCLUSIONS

On the pomt of the results obtamned from this
study, the traditional Turkish fishing vessels
need hull form meodifications particularly n
order to reach satisfymg safety at sea. The
special hull form of these vessels should be
investigated further, namely, by considering
dymamic stability m critical motions, capsize

mechanisms caused by rolling and motions m
beam and following seas
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Abstract

The time-domain analysis of non-linear ship
motion i waves has been carried out and
applied to study the capsizing phenomenon
of fishing vessels with water flow on deck.
‘The nonlinear effects from the Froude-Krylov
forces, water flow on deck, viscous forces, and
maneuvering forces on the ship motion are
included. Motions with water on deck and
the capsize of fishing vessels which have low
length-to-beam ratio and shallow draft are
computed. A numerical switch for turning
on/off the wave force on deck as well as the
deck flow force is designed so that when the
deck submerges or emerges either one of these
two force components is correctly applied on
the deck.

Introduction

Water on deck is a very important factor
to affect the safe operation of fishing ves-
sels. For small fishing vessels, the amount of
water shipped on deck may be 20% to 30%
of the vessel’s intact displacement (Caglayan
and Storch, 1982).

Dillingham (1981) initiated the numerical
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computation of the nonhnear shallow water
flow on a two-dimensional deck using the Ran-
dom Choice method. Pantazopoulos (1988)
extended this method to a three-dimensional
deck space. Huang and Hsiung (1996a} intro-
duced the Flux-Difference Splitting method
to tackle the problem of shaliow-waler flow
on deck and obtained stable results. Based
on this approach, the effect of water flow on
deck on the ship motions was investigated by
Huang (1995).

Lee and Adee (1994) computed the mo-
tions of a cylinder in sway, roll and heave 1n-
cluding the free water on deck. The equations
of ship motion with the frequency-dorain co-
efhicients were solved 1 the time domamn in
regular beam seas. The hydrodynamic forces
on the hull were obtained from a 2-D strip the-
ory in the frequency domamn. In thewr work,
the forces due to water flow on deck were
obtained by usmg the 2-D Random Choice
method (Dillingham, 1981).

Lin and Yue (1994) extended the time-
domain Green function method to large am-
plitude ship motion problem. The exact hull
surface boundary condition was satisfied on
the instantaneous wetted surface under the

incident wave profile. Another approach was
adopted by de Kat and Paulling (1989}, in




which the IFroude-Krylov force and restoring
force were calculated based on the instan-
taneous wetted hull surface under the inci-
dent wave profile while linear radiated and
diflracted wave forces were employed. They
applied this method to analyze ship capsize.
An extensive capsizing model test was carried
out by Grochowwalsk: (1989). The effect of
water shipping on deck and deck 1n water were
studied in his work.

in this study, the nonbnear effects are
from: (i) the Froude-Krylov forces and hydro-
static restoring forces which are computed at
the instantaneous hull position in the incident
waves; (71) forces due to water flow on deck;
(222) viscous damping, resistance, cross-flow
drag; (s+v) rudder and maneuvering forces; and
(v} the nonlinear equation of ship motion.

Ship motions of six-degrees-of-freedom
have been considered in the numerical com-
putation of the deck flow. The forces and
moments caused by the water flow on deck
are computed by integrating the pressure over
the deck area. A numerical switch for turning
on/off the wave force on deck and the deck
flow force is designed so that when the deck
submerges or emerges either one of these two
force components 1s correctly applied to the
deck. An autopilot is adopted for coursekeep-
1ng of the vessel in waves. It has been found
irom the simulation that a bras rudder angie
should be assigned. The rudder 15 activated
about this bias angle which is determuned by
the wave heading and also the forward speed
of the vessel. Without such a bias rudder an-
gle, the vessel will advance with a mean drift
angle in waves.

Numerical simulation shows that the wa-
ter flow on deck 1s a very important factor
affecting the stability safety of small fishing
vessels in waves. The water flow on deck can
cause a large heel angle and even deck submer-
gence. These conditions together with a large
wave acling on the vessel’s broadside may lead
to ship capsizing. This research work is being
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applied to the development of stability safety
critena for shallow draft fishing vessels.

The Nonlinear Ship Motion in
the Time Domain

Three coordinate systems are employed for
the ship motion analysis as shown in Fig. 1.

Fig. 1 Coordinate Systems for Ship Motions

OXY Z 1s the space-fixed coordinate system
with the OXY -plane on the calm water sur-
face and the OZ-axis is positive upwards.
The second coordinate system o, TmYm2zm 18
a moving system which moves with the same
steady forward speed as the ship in the OX-
direction. The ontmiy, plane always coin-
cides with the OXY-plane, the o, 7,,~axis 15
i the same direction as the OX-axis, and
the o z,-axis 1s posilive upwards. The third
coordinate system o0,i,ys2s 18 hixed on the
ship with the 0,2.ys-plane coincident with the
(O XY -plane when the ship is at its static equi-
librium position, and the o,z,-axis is positive
upwards.

The oscillatory ship motions are described
m the opnamymzm system. The shup mo-
tions are represented by (&;,&,, &5, e1,€32,€3),
in which, (£,,&,&:) are the displacements of
the centre of gravity, and (e, ez, €3) are the
Fulerian angles of the ship in space. The Eu-
lerian angles are measurements of the ship’s
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angular motions about the axes which pass
through the centre of gravity of the ship. The
instantaneous trauslational velocities of ship
-motion in the directions of o, 0,y, and 0,%;
are u;, u; and ug, respectively, and the angu-
lar velocities about axes parallel to 0,,, 6.y,
and o,z, and passing through the centre of
gravity are ug4, us and ug, respectively. The
equations of ship motion are:

wY ( .\ (B

g mil X U F;

1l s _ 1 B
[ka] "}'4 + - F4
ds & x ({11 F

Us \ / Fg

(1)
where @ = (u1, uz,u3), & = (ug, us, ug), [my]
is the generalized mass matrix:

m 0 0 0 0 0

0 m 0 0 0 0

[may] = 0 00 m € 0 0
I 0 0 0 Iy 0 —-Is

¢ 0 0 0 L O

0 0 0 —Liz 0 Ia

(@)

and [I] is the moment of inertia matrix

ILi 0 I3
[1] = 0 In 0O (3)
—ILiz 0 I

in which m is the mass of the ship, I (k=
1,2,3) denotes the moments of inertia of the
ship, and Ii; (k # j) are the products of
inertia of the ship. The total external forces
on the ship are

Fi(t) = FP@)+F () + F (1)
+F () + F(8) + FPMY)
+F(E) + FE(2)
fork=1,2,---,6 (4)

where F* are the restoring forces; FfX
are nonlinear Froude-Krylov forces; F; kD “ the

diffracted wave forces; F¥*¢ the radiated wave
forces; Fy the viscous forces including viscous
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roll damping moment, resistance and cross-
flow drag; FP* the nonlinear forces due to
water flow on deck; ¥ the hull maneuvering
forces; and F*¢ the rudder force. Compu-
tation of these force components will be dis-
cussed in other sections of this paper, and the
details can be found in Huang (1995).

The motion displacements (&, &2, £3)" and
(€1, €2, €3)T are solved from:

( éf1 \ [ 1 Uy
§2 [R] 0 Ug
E?; = Z: (5)
é2 0 [B] Us

\ é3 } 3 . Ug

where matrices [B] and [R] are defined as fol-

lows:
1 s1ta eal;
[B] = { 0 o —51 ] (6)
0 s./c; e1fe
€C3  81832C3 — €183 C182C3 -+ 5152
[R] = | cas3 sis353+ 163 818253 — $1C3

—382 163 c1¢2
(7)
and ¢; = cose;, 8; = sine;, and #; = tane; for
i=1,2,3. ‘

The ship motions in the time domain are
solved simultaneously from twelve equations
in both (1) and (5).

Nonlinear Froude-Krylov Forces: The
nonlinear Froude-Krylov forces are computed
based on the instantaneous position of the
ship in the incident waves. At each time in-
stant, the ship motions (&1, &3, &3, €1, €2, €3) are
solved from equations (1) and (5). Making use
of the Eulerian angles {€y, €2, €3), the coordi-
nates of the nodes on the ship’s hull is de-
termined in the ship-fixed coordinate system.
Then, the wave profile {((X, Y, ) is computed
at all the nodal points. The position of nodal
points are compared with the incident wave




surface as shown in Fig. 2.

Fig. 2 The wetted hull surface below the
wave surface

The pressure at the nodes under the incident
wave surface is computed and the Froude-
Krylov forces (both dynamic and static parts)
are evaluated by integrating the pressure over
the instantaneous wetted hull surface (Huang,

1995).

~

In this work, statistical wave data in the
Nova Scotia Shore, Area b are selected to de-
termine the incident wave (Eid et al, 1991).
The statistical data are from wave buoy mea-
surements covering a time interval from 1970
to 1988. Based on the wave data, the Ochi-
Hubble six parameter wave spectrum was
used in the computation.

Forces due to the Radiated and
Diffracted Waves: Linear radiated and
diffracted wave forces are used in the simula-
tion. They are computed using the 3-D panel
method. The detailed description was given
by Huang and Hsiung (1996).

Viscous Roll Damping: Roll decay model
test have been carried out for shallow draft
fishing vessels {Huang, 1995). The roll damp-
ing coeflicients have been determined from
those tests. However, when test data are not
available, semi-empirical formulae would be
used. For large amplitude ship motions, the
linear-plus-quadratic model is used:

F{(e1) = (of + ozle])ex

(8)
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where af and af are the viscous roll damping
coeflicients. Empirical forrmulae such as those
given by Schmitke (1978) are suggested. It
should be pointed out that all existing empir-
ical formulae are expressed in the frequency
domain, i.e. they are functions of roll ampli-
tude and frequency. In the time-domain simu-
lation, we need to express the roll damping as
a function of the instantaneous roll velocity.

A method converting the frequency-
domain roll damping 1nto the time-domain is
given in this study. Fig. 3 shows the computed
roll damping coetficients for a ship at F,, = 0.2
with various roll amplitudes and frequencies.
Based on the roll amplitude and frequency, we
can work out the roll velocity. From this fam-
ily of curves, 1t can be found that at the same
roll velocity, the roll damping coefficients are
the same regardless of the combination of the
amplitude and frequency of roll. This indi-
cates that the damping coeflicients depend on
roll velocity only. Therefore, we fit the damp-
ing coefficient by a quadratic polynomial, and
the coefficients of the polynomial are the coef-
ficients of the roll damping which can be used
in the time-domain motion simulation. The
fitted damping curve 1s shown in Fig. 4. It
can be seen that the fitted curve is very close
o the one predicted by Schmitke’s formula.

Resistance and Cross-Flow Drag:

Resistance is important to surge, sway and
vaw 1n the time-domain motion simulation.
For Nova Scotia mshore fishing vessels, re-
sistance tests have been carried out (Lacy,
1995). Fig. 5 shows the resistance coefficient
curves for the nine tested ship models covering
a broad range of such type of vessels.
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Fig. 4 The fitted roll damping coefficients

Fig. 5 Resistance of shallow-draft fishing

vessels
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Sway Diaplacemant {m}

Four fishing vessel models were also towed
transversely in the tank in order to mea-
sure the cross-flow drag (Huang, 1995). The
test results as shown in Fig. 6 indicate that
the four fishing boats have similar transverse
drag.
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Fig. 6 Cross-flow drag for shallow-draft
fishing vessels

Fig. 7 shows the the simulated sway motion
with and without the cross-flow drag.
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Fig. 7 Sway motion with and without
cross-flow drag, 8 = 90 deg, H; = 1.5 m,
U = 6.37 kts

Hull Maneuvering Forces, Rudder
Forces and Autopilot: Hull maneuvering
forcés and rudder forces are included in the
time-domain ship motion simulation. They




are computed using the formulae given by Ki-
jima et al.(1990). In this work, we are par-
ticularly interested in an autopiiot that can
keep the course of the ship during simula-
tion. Comparisons between the motion simu-
lations with and without the hull maneuvering
and rudder forces have been given by Huang
(1993).

The following formula is used for the au-
topilot:

5() = { ap — ofeg(t) — abés, ?fes > do
0, if Cg S 60
| ©)
where af is a bias rudder angle about which
the rudder responds to the yaw motion based
on the autopilot, of is the yaw gain, af is the
yaw rate gain, and Jp is the threshold value
of yaw beyond which the rudder is activated.
Fig. 8 shows the yaw motion of a fishing vessel
with the bias rudder angle o} = 0 deg and
ai = —6 deg. It can be seen that with the
bias rudder angle, the vessel can maintain its
heading in waves.

Yaw Ange (fog)

30
t{zse)

Fig. 8 Yaw motion simnulation with o} =0
deg and af = —6 deg

Water Flow on Deck

The ship motions of six degrees of freedom
have been considered in the numerical com-
putation of the deck flow. The coordinate

system ozyz for water flow on the three-
dimensional deck is shown in Fig. 9. It is fixed
on the deck space with ozy attached on the
deck bottom plane. The oz-axis is positive
upward and the origin o is at the centre of the
deck.

=
NV

Fig. 9 Coordinate system for water flow on
deck

The continuity equation and Euler’s equa-
tions of motion can be written as follows:

9331) Jw

Z4——=0 10

Oz 3y+32 (10)

g—? + (ﬁ’-V)ﬁ’zf—%VP“ﬁ'—ﬁX?
—of x & — (- 7)8

+(§ - )7y (11)

where % = (u,v,w)?, u, v and w are veloaity
components of the water particles in z-, y- and
2~ directions, respectively; p is the pressure;
and f is the body force. 7y = (¢ — 54,y —
Ygr 2 — 24)7, and (@g, Yy, 24) is the coordinate
of the centre of gravity of the ship in the ozyz-
system.

Once the water depth and the water par-
ticle velocity are computed, the pressure on
deck can be obtained as follows:

plw,y,1) = pClg cos(er) cos(ea) + s
+2(usv — ust) + (vate — Us)(T — 24)
+(usue — Ua )y — ¥y) + (uﬁ + ué)zy]

sl =P - A +ud) (1
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Then forces and moments caused by water
flow on deck are calculated by integrating the
pressure over the deck area, l.e.,

~ [ wpla,ynds  (3)
Spk

where Spi is the wetted surface of the deck
and n; is the outward unit normal of Spg.

FP(t) =

The numerical model based on the Flux-
Difference Splitting method has been exten-
sively validated against published test data of
water sloshing in the deck well (Huang, 1995).

A validation example of water sloshing in
a swaying tank is given in Fig. 10. The tank is
0.4 m wide with a mean water depth of 2.0 cm.
The sway amplitude is 2 cm and the frequency
is 3.471 rad/sec. The time history of wave
motion agrees well with the test data from
Iwamoto’s (1991) work.

A mode] test for water sloshing on deck
was counducted by the authors. The purpose
of the test was to measure the wave motion
in the tank and the sloshing moment. Time
histories of the computed and measured wave
motions are shown in Fig. 11 where the roll
amplitude is 3 deg, the frequency is 3.769
rad/sec, and the mean water depth is 3.2 cm.
The time histories of sloshing moment are
shown in Fig. 12 which correspond to w = 2.2
‘rad/sec and a4 = 10 deg. The mean water
depth is 2.5 cm. The figures show that for
the time histories of wave motion and slosh-
ing moment. A very good agreement has been
achieved between the computed results and
the test results. Fig. 13 shows the amplitude
of the sloshing moment in a tank of 1 m wide
and with water depth ko = 6 cm. The model
test data are from Van den Bosch and Vugts
(1966).

The wave motion under the excitation of
six-degrees of freedom of ship motions are
more compiicated than those under roll ex-
citation only. An example of the wave motion
is shown in Figs. 14(a) and 14(b) for a deck
well of .35 m by 0.353 m with the water depth

3.5 em. The rotation pivot is assumed to be
located af the centre of the deck. The fre-
quency of excitation is 3.94 rad/sec. A three-
dimensional rotating bore can be clearly ob-
served . The corresponding sloshing moments
in roll and pitch are shown in Fig. 15.

s 4 + e R R TR

Whter Depth {emj

1
tsec}

Fig. 10 Time history of wave motion for
w = 3.471 rad/sec, a; = 0.5 cm

Wator Dapth sop_m, Ret Amp,

-
T

Water Dapth {erm)
u

L]

Fig. 11 Time history of wave motion for
w = 3.769 rad/sec, ¢ = 3 deg

293




T T
enmental rSulls ¢
umarical rdsutts —

Sloshing Momenl IN-in}

2
t{s8c)

Fig. 12 Sloshing moment at w = 2.2 rad/sec,

¢ =10 deg Fig. 14(b) t = 7.6 sec

Fig. 14, Wave profile due to six-DOF motions

Lxaly-0.35m h0=0.035m MIamIati de0.005s A1=2000 omegue3 Bdoss 8 DOF Mations
T -

P - Ao : Em"""‘:;:.""“.;u::::
£ este---- .
£ osf- e -
I D
:
oz . | z
°s v 2 s y .
Frequency (rad/sec)
Fig. 13 Sloshing moment amplitude, /iy = 6 e i e .
cm, ¢) = 573 deg o z 4 o ; w

Fig. 15, Sloshing moments in roll and pitch,
corresponding to Fig. 14

Simulation of Motions

A model test has been conducted for a shallow
draft fishing vessel. Details of the validation
results have been reporied (Huang and Hsi-
ung, 1996a, Hsiung and Huang, 1996). An
example of the validation is given in Fig. 16
Pig. 14(a) t = 7.2 sec and Fig. 17 for the wave spectra and the roll
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response spectra, respectively.
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Fig. 16 Measured and computed wave
spectra
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Fig. 17 Computed and measured roll spectra,
B=000 H,=15m, U =6.33 kts

Water trapped on the deck can resulf in
an increase or a reduction in roll depending
A shallow draft fish-
ing vessel, Wedge 1, is used in the simulation
with water on deck. The lines of this vessel
are shown in Fig. 18. This vessel has a very
shallow draft with a large skeg and flat bot-
tom near the stern, as well as a low length to
beam ratio. Tt is very stiff in waves, the typ-
ical full-scale natural period is only about 3

on the sea conditions.

s€cC.

The motion simnulation starts with the ves-
sel 1n an upright position. When water on
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deck is comsidered, the amount of water is
gradually added up to the desired amount,
e.g. 4 tons, within 50 time steps. Even though
the simulation was carried out for six-degrees-
of-freedom ship motion, we mainly concen-
trate on the roll motion. -

77T
e S AV FEN
T AN AV
— | : 5: —,_/_/_v//""!'
HEDN
A
/1
O S e
.—“h-..! -~
e ===\

Fig. 18 Lines of fishing vessel Wedge 1

Motion simulation at zero speed, with
beam seas, and H; = 1.5m has been carried
out. The roll motions with and without 4 tons
of water trapped on the open deck are shown
in Fig. 19. This amount of water corresponds
to about a mean depth of four inches across
the deck. It can be seen that the roll motion
with water on deck is smaller than that with-
out water on deck. In this case, water on deck
acts as a stabilizer. When the wave height 1s
increased to H, = 2.5 m (Fig. 20}, the roll mo-
tion with water on deck is greater than that
without water on deck. It is quite clear from
this analysis that the effect of water on deck
on the boat’s motions depends on sea con-
ditions prevailing at the time. The effect of
water on deck on roll motion 1n regular beam
seas is shown in Fig. 21. Without water on
deck, the roll motion has a mean bias angle
due to the nonlinear effect of hydrodynamic
forces and the nonlinear terms in the equa-
tion of ship motion. With water on deck, the
roll angie is magnified and the mean position




of roll is varying with time.
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Fig. 19 Roll motion in beam sea, H, =13 m
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Fig. 20 Roll motion in beam sea, H, = 2.5 m

When the vessel’s deck is deeply sub-
merged in waves, the deck 1s subjected to the
wave force instead of the water sloshing on the
deck. These two scenarios are shown in Fig.
22 and Fig. 23, respectively. A switch has to
be designed properly in the simulation to se-
lect the correct hydrodynamic force. In the
computation, we assume that if the heeling
angle is exceeding a threshold angle ¢, or the
volume between the deck and the wave sur-

- face is greater than that of the trapped water

on deck, we switch off the water flow on deck
force and the wave force is used.

Zola_am0 3 M, g2+2.38r U=0 kin, H g deg.
a0 r v T —

No War- o Dack —
Wirh Water on Deck [251\'0}

Rok Angls (2hg)

B e e S

€0
{8}

Fig. 21 Effect of water on deck on roll motion

wave

Fig. 22 Trapped water sloshing on deck

wave

deck

Fig. 23 Deck deeply immersed
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An example of capsizing is shown in Fig.
24 for the fishing vessel, the significant wave
height 18 Hy = 2.5 m, heading # = 90 de-
gree and the vessel is at zero forward speed.
The weight of water on deck is approximately
25% of the intact displacement of the boat.
Details of the boat capsize scenario are given
in Figs. 25(a) to 25(e). This series of pic-
tures shows the heave, roll and the relative
position of the boat to wave profile at vars-
ous time instants. By studying Figs. 25(a) to
25(e), the capsize event can be clearly ana-
tyzed. Fig. 25(a) starts to show that the deck
is submerged at the wave trough. Then, a
wave crest travelling from right to left meets
the boat and forces it to roll to the lee side
as shown in Fig. 25(b). The boat then rides
on the wave crest, and tends to roll back to
the weather side as given in Fig. 25(c). How-
ever, a large part of the deck is now deeply
submerged and the wave crest pushes against
the weather side hull of the boat (Fig. 25(d)).
At this moment, the nighting moment of the
boat is reduced as the boat 15 on the wave
crest, and eventually the boat capsizes (Fig.
25(e}) .

Yarlcal Fostter

Varbrat Posen

H3a2.5 0, U=0 1z, Huading-90 dog
T T ¥

T T
e | [ — ! | Computed RAE ~_

s T

Holt Angle (deg)

Vertcal Poaltlen

-50 - H JEC— R

Fig. 24 Time history of a capsize event,
H, =25m, 8=90° U =0 kts with 4 tons

of water on deck
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¥ig. 25 Capsize Scenario, H; = 2.5 m,
8 = 90° U = 0 kts with 4 tons of water on
deck.

Conclusions

" A method for simulating the nonlinear ship
motion has been developed for shallow-draft
fishing vessels with water shipped on deck.
Validation work has been completed for ship
motion without water on deck, as well as wa-
ter flow on deck and its induced heeling mo-
ment on the vessel. All of these are used to
predict the capsize events of vessels in waves.
Iu this work, the simulation is carried out by

using a constant mass of waler on deck, and
the effect of water on deck on the ship mo-
tion is investigated. It has been found that
the effect of water on deck on the roll motion
depends not only on the amount of water but
also on the wave condition, while the tradi-
tional investigation was [imited to the linear
theory 1n which the roll motion with water on
deck was independent on the incoming waves
amplitude. A numerical switch has been con-
sidered in the simulation to select the correct
forces acting on deck. This is very important
to the capsize simulation. The tuning of the
switch is being refined by numerical and ex-
perimental analyses.
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ABSTRACT

A general cargo ship sank in front of the
Tarragona coast, just a short time after leaving
the port of Vilanova, being the meteorological
conditions excellent.

The general information of the ship was used
to verify several parameters related with her
last trip, taking into account, moreover, some
data from the port authorities, service compa-
nies involved in the load ship activity, and also
from the master and crew of the ship. This
checking showed the need to inquire into the
load distribution and the ballast tanks. At this
stage, the study of the flotability and the stabi-
lity of the ship was made in order to determine
the conditions in the actual moment of losing
her and how 1t happened.

The analysis of the studies carried out allowed
to deduce that the deficiency of stability could
be the main circumstance of the ship’s loss.
The evidences given by the crew explaining the
sinking of the ship are in good agreement with
the hypothesis of the ship’s instability.

1. SUMMARY OF THE EVENTS

A general cargo ship of 2.085 metric tons of
dead weight, with two holds and built in 1984,
sank in front of the Tarragona coast two hours
after leaving the port of Vilanova i ia Geld

303

with destination to Oran (Algeria).

The last cargo ports were Barcelona and Vila-
nova. The ship arrived to the Barcelona port
with ballast (the tanks with ballast are unkno-
wn) and with 31 containers of 20 feet in the
holds, which were discharged, and loading
289.5 metric tons of chemical products stowed
on 350 pallets and distributed into the two
holds. In the Vilanova port she shipped 1.514
metric tons of calcic carbonate, also in pallets,
distributed into the holds and on deck, with a
high of two pallets situated on each hatch.

During the sailing from Vilanova to her fatal
destination, (Fig. 1), the weather was fine, fact
that has been corroborated by the Meterological
Service Information as well as by the statement
of the fourteen crew members, who remained
about twenty seven hours adrift in a lifeboat
until they were finally rescued, presenting
symptoms of cold, dehydration and tiredness,
but fortunately without any serious injuries.

2. SHIP GENERAL INFORMATION

To know better the lost ship, tables 1 to 3
contain the more important characteristics and
the data of her load lines with the correspon-
ding displacements, and the tank capacities.
Figure 2 also shows the diametral and horizon-
tal planes with the location of the holds and the
tanks of the ship.
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Table 1. Ship characteristics

Length between perp. 63.00 m
Moulded breadth 10.80 m
Depth 6.10 m
Draught 5.18 m
Displacement 2785.00 Tm
Dead weight 2085.00 Tm
Gross tonnage 1171.00 Tm

Table 2. Freeboard draught and displacement

verified from the partial weights of the trailers
recorded in the reception dock, the shipping
controls, the operation reports and the cargo
plans from the stevedoring companies, the
freight/cargo manifest presented to the Customs
Administration, and the information given by
the master and officers of the ship.

Part of the load, a total of 340,6 metric tons,
was stowed in the deck upon the hatches of the
two holds, having the deck load a high of 2,20
m. Table 4 indicates the cargo distribution and
figure 3 shows the general cargo plan. The
ship also had on board 25 metric tons of fresh
water in the afterpeak tank and 24 metric tons
of diesel oil. According to a document signed
by the master of the ship the departure draught

were 5,45 m aft and 5,25 m forward. The ship
Freeboard Draft | Displacement was upright.
mm Metric Tons
o - Table 4. C distributi
Tropical FW || 5.397 2.860 aote 9. LaTgo qmbion
Summer FW 5.289 2,788 Location Total f!
Tropical FW || 5.287 2.860 L i Metric Toos |
Summer FW || 5.179 2.785 Hold n® 1 l% 655,3
Winter SW 5.071 2.706 Deck load 114.8
Hold n° 2 807,6 |
Table 3. Tank capacities Deck load 225,8
TOTAL 1.803,5
Description Volume Weight
m’ Metric Tons
Ballast 412,670 422,987 4. ANALYSIS OF THE CARGO CONDI-
- TIONS
FW tanks 26,029 26,029
A first analysis of the ship cargo condition was
DO tank 1,453 2
> 21,45 76,820 carried out with the help of the hydrostatic
Lub oil 4,910 4,419 curves, and it allowed us to get the following

3. CARGO CONDITION AT THE DEPAR-
TURE FROM THE VILANOVA PORT

The information about the cargo shipped in the
ports of Barcelona and Vilanova was got and

evidences:

- The ship displacement was 2.574,4 metric
tons computed according to the cargo stowed n
the holds and on the deck, plus the values of
fresh water and diesel oil. To this displacement
corresponds a mean draught of 4,86 m, a
quantity below the mean draught of 5,35 m to
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the departure of the last port.

- The difference between the displacements
corresponding to these two mean draughts
indicate a deficiency of about 370 metric tons
without the appropriate documented justifica-
{ion.

- The allowable dranght by freeboard zone and
date, according to the international load lines
regulation, for summer draught was 5,289 m
for this ship.

5, STUDY OF THE HOLDS OCCUPATION
As an approximation tc the problem it was
carried out a study of the cargo occupation in
the holds.

Table 5. Cargo capacities

Location Grain Bale
m® m®
Hold N° 1 1.030,00 973,00
Hold N° 2 1.205,00 1.142,00
Hatch N° 1 147,96 147,96
Hatch N° 2 172,62 172,62
TOTAL 2.555,58 | 2.435,58

Table 6. Cargo volumes in the holds

With this aim, it was considered on the one
hand the grain and bale volumes of the holds,
(Table 5), and also the volumes of the cargo
shipped in each hold according with the stowa-
ge factor of each kind of product, (Table 6).

In table 6, items 1 and 2 give the cargo values
in terms of the stowage factors, and in items 3
and 4 it is considered, too, a loss of ten per
cent for the operation of stowing the cargo on
the holds in these particular case. Important
differences between the bale volume and the
theoretica) volume to be occupied in each hold
have been noticed. If it is considered that the
holds were filled up to the beams, then it may
also be considered that there was a bigger loss
of stowage. To verify this circumstance, e.g.,
that the ship’s holds were full according to the
cargo plan, we need a better knowledge of the
form of the ship’s holds and the stowage, than
the one available for this study.

6. HYPOTHESIS ABOUT THE LOAD
CONDITION OF THE SHIP

The hypothesis studied were stated as objective
as possible, based in the cargo documentation
of the ship and with the evidences of the crew
and related people, not always into agreement,
Anyway, what is clear is that the ship was
overloaded at the departure, and so the re-
search should be directed to the search and
justification of the weight before appointed of
the extra 370 metric tons that the ship had on
board.

Item | Location Eolds (m°) Sargo (m3® | Diff. (m%)
1 Hold & Haich 1 1.121 770,48 350,52
2 Hold & Hatch 2 1.314 887,92 426,08
10% stowage loss
3 Hold & hatch 1 1.121 847,50 273,50
4 Hold & hatch 2 1.314 976,80 337,20
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Furthermore, as it will be seen, this weight has
a special implication in the posterior loss of the
ship.

In the different hypothesis stated, the ballast of
the ship was always in mind for two reasons:
firtsly, due to the assumption that the ship
arrived with ballast to the Vilanova port, given
the little quantity of load charged in Barcelona,
and, secondly, due to the existence of referen-
ces denoting that the ship was unballasting
while she was sailing in the midchanne! of the
port just after undocking. It seems that the
ballast is the hypothesis most reasonable to
justify the true displacement of the ship.

Following this idea, some computations were
done with different combinations of the ballast
tanks, being a feasible alternative that the
double bottom tanks, port and starboard, were
still with ballast at the moment of the ship’s
departure, (Table 7).

Tabie 7. Ballast tanks

Location ]’ Weight
Metric Tons
Fore peak 22,220
Trim peak 30,136
N° 1 Ballast T. P/Stb 61,275
N© 2 Ballast T. P/Stb 140,088
N¢ 3 Ballast T. P/Stb " 86,387
N° 4 Ballast T. P/Stb u 81,646
Sea water service T. 1,055
TOTAL 422,987

7. SHIP BUOYANCY AND STABILITY
COMPUTATIONS

A previous question to be pointed out was the
unavailability of the calculations effected on
board, if so. The process was set out starting
from the data of the ship’s inclining experiment.

Special reference is to be made to the following
computations, due to their influence on the
conclusions of the investigation.

1. Starting from the light displacement and the
position of the center of gravity of the ship and
according to the information of the inclining
experiment, the computation of the displace-
ment and the cenire of gravity is made for the
ship including fresh water, diesel oil, lubricant,
crew and divers, that is, without cargo and/or
ballast.

2a. Ship’s buoyancy and stability calculations
in the assumption of the holds being full as
seen in the cargo plan indications.

2b. Buoyancy and stability calculations of the
ship loaded, as seen in the cargo plan, plus the
double bottom tanks of ballast full.

3a. Buoynacy and stability calculations of the
ship with the holds loaded according to the
volumes indicated in table 6 (including ten per
cent of stowage lost).

3b. Buoyancy and stability of the ship as in
case 3a, plus the full ballast tanks of the double
bottom.

8. TRANSVERSE STABILITY ANALYSIS

In the computations according to the conditions
expounded in the previous section (2a, 2b, 3a,
and 3b), the IMO stability criteria have been
verified and, moreover the curve of Rahcla has
been included in the graphics of the right
levers, due to the significance of its relative
position with regard to each lever curves.

Some considerations about the more important
incidences in every four cases under analysis,
are commented below.

Computation 2a

Ship loaded according to the cargo plan.
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Displacement, D 2.5744 ¢
Mean draught, Cpm 4,860 m
Metacentric height, GM, 0,100 m

(corrected for free surfaces)
Heel, 6 )

- The mean draught has a less value than the
departure mean draught.

- The metacentric height corrected for free
surface has a critical value, below the IMO
minimum.

- The area contained by the curve of GZ arms
(dynamical stability) has a very little value,
(Fig. 4).

- This cargo condition does not fulfil the IMO
criteria. Furthermore, in this particular case, it
does not satisfy any of their conditions.

Computation 2b

Ship loaded according to the cargo plan plus
ballast.

Displacement, D 2.940,7t
Mean draught, Cpm 5,353 m
{in the mean perpendicular)

Mean draught, Cm 5,362 m
(in the centre of flotation)

Metacentric height, GM, 0,405 m
(corrected for free surfaces)

Heel, 6 0°

- The mean draught is practically equal to the
mean draught of the departure port.

- Both the metacentric height (GM,) and the
nght lever (GZ) increase considerably as
compared with the case of computation 2a,
(Fig. 4). However, this cargo condition does
not observe the IMO criteria, except for the
metacentric height which is superior to the
minimum requested.

Computation 3a

Ship loaded according to the cargo volumes.

Displacement, D 2.574,4 ¢
Mean draught, Cpm 4,860 m
Metacentric height, GM, 0,384 m

{corrected for free surfaces)
Heel, ¢ 0°

- As in computation 2a, the mean draught does
not reach the mean draught of the departure
port.

- Concerning the tranverse stability, the centre
of gravity of the holds cargo descends, as it
was considered a void in the upper part of the
holds. This improves appreciably the conditions
predicted in case 2a, In spite of this, the cargo
plan 3a does not reach the IMO stability crite-
ria, (Fig. 5).

Computation 3b

Ship loaded according to the cargo volumes
plus ballast.

Displacement, D 2.940 7 ¢
Mean draught, Cpm 5,353 m
(in the mean perpendicular)

Mean draught, Cm 5,362 m
(in the centre of flotation)

Metacentric height, GM, 0,654 m
(corrected for free surfaces)

Heel, 6 0°

- The mean draught corresponds to the departu-
re of the ship, due to the presence of the
ballast weight of the double bottom tanks.

- The ship’s stability has for this cargo distri-
bution the most favourable condition with
respect to the other cases. Nevertheless, it does
oot comply with all points of the IMO criteria,

(Fig. 5).

9. HEELING MOMENT DUE TO THE AC-
TION OF THE RUDDER

From the several possibilities of external and
internal forces than could have created a hee-
ling moment, it was investigated with special
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attention the one produced by the action of the
rudder over one side, which normally causes
inmediatelly a heel to the same side.

A simplified equation got from the IMO stabi-
lity criteria, was worked out to calculate this
moment. This gives as a result the heeling
lever caused by the rudder,

Iy heeling lever in metres

v ship speed in m/s

L waterline length in metres

KG, vertical coordinate of the centre of
gravity of the ship in meies

Cm  mean draught in metres

The heeling arm was compuied for the load
condition 2a, that is, the ship loaded according
to the stowage plan, (Fig. 3), and no ballast on

I, = 0,02 ;? [ KG, - ;C; ] board. Its value Is,
I, =152 mm
being,
200 | S
/
/
/ Rahcla curve
150 /
109 / 2b
S0 ]
\
/ \
+ // 2a \
Heelin degreas
0 \

AN

Figure 4. Curves GZ from computations 2a and 2b
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10. CONCLUSIONS

Starting from the hypothesis made trough the
present study, the following sequence of the
possible events 1s made:

1. The ship left the last port loaded according
to the stowage plan and with ballast in the
double bottom, (computation 2b). Under these
conditions the ship was overloaded for the
periodical navigation zone imposed by the IMO
load regulations, with a mean draught slightly

below the fresh water tropical draught. It is
known that the weather was fing,
appreciable sea and/or wind. The transversal
stability in this condition did not reached the
minimum of the criteria established by the
IMO.

without

2. It was assumed, by means of testimonies,
that during the departure monoeuvre the ship
was making unballasted operations which are
considered to have continuity until the double
bottom tanks were completely unballasted.
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3. After the unballast, the ship remaind in the
condition 2a, loaded according to the carge
plan presented by the stowage company.

4. The helmsman indicates that it was changed
from the automatic pilot to the manual steering,
which it is very important, and that the rudder
was full over one side. It is unknown for us the
cause of this change, as well as if the close of
the rudder to one side was voluntary or fortui-
tous.

5. In table 8 it is showed the values of right
levers for the condition 2a, and the heeling
levers due to the rudder hard to one side.

Table 8. Righting and heeling arms

Heel Rightings Heeling
degrees arms {mmy) arms (mm)
G 0,0+ | 15,2
5 11,3+ 15,1
10 13,2+ 15,0
15 21,4+ 14,7
20 1,4+ 14,3
30 36,0 - 13,2
40 176,3 - 11,6
45 269,1 - 10,7
60 511,0 - 7,6
75 3.935,2 - 3,9

6. In table 8, again, it is observed the small
reserve of stability. Even considering the diffi-
culties of the appreciation of the ship data,
which means that the values must be regarded
as approximates, there is no place for the opti-
mism.

7. The testimonies indicate a little heel at the
beginning of the disaster, of which the ship did
not recover. It followed a progressive heel,
which made the ship careened and eventually
sunk, which can be understood as a clear lack
of stability.
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ON CAPSIZING RISK FUNCTION ESTIMATION DUE TO PURE
LOSS STABILITY IN QUARTARING SEAS

V.L. Belenky
National Research Institute of Fisheries Engineering,
Ebidai, Hasaki, Kashima, Ibaraki, 314-04, Japan

ABSTRACT

The paper is focused on possibility of
generalisation of piecewise linear approach for
the case of quartering seas The consideration
devoted mainly to assumptions that are
necessary to build an algorithm for capsizing
risk calculation. It is shown that combination of
superposition method with piecewise linear
presentation of the GZ curve allows to solve the
problem if assume independence of external
excitation and restoring moment It 1s shown
also that this assumption is equivalent in some
sense to the method of slowly changing
amplitudes.

NOMENCLATURE

B breadth of a ship

GM metacentric height

GZ  stability curve

f probability density function

fe  excitation process

f=  restoring term

h,  wave height

L moment of inertia

ks slope coeflicient of range i in piecewise
presentation on GZ curve

L length of a ship

M,y added moment of inertia

my,  mean value of wave heights

m;  mean value of wave lengths

y speed of a ship

Ve variance of wave elevation process

6  roll damping coeflicient

gw initial phase of wave

A rsk function

Aw  wave length

Ao eigen values

@  true wave frequency

©z encounter frequency

Wy  natural roll frequency

¢  roll angle

% course relative to general direction of
wave proliferation

1. INTRODUCTION

The probabilistic approach to ship stability
standard based on reliability theory [1], 2]
supposes consideration of different assumed
situations that could occur during ship
operation.

The numerous number of factors describing
assumed situation can be significantly decreased
by dividing them into meteorological and
operational [3], [4]. While metcorological
factors can be somehow related with the
geographical region where ship s sailing, the
operational ones are human decision. According
to [3], [4] these operational factors could be
limited by two parameters speed and course of
a ship.




Assuming to have all the meteorological
information, it is not difficult to retrieve a value
of angle between vector of ship speed and
general direction of wave proliferation. So the
basic assumed situation for intact stability
assessment can be described as «sailing with
certain speed and course in certain geographical
region». There are several scenarios of
capsizing in such situation described in [4}:
impact of breaking wave, pure loss stability, surf
riding and broaching to, green water shipping,
etc.

This paper is particularly devoted to one of
them - capsizing due to pure loss stability,
including consideration of heeling moment of
waves and wind and changing of the GZ curve
caused by quartering scas. The last factor
cannot be excluded if the course angle relative
to general direction of wave proliferation is
arbitrary. Our consideration is limited by these
factors and does not reflects any other
phenomena that are possible while sailing in
quartering seas: surf riding and parameteric
resonance.

There 1s a comprehensive literature devoted to
stability in following and quartering seas: the
phenomenon of changing stability caused by
following waves action was discovered at the
end of the XIX century, however systematic
research was started in 50s. Scope of this paper
does not allow to place even a brief review of
the literature on this matter.

Mechanics of capsizing is quite complicated
nonlinear matter even in beam seas. The method
to be chosen for capsizing investigation depends
on what kind of capsizing definition is adopted.
Here we used Sevastianov defimtion [5]
«capsizing 1is a tramsition to stable state
oscillation in vicinity of equilibrium that is
dangerous from practical point of view». Direct
appiication of this definition lead the author to
developing piecewise hnear method that allows
to keep topology of phase plane [6]. Further
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study of this matter, however, showed that
Sevastianov definition 18 equivalent to classic
one [7], because we can neglect influence of
external excitation after roll angle crosses the
level of GZ carve maximum. 1t makes outcomes
of piecewise linear method as least comparable
with the results obtained by the methods
considering capsizing as a cross of separatrix

8].

Further study of the piecewise linear systems
allowed the author to develop practical method
of capsizing risk function estimation m beam
seas [9] The main goal of this paper is to
highlight obstacles in generalisation of piecewise
lincar methods for assessment stability in
quartermg seas.

2. MATHEMATICAL MODEL OF SHIP
ROLLING AND CAPSIZING

Since we are trying to reach methodological
purposes we consider the simplest mathematical
model of a ship sailing in quartering seas:

(.B+2§d)+m$fje(¢vt):fg(f) (1)

We assume ship speed constant and, therefore,
we can consider external excitation as stationary
ergodic stochastic process. Due to arbitrary
course of a ship relative to general direction of
wave proliferation, the restoring term is a
function of time.

The restoring term is a deterministic function of
two stochastic arguments: time and roll angle.
There is evident probabilistic relationship
between external excitation and restoring term,
but we neglect this dependence for the first
expansion.

This assumption allows to use different
presentation of stochastic processes for external
excitation and restoring term  External
excitation includes wave and wind heeling
moments presented here by Fourier series,
amplitudes of which are calculated in
accordance of corresponding spectra and inttial




phases are considered as independent stochastic
value with umiform distribution in the range
{0:27], see [9]:

fe(t) = ib, sin(,t+9,)+
z;] (2)
+Zcz sin{fo , f+wv,)

=1

Contrary to the above, bend hine presentation of
irregular wave is used for the wave in the
restoring term,

()= %’-cos(cot +€,) 3)

There are three stochastic values here: wave
height, wave frequency and initial phase.

Using equation (3), and recommendations [11],
restoring term can be presented as follows:

(9.0 = fro (@) + frs (@) cos(o 7 +2,) (4)

Here: fr(¢) is a mean value of restoring term it;

it can be expressed via GZ curves on wave crest
and trough:

GZ,($) + GZ.(¢)
2-GM ®)

Amplitude of the restoring term chaining due to
quartering wave action can be expressed as:

GZT (‘f)) - GZC' (d’)
2-GM

Sro(®) =

Tra ()= (6)
Values of the GZ curve on wave crest and wave
trough can be calculated by any appropriate
method. The author used Nechaev method {11]
based on comprehensive series of model tests.
According to this method (see appendix), the
GZ curves on crest and trough of a wave can be
evaluated as some addition to the calm water
GZ curve. These figures are functions of: wave
characteristics, angel of heel, speed and course
relative to waves:

GZo(9) = GZ(9) + AGZ (.4, ,.%,v) (7)

GZp($) = GZ(4) + AGZ; (5., 1,0V} (&)

Encounter frequency g 1s related with true
frequency of wave;

2
@O

Dy~ O —VCosY {9}
? g

The true frequency depends on wave length:

2ng
=, [ 10
o=5 (10)
Therefore:
(DE :(DE(A’W’V:X) (11)

Summarising all above we can state that
restoring term 1s a deterministic function of rofl
angle, stochastic characteristics of wave and
given parameters of ship heading;

Jo(9.0)= frlb.h, A, 8,V %) (12)

Stochastic characteristics of wave can be
considered as slowly changing figures in
comparison of wave elevation, wave slope or
rolling. Tt allows to rewrite equation {12) as {(we
are keeping stochastic arguments only):

Je(0,1) = fp[6(0), 2, (1), A, (D), (T)]

We see that above assumption on neglecting
probabilistic relationship between external
excitation and restoring term is equivalent to
introducing another independent variable. This
independent variable is another time scale for
slowly changmng stochastic processes, what
partially excuses the above assumption.

To determine a moment of capsizing we used
piecewise linear approach [9], that supposes the
broken line presentation of the decreasing part
of GZ curve, see fig. 1

The piecewise linear approach to stability
assessment i beam seas was developed in
previous author’s works [6], [7], [9] [10]. &t
concenirates on consideration of system’s
behaviour at decreasing part of the GZ curve.
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Each range of broken line allows to build linear
solution within itself:

O(1) = de™ + B’ + p(t) +§, (13)

where p{(7) is a partial solution that could be
ignored due to its comparatively small
contribution {7] into the whole solution (13),
A1 are eigen values, one of each is always
positive and the other vice versa:

Xy, =8 iwlm ok +8%. (14)

A and B are arbitrary constants that are
dependent on initial conditions. Whether
capsizing happen or not during this semi period
of oscillation is determined by sign of the
arbitrary constant 4 at last range of the broken
line. If the constant is positive the solution is
unlimited and angle of heel will increase until a
ship reach upside down equilibrium.

GZ

fig.1 Piecewise presentation of the GZ curve

There is a special iterative procedure that
allows to calculate initial angular velocity of
crossing the level of ¢mx to provide positive
value of the arbitrary constant 4 at the last
range, see [9]. Such value of the roll velocity
was called «critical» there - ¢_.The critical roll
velocity depends on history of oscillations at
increasing part of the GZ curve and can be
calculated by conventional methods of rolling
calculation.

So, according to piecewise linear approach a
capsizing can be determined as an event of
crossing level of §m.x with the roll velocity
exceeding ¢ -

X={b>¢,16>0,.) (15)

The main advantage of piecewise linear
approach is the simplicity of handling such a
nonlinear phenomenon as capsizing. This
simplicity is reached due to clear and vivid
hnear sclution that was used as a main
component of the piecewise linear approach.
Unfortunately an attempt to generalisc this
method for cases when the restoring term 15 a
function of time leads to Mathieu type equation
even within the most simple assumption.
Solution of Mathieu type equation hardly can be
called «simpie» or «vivid». So direct
generalisation of piecewise linear approach for
stability assessment in quartering seas leads to
loosing mentioned above advantage. Therefore
a superposition method was used here.

3. PROBABILITY OF CAPSIZING

The essence of superposition method is dividing
the phenomenon into some quantity of
elementary incompatible events that covers all
possible space of outcomes. Then we solve the
problem for cach of these clementary events.
The probability of the phenomenon can be
calculated further by total or whole probability
formula. This method is quite common, its
description can be found in any manual on
theory of probability, see, for example {14].

We are looking for the probability of capsizing
of a ship in quartering seas. The solution is
known for the given constant restoring term [9]
and it is possible to find GZ curve changes due
to quartering seas at any moment of time {11].

Let’s divide time in certain ranges, small enough
that we can neglect stability changes during
each of them. So our elementary event takes
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time from 7 A7 and during this

event’

E, ={velt,n | B e e} (9

Ul g = g+

This allows us to calculate probability of
capsizing, using whole probability formula.

P{t=At-K)= ip(ij)z)(}zj) (17)

Let’s consider probability of elementary event:

PE, )=P{'€ elt,:t, +Ad | hw,xw,gw}:
=P(h, 1, .8,)

This is a probability to encounter a wave with
certain height and length in certain phase at any
moment of time 1, We can assume that phase g.
i1s independent on other parameters and it
probability distribution constant in the range
[0;2r]) This assumption is reasonable because
moment T, is arbitrary and does not connect
with any other event in our mathematical model:

P(E,) = P(h,,},) P(e,) (19

Combined probability of wave heights and
lengths is investigated in oceanography quite
well and can be considered as known.

(18)

P, Ay = flh, A )dhdh, (20)
Finally:

P(E)=P{1: clt, ;7 +A‘c[lhw, wsE w}*
=P(h, A, ,5,)=P, L) Pe,)= (21)

= f(h,, A, f(g,)-dh d\ de,
Substitution of the equation (21) into formula
(17 followed by transition to infinite small
values yields'
PH=

@ oo 2n (22)
=[[[Px10 £ h ) f(o.)de b dh,

900
If we are interested in the misk function, we
should calculate equation (22) with £#=1, having
in mind that conditional probability of capsizing
with the elementary event transforms mnto the
risk function calculated for the given GZ curve

P(Xlt=1)=MG2) (23)
and

A=

wmh?u(GZ}f(?Lw, k) e, )de, dh,dh @)
1]

000

The questions arises. how do we take into
account that fong waves takes more time than
short one? May be we should introduce some
statistic weight coefficient regarding period of
wave?

In fact, time of certain wave action is already
taken into account in Nechaev algorithm
because encounter frequency is present in
formula (4). Some more details on Nechaev
algorithm as well as brief description of risk
function calculation with the given GZ curve
can be found in appendixes.

4. CONCLUSIONS AND CONMMENTS

Direct generalisation of the piecewise linear
method to the stability of ship in quartering seas
leads to significant mathematical difficulties
related with the necessity to consider transition
process in Mathieu equation.

However, the problem of capsizing risk function
estimation in (uartering seas can be solved
within frames of the piecewise linear approach
using method of superposition.

Application of superposition method requires
adoption an assumption on independence of
stochastic processes of restoring terms and
external excitation

The assumption on independence of stochastic
processes of restoring terms and external
excitation is equivalent to consideration of wave
length and height as stowly changed parameters.

Problems to be solved at the second expansion:
adequacy and margins of applicability of the
above assumption, using of up-to-date
oceanographic data on the wave elements
distribution
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APPENDIX 1 NECHAEV METHOD

The method 1s based on series of model test in
hydrochannel of Kaliningrad Technical Institute.
Results of these experiments were presented in
a form of regression polynoms and were
published in [11]. Using this polygons, it is
possible to estimate GZ curves on wave crest
and on wave trough, if the length of wave 1s not
very far from length of the ship with taking into

account course angle:
A, = Lcosy (A1)

Usage of this figures is limited by he f;)llowing
values of ship parameters:

32<L/B <800 05<C,/C, <092
20<B/T <42 05<C,/C,, <085
105<H/T <22 015<Fn<045

The GZ curve when ship is located on wave
crest is expressed as:

17
GZ.()=GZ (¢)+B[Fc (¢)+2A,fc,(¢)J (A2)
where GZ(d)is stability diagram on wave crest;
Fe(d)- basic values for wave crest (see
appendix); fod$) is influence function; 4, is a
set of numbers expressing influence of ship
parameters that are differ from the basic model:

41
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A=L/B-482 A, =42 An=A4, A
A,=B/T-2.67 A, =A?  Au=4y 4
As=H/T-13 A, =4} A, =4}
A=Cy/Cy-07 A, =Ar A, =A°

As=Cy/C-0692 4 =4 A, =4}
Ap=A4: 4,

Here L,B,H, T are main dimensions of a ship and
Cs, Cy, Cr are form coefficients. The GZ curve,
when ship is on wave trough, can be expressed
as:

As=Fn-028

GZ, @) =GZ @)+ B(FT O +ZA,J;,(¢>] (A3)
where GZA(¢) is stability diagram on wave
trough; Fi(d)- basic values for wave trough
(see[11]); f7A®) is influence function.

If the wave length 1s different from the length of
the ship, the following correction function can
be introduced:

Corr(h, /L) =1+k - Ay —ky - 22 kg 22, (A4)
where, A, = A /L1 is dimensionless relative
wave length, %, is coefficients set that could be
found in [11] along with the other numerical
figures that are necessary for calculation of
stability in quartering seas

APPENDIX 2 ESTIMATION OF RISK
FUNCTION WITH THE GIVEN GZ CURVE

As it was mentioned above capsizing event
could be associate with up-crossing of the level
dmax and an angular velocity of such up-crossing
exceeds some critical value. So the probability
of capsizing can be expressed as follows:

P(X)=P(0> 4o )P >6,,). (AS)

Calculation of the critical angular velocity is
considered in [9] in details. To calculate the
second probability, we should know distribution




of roll velocities. This distribution could be
assumed as Gaussian for comparatively low
build vessels with «conventional» GZ curve only
[15] Contrary to, the distnbution of roll
velocities of high free board vessels with S-
shaped GZ curve may differ from Gaussian type
significantly. According to the author’s
knowledge the only way to get the distribution
in this case 1n numerical simulation. Due to
cyclic non-stationary quality [16] of nonlinear
rolling, the distribution estimate cannot be done
by generating one reahsation of the process, but
some ensemble of independent realisations
should be simulated

Probability of the up-crossing event can be
estimate if we consider up-crossings as Puasson
flow of rare random events [6], [7], [9]

P(b> ¢, ) = 1-exp(=E7), (A6)
where & is intensity of up-crossings. It 1s
expressed as follows for Gaussian rolling
distribution that is limited by «conventionaly
type of GZ curve:
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1 ¥ $?
=—.[5 -exp| — = A7
27 Vq, exPl: 2V¢ (A7)

Variances of rolling ¥ and rolling velocities ¥

can be obtained using hnearization of nonlinear
terms with further application of spectral
methods [12], [13] Because we consider ship
motion in quartering seas calculation on 3D
waves 1s preferred

a

s A

V,= Sy (@, e)dade (A8)

may
4

]

If the GZ curve has S-shaped form the
probability distributions of roll angles and rolt
velocities should be obtained using numerical
simulation Intensity of up-crossing in this case
is expressed and following integral :

E= [o- f(b= ) f@). (A9)




ON PROBABILITY OF SHIP CAPSIZING DUE TO BREAKING
WAVES ACTION

V.L. Belenky
National Research Institute of Fisheries Engineering,
Ebidai, Hasaki, Kashima, Tbaraki, 314-04, Japan

S.V. Mordachev
Kalininrgad State Technical University
1 Sovetsky Avenue, Kaliningrad, 23600, Russia

ABSTRACT

The paper is devoted to theoretical background
of estimation of risk function of ship capsizing
due to encounter breaking wave. Because
mechanics of breaking wave action on a ship is
practically unknown in general, an energetic
method was used. A main idea of tluis method
here is that a work of heeling moment could
not be greater than whole wave energy. So we
assumed that wave uses all its energy for ship
capsizing with a reduction coefficient that can
be found from a model test. Risk function that
is probability of capsizing derived using energy
balance equation and upcrossing theory

NOMENCLATURE

a(t) amplitude vs. time - bend line

Ap  work of heeling moment cased by
breaking wave

Ap  work of damping moment

Aw  work of external excitation

b  parameter of Weibull distribution

Fp  energy of break wave on the length of a
ship

Fre critical energy of break wave on the
length of a ship that causes capsizing

Fr  full egergy of ship rolling

h,  wave height

hy the breaking wave height that causes

capsizing
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moment of inertia

changing of kinetic energy

mean value of wave heights

mean value of wave lengths

effective moment of inertia

added moment of inertia

restoring moment

damping moment with taking into account
changing damping caused by heel

heeling moment caused by breaking wave
roll excitation moment caused by irregular
waves and gusty wind

changing of potential energy

probability of at least one capsizing during
time 7

probability of wave to be broken
probability of capsizing after time 7, if
broken wave was encountered

mean value of period of irregular seas
Variance of wave elevations process
Variance of wave lengths
weight displacement
reduction coefficient
energy

stochastic phase in bend line presentation
of sea waves

roll angle

breaking wave




1. INTRODUCTION

The probabilistic approach to ship stability
standard based on reliability theory [I] [2]
supposes consideration of different assumed
situations that could occur during ship
operation. Breaking wave action on a ship in
beam position is significant one for small
vessels. The classic example of a stability
casualty is the capsizing of m/s Helland-Hansen
[3] Lack of reliable mathematical model of
breaking waves makes theoretical study of the
subject really difficult, therefore experimental
approach 1s 2 main tool in such kind of research,

It seems that the first attempt to estimated ship
stability in breaking waves was made in Sankt-
Petersburg in the early 60s; it was initiative of S.
Blagoveshchensky. The breaking wave were
generated by the floating bottom that was used
as a local submersible obstacle [4]. Pressure
transducers were located on the deck and side
of the model that was able to drift and roll.
Mathematical model of capsizing under action
of breaking was developed [5],[6]. The model
was based upon an assumption that the heeling
moment is gencrated by impact of breaking
wave According to this model a ship 1s
capsized when her kinetic energy generated by
the impact exceeds her potential energy. Further
research of ship behaviour in breaking waves in
shallow water was carried out in Leningrad
Shipbuilding Institute and reflected in [7].

A comprehensive study of deep water breaking
waves dynamics and their action on ship was
carried out in Norwegian Institute of
Technology in Trondheim [10]. Experiments
with the model of mentioned above m/s
Helland-Hansen carried out by E Dahle and J.
Kjeldsen [3] These experiments showed primary
role of inertia in ship-breaking wave interaction,
see also [11], [12].

Ship dynamics in deep water breaking waves
was studied in towing tank of Kaliningrad
Technical Institute under supervision of
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N.Sevastianov [7], [8], [22]. Breaking wave
was obtained by generating a special sequence
of waves with continuously increasing period
These wave interfered due to difference in phase
velocity. The resulting wave becomes too steep
and breaks A particular purpose of the study
was to investigate influence of architecture type
on ship stability in breaking waves. The
outcome was that the ship architecture elements
like superstructures and even bulwarks are
involved in the interaction with breaking wave
and might be significant for stability in this
situation. The other significant conclusion was
that it is impossible to deal with the breaking
wave stability using just deterministic methods.

Probabilistic approach to ship stability in
breaking waves was applied in series of
Norwegian research devoted to probability of
capsizing in steep waters [13] and nisk analysis
[14], [15].

2. APROACH ADOPTED

Our main purpose is to estimate a risk function
value, or in other words, to find probability of
capsizing per unit of time. Taking into account
factor of time seems to be quite significant for
probabilistic approach based upon reliability
theory, (for more detail see [1]). So a scheme of
capsizing probability determination should
inchude clear relationship with the time.

We consider sea waves as a stochastic process.
Usually such a process is assumed to be
stationary ergodic and Gaussian. We also shall
use these assumptions as quite common and
convenient.

Output of a dynamic system describing a ship
also is stochastic. It is assumed to be stationary
and Gaussian. The last assumption means that
we limit ourselves by ships with conventional
(not S-shaped) GZ curve, see [16] or [17]. This
limitation does not interfere so much: breaking
waves are dangerous for relatively small ships




that has S-shape form of the GZ-curve quite
rare. We do not use here ergodic assumption
concern non-linear rolling: 1t was shown in [17]
that such non-linear stochastic rolling process
possesses cyclic non-stationary quality.

So let’s imagine a ship that meet breaking wave
from the side: it secems that breaking waves
from the other directions are not so dangerous.
Further we shall consider only beam position of
ship.

Taking into account all mentioned above we can
consider kinetic and potential energies of ship
rolling as stochastic processes. Full energy of
wave 1s also stochastic process for irregular
seaway. So capsizing due to breaking wave
action can be considered as a random event that
wave has been broken at the same place where
the ship is located and the sum of potential,
kinetic and accepted wave energy exceeds
whole amount of ship potential energy (the is
defined by area under GZ curve) .

PT(‘X):PB :PC(‘T) ey

Here: Py is a probability that next wave will be
broken and P(7) is a probability of capsizing
after time 7 if the previous condition was
satisfied.

3. PROBABILITY OF WAVE TO BE
BROKEN

To describe a wave we used hypothesis of small
waves in the first expansion. The approach
adopted allows to use more complicated models
of wave, however for the first expansion
simplicity was preferred in order to develop the
methodology of research and highlight the
problems appear.

To find the probability of a wave to be broken
we use bend presentation of irregular wave.

&, (1) = a(t)-sin Q1) @)

The amplitude a(?) or a bend line is a stochastic
process that has Rayleigh distribution [18]. The

random phase value €7} has constant
distribution in the range [0; 2w} Taking into
account evident relationship between wave
amplitude and height, we can express the
distribution of wave height as follows:

2
T A, n {h,
JACRES -m-exp{—m-[—) ] ©)
m, m, 4 \m,
Mean value of the wave height is related with
the wave elevations vartance ¥y as follows:

h = 2Ty 4

m

As it is known wave length and wave height are
not independent stochastic values. However,
here we assume their independence - to develop
the methodology we need the most simple
figures. Real distribution can be used for the
second expansion. So  we use Rayligh
distribution for the wave lengths [19,20]:

P4

T A T A
/M= -—-exp{—;-[” ©)

m, m, m,
Mean value of the wave lengths can be obtained
using Neumann spectrum and the value of mean
period of irregular seas 7,, .The variance of the
wave length can be find using changing
coefficent that is known from seas statistics
2.8, W

= Py, = =~ 0461. 6
3 o 2 (6)

m,

As we assumed above, height and lengths are
independent:

fh, M= f0,) fL(0). (7

General appearance of the distribution (7) is
shown in fig. 1.

Using the most simple geometrical criterion of
breaking hw/A = 1/7=0.142 we can easily
calculate probability of breaking wave in any
given point:




p= |lrenvana @)

B3>0 142

This method is also just a sample Breaking is a
marginal situation for the wave, so the
probability of wave to be broken deserves
separate study. Breaking wave is a nonlinear
matter, and any method proposed requires
investigation of its adequacy

Fig. 1 Combined disinbution of wave iengths
and heights

4. MATHEMATICAL MODEL. OF SHIP
MOTION

Let us consider ship rolling under action of
rregular waves and gusty wind

(1, + M, )b + M, ($,0) + M, (9) =

= MB(I)JrMW(t) ®

Accordimg to Energy/Work balance method we
should rewrite this equation in first integrals:

¢
Ja, + Mg =
¢EI
¢ ¢
= [ M (0)do + | M, (1) - (10)
o do

¢ ¢
— [ M, b, 0)dp— | M (6. 0)d0
N bq
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We have got the equation in first integrals,
which reflects a balance of changing energies
and works at any time during the range from

f, ((f)o,cbo) tll t((i),d)) . Using special symbols for
the terms of the equation it can be rewritten in
compact view:

AK + A,(t,,0)+ AP = an
= AB(I()?t) + Ay (t.1)
Here we consider several  significant

assumptions in order to simplficate problem to
make possible first expansion soluticn.

The First We assume that work of damping
moment is equal to the work of wave excitation
moment

AD(tOJt):AW(t(]’t)' (12)

Strictly speaking, this assumption is quite
rough: it is true for linear system only in stable
state regime.

The Second. We substitute the work of heeling
moment caused by breaking wave by the whole
amount of wave energy in the length of the ship
with some reduction coefficient. This reduction
coefficient takes into account that only some
part of the wave epergy is transferred to ship
rolling. Because we do not know mechanism of
breaking wave action on a ship, this coefficient
is estimated from the model test [13].

Ap=x,E, (13)

The Third. We assume that the whole amount
of breaking wave energy is the same that a small
wave with the same height has This assumption
is accepted in order to simplhfy the first
expansicn. As it will be seen from the further
consideration, it 1s possible to use formula for
whole energy of Stocks wave as well.

Other assumptions considered further are

important but have not such principle influence

on the problem solution as these three




mentioned above Finally we have energy/work
balance equation in the following view:

~AK +AP =x ,E, (14)

We reorder terms in {14) to have in left side all
terms concerning time 4, the moment of
breaking wave action begins. Right side of
equation (14) contains terms converning time 7
when maximal dynamic angle of heel is achieved
(roll velocity equals zero at maximum roll
angley:

K(0o) + P(§o) +x L, = P(§) (15)

Following traditional approach adopted for
energy/work balance method, we consider
capsizing to be occur when dynamic angle of
heel exceeds the angle of vanishing stability’

K(‘i)s) + P(d’o) txpk, = P(‘brx) (16)

A value of potential energy at the angle of
vanishing stability can be easily interpreted
geometrically: it is a value of the area under the
GZ curve:

P,
P,y =W - [GZ(¢)dd (an

[}

let’s consider the first two terms of (16) in
detail; to do it let’s examine energy balance
equation before the breaking wave action:

[ [
F(L, + ML)bdb = [ M, ()dp -
o -

. . (18)
- | M, .0~ | M (9)db
$o $o
Taking into account (12):
b b
[+ 1,)bdh = - | My (@) (19)
b #
Calculating integrals (18), we got
K(§)- K($,) = P($) + P($,) (20)

We are considering two moments of time:
moment #, with roll angle ¢, and roll velocity
(f)o, and moment ¢ with roll angle ¢ and roll
velocity ¢ The first moment is arbitrary; the
second one is be chosen regard to the problem
considered. When we were counsidering the
problem of dynamic angle of heel, the second
moment corresponds to amplitude value of roll
angle and zero value of roll velocity:

K(o) + P(6) = P($ruur) 21

We can also choose this moment when roll
velocity reaches its maximal value and roll angle
is equal to zero:

K(by)+ Pdy) =K oa) - (22)

However, because the total amount of energy
should be kept:

K(bo)+ P(00) = K@) = P (23)

Therefore equation {16) can be substantially
simplified.

K@)+, 55 = P(0,). 24

5. EXPERIMENTAL VALIDATION:
REDUCTION VALUE

As we have pointed out above a value of
breaking wave energy is assumed to be equal to
small wave energy on ship length.

1

Taking into account that wave 1s breaking and
using well known criterion of breaking, we can
rewnite formula (25) as follows'

7
B, =goghiL. (26)

To wvalidate such approach and to find above
‘reduction’ value model rest results should be
used Here we have taken the results were
obtained in Trondheim [13] in relation with
capsizing M/S Helland Hansen These results
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were presented in a form of the border between
‘safe’ and ‘unsafe’ areas in coordinate system
breaking wave height (critical height for the
border) and whole amount of ship potential
energy P(¢.), see fig2 Two curves are
presented there for ship with a rail and for ship
with a bulwark
ptherm - - T oA

I Ship with rai

| — 4

10

| P(dv) 10° K Joule

| | 1
| | ]
2 4 6 8 10 12 14 18 18

Fig. 2 Safe and unsafe regions as found from
model test of M/S Helland Hansen, taken from [15]

5 | Egen 10 % Joule _— - — Ship with rail —_-

P(¢v) 10 ° K Joule
O 2 4 6 8 10 12 14 16 18

Fig 3 Crrtical energy of the braking wave as a
function of whole amount of a ship potential energy

To validate our approach we should recalculate
these curves to the other coordinate system
instead critical wave height the breaking wave
the critical energy should be used If the formula
(26) can be used for capsizing action estimation,
then these curves should be converted into
straight lines If such effect takes place , so
amount of energy of breaking wave that is used
for capsizing is constant and does not depend
on the particular GZ curve As it can be seen
from fig 3 existence of this effect is not
disproved
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A picture like shown in fig 3 allows to estimate
a value of the reduction coefficient xp It is and
angular coefficent of the lines, approximating
curves at fig 3 In our example for the ship with
L=50 m the following values were obtained

ship with rail k=0 003422
ship with bulwark xp=0 004231

6. RISK FUNCTION OF CAPSIZING
CAUSED BY BREAKING WAVE

As we have indicated above, capsizing is
associate with random event that sum of current
potential, kinetic energy and full wave energy
are greater than full ship potential energy Risk
function is an intensity of flow of such events
We can consider this sum as the following
stochastic process

P, ()= K(d,,,.) +x,E, 27

Then we can connect capsizing with the up-
crossing of the level P(¢v) by the stochastic
process Pr(f) A general formula for upcrossing
Intensity exists

e=[ B f(B = PP, (28)

here f(P,,P,)is a combine distribution of
process Pr(#) and its derivative by time

So, 1t can be clearly seen that to solve the
problem  we need to know combined
distribution of process Pgr{f) and its the first
dertvation by time Theoretically this problem is
not a difficult one it is well known problem of
calculation of distribution of deterministic
functions of several random arguments To
solve it we need first to know distributions of
arguments that are stochastic process of
energies and their derivatives

So we are starting from the investigation of the
breaking wave energy Taking into account
formula (26) (here we include reduction in the




formula of breaking wave energy for the sake of
simplicity):

EB (l) = kredhz (t), (29)
where
7
kmd = —éngKB (30)

Using well known (see, for cxample [21])
formula for the distribution of deterministic
monotone function of a stochastic argument, we
can express the distribution density of the
breaking wave energy:

FwlBs) = b)) p(Es) 6D

Here A.(Eg) is the inverse function relative to
formula (29).

h(E,)= s‘ffi , (32)

1
w(E,)= Wi (33)

Substitution of (32) and (33) into (31) yields.

1
33\} k red E;’
and after the simplification:
1

AT,
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The next step is derivation of the combine
distribution of the breaking wave energy and its
derivative. To do it conditional distribution of
the derivative of the wave energy is required:

B ) = FrEN Fas(ELEL) s (36)

fEB(EB):fh[S fB .

; (34)

42

here: f, (& B|E »)1s the conditional distribution
of the derivative of the breaking wave; it is the
distribution of the derivative with the condition
that the energy of the breaking wave has
reached a certain value £

To find conditional distribution we differentiate
the formula (29) by the time as any other
complicate function:

EB = 3kmdhiflw (37)

There are two stochastic values in equation (37)
height of waves A, and its derivative 74, A

formula for distribution density of the last figure
has been derived in the theory of stochastic
processes [18]:

X

. 1
dh hw =
/ ( ) JSJ:VW(mi —colz)

(38)
h

2
S A=

where' o; and o, are the first and the second
wave spectrum moments correspondingly:

m ’m
mlzglﬁ; ®, = }i; (39)

m; and m, are corresponding wave spectrum
moments.

Let’s express the derivative of the breaking
wave energy as function of the breaking wave
energy and the derivative of the wave height
using formulae (29) and (37).
Ey(h,)=3-Yk, B} -h,, (40)
and then, let’s find the inverse function
_ B

h(E,)= e @1

The conditional distribution of the derivative of
the breaking wave energy can be found as the
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distribution of monotone deterministic function
of one stochastic argument 7.

ok, | @

fEB(EBIEB) = fcﬂ:(hw(EB))'

Substitution of formula (41) into (42) and its
further simplification yields:

SesElEs)=

12-‘3/]6de2 co —o!
727, (0% -0 ) Yk2,E;

Having formulae (35) and (43) it 1s not difficult
to derive formula for required the combine
distribution of the breaking wave energy and its
derivative.

(43)

The other term of the (27) is the kinetic energy
of a ship when she reaches maxima of roll
velocity. It is described by the following
equation:

E{)=K(§,,) =

1 | s (44)
=5 e + Moy, =7, mO0)

The distribution density of the kinetic energy
can be obtained by the same way that above:

(E )_ I L,
Ta\le )= Zg P ™ gy, (49)

as well as the combined distributipn density of
the ship roll kinetic energy and its derivative:

1
Fol B o X
)= 16J’ﬂ7’)’13V3 (DQZ —le)EF

16.»;@[;;(@,;2 w—eaél) 4mv,

(46)

Where: g, and oy, are the first and the second
relative moments of the roll velocities spectrum,
that should be calculated as above and Vd» is the

variance of the roll velocities.

Our next purpose is to find a combine
distribution of the process P and its denivative

P,. Taking into account (27) and our further
stipulations, it is not difficult to see that:

P,=E,+E,;and P, =E_ +FE,. (47)

It will be convenient to present the process Py
and its derivative as components of some
stochastic vector:

B, = (P, B,);and B, =E, +E, (48)

As 1t is known (see, for example [21]) a
distribution density of sum of two stochastic
vectors can be expressed as:

+eo Pg

fBy=[ [ £:(E

—w 0

Vo (By — Ep)dE, dE, (49)

or, in scalar form:

+e0 Fp

fP(PR:PR):f j.fEB(EBDEB)X (50)

xfEF(PR - EB:PR _EB)dEBdEB
Limits of the integration are to be chosen with

taking into account that energies are not
negative figures:

Upper limit is maximal value of P, -E_;
evidently it is Px;

Low limit is minimum value of P, -FE,:
evidently it is 0.

Let’s consider an expression under integral
symbols in formula (50) in more detail:

f(EB:EBJPR)PR) =

:fEB(EB:EB) BF(PR 7EB"PR _EB) (51)




taking into account all above consideration this
figure can be presented as:

f(EB?EB>PR’PR) -
_ 1
230dma, K, JmWin(ca% —® f)(m . —coél)

x

_ (32)
£ A

— —_——3 -
XW{ W0l -0) Ykl W Nau
(Be-E,)’ (PR—EB)]

- 16mV¢(m 292 —o)él)(PR fEB) - 4’"V¢

Formula (52) is quite complicate, while the
internal integral in (50) can be found in
clementary functions. However expression
obtained is too complicate to be analysed
symbolically. The external integral in formula
{50) can be obtained only numerically.

The last step is numerical calculation of the
intensity of upcrossing of the process Pi
through level P{¢,) in accordance with formula
(28) that is a value of the risk function of
capsizing due to breaking wave if such a
meeting has been taken place.

7 CONCLUSIONS AND COMMENTS

The main idea that allows to estimate risk
function of ship capsizing caused by breaking
wave action is energetic one: energy of breaking
wave - ship interaction could not exceed full
energy wave before bresking. Energy/work
balance approach allows to model phenomena
physics of which is not investigated completely
yet.

The energy of interaction could be expressed as
full energy of wave with from equal to ship
length and taken with some reduction
coefficient that expresses other factors of
energy consumption. Numerical value of the
coefficient can be obtained from available
experimental data. The coefficient does not
depend on the GZ curve and does depend on the
ship architecture (where ship has bulwark or
rail).
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Despite of the above comments, the solution
described can be considered as some illustration
due to severe simplifications, authors have to
implement in order to get the formulae. To get
practical method it would be useful to study
adequacy of the mathematical model of
nonlinear ship motion in form of equation of
first integrals, where balance of works of
damping and excitation moment considered
independently.

As it was pointed out the probability of a wave
to be broken is a separate problem that deserves
separate study.

The other step to the second expansion could
include using Stocks wave instead of small
wave hypothesis. The probabilistic scheme also
could be improved by consideration of the
probability of the wave to be broken as a
function of time.

At the same time even the first expansion allows
to go step-by-step through the estimation
procedure of risk function of ship capsizing due
to breaking waves action.
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APPLICATION
OF EXPERT SYSTEMS
AND ON-BOARD COMPUTERS
FOR STABILITY MONITORING
AND CONTROL




SPECIALIZED SOFTWARE FOR STABILITY CONTROL ON BOARD RO-RO SHIPS

V Rakitin, V Chalakov, R. Kishev, Bulgarian Ship Hydrodynamics Centre, Varna, BULGARIA
N. Lyutov, Varna Free University, Varna, BULGARIA

ABSTRACT

Development and operational features of an on-
board computer system for Ro-Ro ship loading,
stability and strength control is described. An
important novelty in the system structure is the
inclusion of ship behaviour prediction in real
seas. Trial runs proved its compatibility with
acting regulations and standards, and it 1s
recently installed for regular operation on board
four Ro-Ro ships under Bulgarian ensign.

1. INTRODUCTION

After detailed examination of the expedience of
computerized system’s utilization for stability,
strength and seakeeping control as well as
tendencies of their elaboration and operational
requirements stated by customers, an advanced
version of PC based on-board system for
operational control has been developed at
BSHC [1], [2]. Its universality enabled quick
adaptation to diferent ship types, such as
bulkcarriers, containerships, multipurpose ships,
etc. Recently, the same basic algorithms were
utilized to extend the applicability of the system
to Ro-Ro ships.

The RO-RO MASTER program package assists
for convenient and quick estimation of ship
statics, stability, girder forces and hull deflec-
tions at given realistic case of loading It also
permits elaboration of sample cargo plan
variants and their assessment from the view
point of sta-bility, strength and seakeeping
criteria imposed. The program modules operate
utilizing exact hull form description and
calculations in real time of hydrostatics, load
distribution curves and buoyancy. Even if the
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procedure does not replace official documents
such as “Information on stability” or
“Calculations on ship strength”, it appears as an
instrument for facilitating of ship operation and
multiplies application of standard documen-
tation by its possibility to create and assess
variety of situations arising at reality.

The compound program modules for
calculations on statics, stability, strength and
seakeeping are based on classical theoretical
methods certified by Bulgarian Register of
Shipping (BRS), use is also made of operational
data taken from ship’s documentation, as well
as some systematic model test’s results.

The system operation and service is made user-
friendly, not requiring specialized knowledge on
computers, which make it especially attractive
to crew members.

2. GENERAL STRUCTURE OF
THE PROGRAM PACKAGE

The RO-RO MASTER program package
consists of following general modules:

* Initialization - Input and organization
of all necessary data concerning ship
particulars, construction, ownership,
classification, etc.

* Input Data - Detailed hull form des-
cription, light ship load distribution, disposition
and geometry of cargo holds, fuel, ballast and
other tanks, location of single cargo units, etc.

* Initial Calculations - Cargo plan
compi-lation and static calculations. Ship static
parameters are evaluated instantaneously after
any change in loading status during preparation
or check-up of the current cargo plan.
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* Stability - Evaluation of actual initial
stability, as well as operational stability.
Calculations are performed parallel with static
calculations using exact hull form description
and accounting for actual trim and heel
Stability evaluations follow IMO Resolutions
A 562 (14), A 167 (ES.IV) and A.206 (VII), as
well as methods approved by BRS.

* Strength - Evaluation of current ship
girder loadings in still water and at real
operational conditions Calculations follow
BRS recommendations and are in conformity
with Lloyd’s Register Rules, Chapter 4 -
Longitudinal strength.

* Seakeeping - Prediction of ship
behaviour in real environment. Calculations are
based on a precipitated version of the strip
theory and where applicable model and full
scale test results are utilized for calibration. For
convenience, observed wave height and course
angle are used as imput.

3. SYSTEM FUNCTIONS

The RO-RO MASTER program package has
following functional abilities’

* Elaboration of ship cargo plan - new
compilations as well as recalling of stored cases
Ship loading is evaluated step by step starting
with light ship parameters and proceeding with
every load item - service and ballast tanks,
cargo decks, etc. Adding, removing or shifting
cargo umts (trailers) 1s envisaged during
compilation and water dencity could be
changed, thus giving to the procedure freedom
for variational compiling and check-up of actual
cargo plans.

* Instantaneous (real time) evaluation of
ship displacement, draft, trim, heel and CG
position after any single change in loading
elements.

* Instantancous estimation of stability
(metacentric height, static stability arm, free
surface’s influence, wind action influence, etc ).

* Instantaneous estimation of ship loa-
ding, shearing force, bending moment and hull
deflection distributions along the ship lenght.

*  Seakeeping predictions (natural
periods of motion, roll, pitch and heave
amplitudes and accelerations, wave shearing
forces and bending moments, deck wetness,
slamming, expected speed loss)

* Real time visualization of status
describing values such as ship displacement,
draft aft, fore and middle, static heel, trim, CG
position, metacentric height

* One-button-touch visualization of load
distribution curve, shearing force, bending
moment and hull deflection distrubution,

*  One-button-touch visualization of
polar diagrams of calculated seakeeping
parameters.

* Preparation and printing of standard
documents such as:

- Loading condition general particulars;

- Disposition plan for loading units and
their particulars (the program allows introduc-
tion of different unit sizes and deck
arrangements but accounts for actual deck
plan);
. - Current filling of service and ballast
tanks (available stores and ballast),

- Protocol of actual stability parameters
and static arm diagram,;

- Protocol of actual hull strength;

- Data sheet of seakeeping calcuations
and predictions.

4. SYSTEM OPERATION

The user-fiiendly system operation utilizes
hierarchical menu organization with memorizing
of interuption points and screen images
mobility

4.1 Main Options

The main menu comprises of following items:

* Ship Initial Data - gives ship
registration data, her main particulars and light
ship information,

* Corrections - affords alternative
corrections in water dencity, free surfaces, trim
and dead loads characteristics;
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* Destination - introduces information
for the route parameters,

* Service Tanks - describes parameters
of service tanks for heavy and diesel oil,
lubrication oil, fresh water, etc, according to
their current status (filling) and visualize their
position on the screen plan by blinking (Fig 1),

* Water Ballast - describes general
particulars of the water ballast tanks and their
current status, and visualize their position on
the screen plan by blinking,

* Stores - keeps and renew when
necessary information about crew and its
luggage, stores, etc ,

* Cargo QOperations - a basic item in
the main menu. which allows introducing
trailer’s weight, length, distances at positioning,
identification info, etc The selected umit is
visualized on the screen (Figs 2 and 3) by its
position on the deck, and in the same time the
data are transfered to a table systematizing
current info about trailers - total number,
weight total, etc |

* Graphic Options - visualize diagrams
of load distribution, girder loads distribution
and stability arm curve, parameters of which are
calculated in real time during compilation of
current cargo plan (Figs 4,5,6),

* Seakeeping Predictions - estimates
ship behaviour (pericds and amplitudes of
motion, speed loss, slamming and deck wetness
probability) in current loading status at condi-
tions identified by visual wave parameters,
heading and speed of advance, builds and visua-
lize corresponding polar diagrams (Figs 7, 8),

* Print-Quts - prints all requested
output documentation,

* Saved Conditions - saves up to 15
variants of loading and supplies them by
request,

* Program Stop - quit loading case
compilation with or without saving

4.2 Cargo Plan Creation

Cargo plan compilation makes use of hierarchic
submenus, renewable screen images of loading
areas and renewable table presentation of
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keyed-in information The operator is free to
choose the order of introducing new cargo
units, and to save or delete current status of
loading At any new entrance, instantaneous
values of ship static are calculated and showed
on the screen All this makes the procedure
user-friendly, convenient and fast, useful for
training as well as for preliminary preparations

4.3 Control Messages

To ease operator’s action and to avoid failures,
the program modules perform control functions
also, concerning logic and feasibility of keyed-in
instruction Control messages appear on the
screen and inform for

* lack of space or access to accomodate
a trailer at selected position,

* invalid trailer parameters,

* exceeding of actual tank volume,

* dangerous decrease of imstantaneous
initial metacentric height,

* total loss of stability during loading,

* exceeding allowable hull stresses,
shea-ring forces or bending moments,

* exceeding allowable seakeeping
criteria

* quiting cargo plan
without specifying the case, etc.

Screen messages are cancelled by simple
strocke of any key

compilation

4.4 Output Documents

After completing of loading or discharge
operations (completing of current cargo plan),
following documents could be issued.

* Trim & Stability Book - generalized
data for current ship displacement, draft and
stability, to be signed by the autorized operator,

* Ship Conditien - data for ship
loading and stability in table form,

* Deck Cargo Plan - plan for cargo
units arrangement in rows on upper, main and
car decks, including table of trailers weights and
identification numbers,

* Service Tanks - data tables for
available quantities stored into service tanks,




* Ballast - data tables for available
water quantities stored into ballst tanks,

* Ship Stability Data - initial ship
stability data, such as metacentric height and
corrections, stability arms, heeling angles, etc ,

* Ship Strength - actual values of still
water shearing forces, bending moments and
hull deflections under current loading,

* Seakeeping - predictions of ship
behaviour in waves under current loading,
including motion amplitudes, accelerations
wave shearing forces and bending moments,
probabilities of occurrence of slamming and
deck wetness, speed loss, etc

CONCLUSIONS

Judging from the functional abilities of the on-
board computer system RO-RO MASTER
created at BSHC, following main operational
advantages covermg ship owner’s interests in
effective ship operation could be pointed out

* Possibilities for full utilization of ship
loading capacity and speeding the time for
loading/discharging,

* Possibility for loading control,

* Obtaining of actual parameters of ship
stability and strength,

* Control of ship behaviour at sea and
possibility for selecting safe and efficient
operational regime,

* Possibility of personnel training,

* No special knowledge on computers is
required, the system operation being user-
friendly,

*  Possibilities for upgrading and
modifications to match different customer
requirements, for example mixed loading,
extention or rearrangement of cargo decks, etc

The RO-RO MASTER  package has
successfully passed three monts trial runs on
board “Sredetz” Ro-Ro ship sailing under
Bulgarian ensign, and it is recently installed for
regular operation on other sisterships of the
series
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Fig. 1 Screen image of the lubricating oil tanks situational plan
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Fig 3 Screen image of the upper deck situational plan
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Fig. 4 Screen image of the
load distribution curve
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THE FULL-SCALE TEST OF THE INTELLIGENCE SYSTEM OF THE SHIP
SEAWORTHINESS ANALYSYS AND PREDICTION
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Saint-Petersburg, Russia
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ABSTRACT

The full-scale test results of the
intelligence system (IS) for providing the
ship seaworthiness are discussed. The
experiment has been carried out under
various hydrometeorological situation on a
small boat, containcrship and tanker for
checking the system operation under
varicus conditions of service and the
interaction of human-computer in dccision
making.

%

INTRODUCTION

The ship dynamics on waves is one of the
most complex problems dealing with the
interaction of the shop and environment in
storm conditions. The uncertainty of the
initial information and data incompleteness
about the physical pictures of interaction
resuit comprehensive investigation of the
ship behavior features on seas as a non-
linear dynamic system  with  various
characteristics of external disturbances.
Accumulation of these data will give sound
reasons Lo solve the salc navigation problem
by mecans of operative seaworthiness
estimation and to make sound decisions by
means of intelligence system.

The stored in IS knowledge is much more
than the navigator memory possibilities. It is
not available from the ship documentation
and is not only the theory of ship and
experimental hydromechanics achievements,
but it is data reflecting original approaches
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for the  processing, analysis and
representation of the actual information
about the ship seaworthiness changes, and
also the professional experience of the highly
skilled experts.

Of special practical interest are
measurements data of the seas parameters,
stability and the damaged ship grounding
(heel trim equilibrium angles, emergence
metacentric height, stability diagram), their
processing and analysis are made i real
time scate This allows to essentially increase
the situation cstimation ceriainty and the
quahty of decisions made in the ship
survivability.

There are other, more important reasons
for IS developing. First, this 1s the problem
position about the  estimation of ship
dynamics on seas. The problem is complex
and scantily investigated, the seaworthiness
estimation requirements (especially of a
damaged ship) are various and sometimes
contradictory, all this makes the operative
practical problems solution very difficult in
the conditions of time limit, uncertainty of
external  forces and  ship  dynamic
charactenstics on the basis documentation at
the navigator's disposal

The ship damages analysis shows the
navigators' miscalculations and errors in
decision making under the  emergency
situations. Unlike others, the IS has a quality
to quickly response to the continuously
changing environment and explain the
navigator the rules according to which the
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proposes recommendation has been worked
out.

The results of the IS «Seaworthiness»
{ull-scale test carried out on various stages
of outer disturbances on ship of different
purposes are discussed in the paper. Special
altention has been paid to esumation the
efficient operation of the knowledge base
(KB) declarative and procedure component
and the interaction human- computer in the
situations analysis and decision making.

1. THE SYSTEM CHARACTERISTICS

The IS «Seaworthiness» is an intelligent
assistant for the navigator and is intended to
provide the scakeeping capabilities of ships
and floating technical vehicles used for the
ocean exploration under various service
conditions, including emergencies. The
system operation is provided by computer
software in the real-time scale [1-4]

Operations, performed by 1S, contlain
control and prediction of the seas, ship
seaworthiness estimation, evaluation and
prediction of stability in the conditions of
increasing storm intensive icing, the choice
of the optimum heading angle and speed
depending on the requirements of stability,
oscillation, propulsion and strength on
waves, estimation and prediction of ship
fouling effect and producing practical
recommendations as to ship steering in
storm. The system gives the navigator the
unique information that is not available in
the ship documentation.

Fig. | shows the structural scheme of the
IS «Seaworthinessy

Knowledge representation in the contents
is conventional for complex system using the
artificial mtelligence technology.
Peculiarities of the searching space and the
subject field resulted in the IS architecture,
this is typical for the consultative type
systems, operating on the basis of data
measurements, simulation and structural
knowiledge base (NB).

The basis of the developed NB model,
containing declarative and procedure
components, is the logic structure that
includes models of situation evaluation and
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identification of the complex
system under conditions of

condition
hierarchic

Analysis of situation and
“tabmation of reconnuendanions

Measuring and adaptation
of mfoarmation

Printmg of
tecommendations
aud paameters of
teract1on

Fig. 1. The structural scheme of the L3

«Seaworthiness»: 1 - Sensor block, 2 - module of
transformation 1mitial data, 3 - commutator, 4 - analog-digital
transformer, 5 - werlace, § - expert system, 7 - data base, 8§ -
knowledge base, 9 - conclusion machine

incompleteness and uncertainty information.
Models for the making decision are aimed of
aclual measurements data of the interaction
processes of the floating object and the
environment.

The formalized knowledge system was
created by conceptual modeling methods by
means of the knowledge analysis,
systematization and structurization about

the ships dynamics under  various
operational conditions. As a model of
knowledge representation we use the

production rules that are formal structure
which controls knowledge, allows to provide
knowledge organization modeling, rules
independence and enables to separate the
controlling and subject knowledge. The
output mechanism suggests using obscure
considerations. The obscure aims concept is
the methodological base for designing
decision makes the procedures under these
circumstances. Along with the symbol
includes quite a number of operations that
need numerical and algorithm methods. All
this allows to increase the decision making
process efficiency under extreme situations.
The information technology requirements
are generally stated as follows:
1. The knowledge representation is in the form
of structures reflecting the general output
rules, storing and modifying of which is




independent of the used algorithms and
programs, all this secures
s software flexibility,
» complicteness of the data
analysis problem.
2 Composition of the applied simulation
should provide its component correction in
accordance with the systems adaptation to
various operation conditions.
KB operation in the IS is independent of the
applied information volume in the confidence
probability range 0.80 - 0.95.

forming and

(ad

2. RESULTS OF THE EXPERIMENTS

The IS [ull-scale tests have been carried
out aboard the tanker in the Baltic sea, of
the container ship in a voyage in the
Mediterranean and the Atlantic on a small
ship in the Black sea The most complete
investigation of the IS operation was
checked on the small ship, where the ship
motions on waves were chosen according to
specially developed program.

In the course of the test operation the
dynamic characteristics measurements, this
system adaptation and finishing, receiving
new knowledge about the ship behavior on
seas and their integration with the old ones
were carried out. The following factors were
of special practical interest: testing the
working capacity of the applied methods for
estimating and  predicting the seas
parameters, the  fransverse  stability
characteristics and the KB reaction on the
standard and non-standard situations arising
in the seaway All this allowed 15 to correct
the mathematical models of the interaction
of the ship and environment, the mechanism
of logical output and the procedure of
decision making on the basis of fuzzy aims
and limitations.

The test proved the possibility of practical
evaluation and prediction of the dynamic

characteristics, the reliability of KB
operation under various conditions of
service,

The displacement of the containership
was 15000 tons, of the tanker — from 25 000
to 40 000 tons and that of the small ship was
160 - 200 tons The sea waving was 6
numbers and more n the contamership trials

and 3-5 numbers for the small ship. The
tanker trials were on moderate sea (up o 3
numbers) and aimed exercising the IS
reaction o the operations resulting from
appearing external disturbance forces and
moments  (circulation,  anchor  trials,
ballasting, etc.).

Waves conditions were characterized by
the spectrum density the approximation of
which with the adequate practical accuracy
was achieved also by using the Barling
spectrum,
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Fig. 2. Areas of changing spectral

characteristics of wave: A - 5 balls; B - 6 balls

Fig. 2 shows the fields of changing
spectrum components in the limits of the
fixed numbers for the 5-6 numbers seas.

Table 1 shows the comparative data
about the different ways of measuring seas
parameters [5], where you can see that the IS
method applied to the seas estimation on the
basis of identification method gives good
results that coordinate with the actual the
measurement data received by means of
standard wave-meters and systems (string
wave recorder, laser sensor, wave recorder
GM-32).

The seas parameters prediction was
carried out by the adaptive model with the 4
and 8 hours advance (Fig. 4). These data
control by independent measurements
demonstrate the working ability of the
applied adaptation procedure considering
the prediction model class




The oscillation regimes observed in the
trials, covered different frequency
conditions, due to combinations of ship
speed and the wave heading angle

It is interesting to note that for the small
ship the rolling was observed generally in the
field of the main resonance (Fig. 3A) or the
containership this behavior was observed
only for pitching. However, during the
containership trials we could record
parametric resonance under the action of
three-dimensional waves packets during ship
movement with the heading angle on the
astern seas (Fig. 3B).

Table 1. Wave height measurement (3%
providing, m)

Wave Laser Wave String Desrgned Max
foree, SENso1 recorder wave algorithm Div , %
(balls) (iM-32 recorder
3 - - 117 1.23 S
4 1.80 1.74 | 76 I 8% 83 |
] 3728 317 - 340 7.2
6 572 5,64 - 5,83 3.9

The operative control of the transverse
metacentric height is done by two methods
by using gradually more complex regression
models [4] and on the basis of direct
measurements of variable cargoes liquid
levels. As you can see on Fig. 5, in both
cases the received estimates are not beyond
the 5 percent confidence interval.
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Fig. 4 Wave height prediction (3% providing)

A - small ship; B - containership (= - measurement
results, o - predict results)

Table 2 gives the general characteristics of
the selected test conditions and the received
results.

During the run trials of the tanker the IS
was used for checking the ship reaction on

the outer disturbances ( forces and

moiments), arising in the carrying out of
conventional  operations according to
planned program. In particular, the applied
methods for the estimating elements of
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Fig. 3. Time curve characterizing regime of
main (A} and parametric {(B) resonance

buoyancy and stability (the ship grounding
parameters, the initial metacentric height,
diagrams of the'static and dynamic stability,
etc.) have been checked in various ship
foading, also dynamic characteristics,
determining the ship heel on turning and

A B
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g 12 6 20t how 12 16 20t hour

Fig. 5. Metacentric height estimate:
A - small ship; B - containership (= - measurement results,
0 - predict results

other maneuvers have been recorded,

Table 2. Comparison characieristics of
seaworthiness (selective data)

Ship’s type Smatl ship Containcrship Tanker
Ship’s velocity, kn. 6 0 14,5 14,0 5 3
Head angie, deg. 45 90 10 0 {- 0-

360 360
Draught, m 2,2 2,1 7,64 7,65 1t,3 7.5
Wave length, m 20 26 434 | 67,5 22 23

Wave period, sec. 43 3.0 5,6 8.1 4.6 4.7

Wave height 3%, 1,75 23 396 | 500 19 2,0
m

Rolling 3%, deg. 12 16 5,6 6.5 - -
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Pitclung 3%, deg ) 2.8 1.9 1.3 1.5 - ? -

Actual metacentric (3,84 0,83 10,530 [9 525 08 I8

height. m

Critical metacenine | 0.30 049 10,328 {0,327 0.6 1,0

height, m

Ieel on curcuiation, - - - - 32 9.6

dez B

Loss of speed. kn 3 1 2,3 2,8 - -
In the full-scale conditions the

information process models which reflected
the situation dynamics in KB operating were
being developed. Many useful advises and
proposals which have been considered in
improving the graphic interface in the KB
system werc given Lo the navigator

CONCLUSION

The test carried oul demonstrate the IS
reliability and the necessity of its application
in the practical evaluation of ship
seaworthiness  under  various  service
conditions. The received dala are an
important information for improving
methods  of dynamic  characteristics
operative control, determining the ship
seaworthiness. for mcereasing safe
navigation, '

The full-scale experiment provide the
possibility of applied the developed methods
of estimating seas parameters and stability
controf in IS of real time.

The  wisual  presentation ol the
information on the display screen by means
of graphic images made it possible to create
a convenient device for reflecting the
complex structured data. This allows the
navigator to expand his image-intuition
thinking, especially in the stages of situation
identification and decision making for ensuring
safety of the ship and the crew.
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ABSTRACT

Approach to analysis and prognosis of
extremal situations and ship dynamics in
intelligence systems of real time scale is
discussed. Concrete data about system
testing with the help of special design of
instrumental means are given. The report
i1s accompanicd by computer illustrations
of situations consistency and graphics
output information.

INTRODUCTION

Development of intelligence systems (IS)
of ships and offshore safety ensuring is
connected with solving different compli-
cated technical problems. These problems
depend on variety of fulfilled functions,
impossibility of full control of state-vector
components, strict requirements to reli-
ability of accepted decisions. These
problems are most important in develop-
ment of real-time intelligence systems.
Appearance of such IS in considered
problem field is connected with state of
the art in analysis and forecast of sea-
worthiness in exploitation conditions.
Complexity of the problem and conflict-
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ing requirements make decision very dif-
ficult for navigator [1].

IS presents to navigator unique data that
could not be received with the help of
technical documentation on the ship in-
cluding information about ship’s stability.
Based on the data the system carries out
situation analysis and generates practical
recommcndations for choice of the best
seagoing conditions in complicated hy-~
drometeorological situation.

The results of investigation of IS knowl-
edge base performance with the help of
mathematical modelling data are dis-
cussed in this paper. Extremal situation
imitation and ship behaviour modelling in
different external conditions are fulfilled
on the basis of instrumental tool de-
scribed in [2].

1. SEA WAVES MODELLING

[mitation of such phenomena as sea
waves, wind, current, sea level variation
is extremely difficult. It is connected with
stochastic of external excitations. We
cannot use only D model {4] for ade-
quate sea object behaviour modelling,
since external excitation are muitidimen-
tional. Moreover, all considered phenom-
ena are cyclic nonstationary. Therefore




they should be considered as polimodu-
lating probability processes and fields [3].
Vector field autoregressive model could
be offered for such objects modelling.
This model is generalisation of classical
1D autoregressive model [5] Principles of
this model are bascd on passing of white
noise through lincar vector partial dille
ential cquation. Cocfficients of this cqua-
tion are identified with the help of statis-
tical and correlation characteristics of
original vector field and depend on
modulating field.

Discreet analogue of this equation is de-
fined as

r N M L by
Vi, y, ) =2 > > @, (p,QV(x - iA
<=1

o=t

ol

—

<A U -KA) + E(X, ¥, 1)
I T
W, y. 1) = Y(V(x,y.1)) (1)

O (P, Q) D" (p, )
(D ik (p"gg) =

O (p,€2) GR (p. Q)

T
K = dim(W)

Matrix coefficients of (1) are estimated by
the following matrix system solution:

N M L
S Y 0, (p, Q) Ky(X—ia, Y - A,

120 1=0 k=0
T- KA Ip.Q) = K (X, Y, 1]p, Q) (2)

However, (1) equation solution has the
samc distribution law as white noise dis-
tribution only in Gauss' case. Modeclling
of vector fields with any distribution law
could be carried out in two ways:

1. Inertialess Gauss field transformation
in field with any distribution law [6]. It
is admissible only for scalar fields. So
this method is efficient when correla-
tion between vector components is in-

significant (for example, wind waves
and wind in quasistationary interval).

2. White noise with boundless divided
distribution law in equation (1) using
[4]. This approach is more difficult,
but it could be applied for vector
ficlds

Any external excilations model requires

appropriate  verification  Evidently  only

comcidence ol statistical and  spectral
characteristics of elements that are not
used for-model identification could be
verification criteria. For example for 3D
waves modelling in quasistationary inter-
val wave spectrum is initial data. So in
this case verification parameters are
heights, periods, lengths, slopes, 3D-

indexes and wave hill heights [3].

Results of verification of 2D and 3D

waves, wind and currents models are

prescnted in papers [3, 4, etc.].

2. IMITATION MODELLING OF
EXTREMAL SITUATIONS

Monte-Carlo method was adopted for
analysis of ship’s dynamics. The goal of
the modelling is rolling statistical charac-
teristics calculation. First rolling was
considered as stationary process. This way
corresponds to case of nondamaged ship.
We investigated both severe rolling [7]
and parametric ship oscillations {8,9]. But
in all these papers the diagram of trans-
verse righting momepnt was nonlinear,
symimetric and with positive metacentric
height. If it is necessary to explore extre-
mal situations and ship dynamics (it is
very  important  for 1S learning) such
modelling is.inadequate. It s essential to
model accident process when character of
stability diagram is changing due to pro-
gressive flooding. We can train IS to rec-
ognise accident character based on the
results of such modelling. So the goal of
mathematical modelling of damaged ship
is to investigate evolution of statistical
characteristics of nonstationary rolling
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when righting moment 18 changing in
some boundaries that are determined by
typical accident situations.
We consider five different 10 minutes
cvolution from initial nondamaged to
damaged condition. Progressive flooding
1s characterised only by changing of sta-
pility diagram inmtial diagram and five
final diagrams are shown in fig. |
Autoreglessive  technigue was  used  for
exiting forces modelling. Spectral ap-
proximation of 2 ICSS [10] with pa-
rameters h = 2.8 m., T =8 s. was used for
waves modelling
All calculations are presented 1n form of
hustograms of rolling (fig.2), diagrams of
evolution of estimations of mean roll an-
gle, standard deviation (fig.3), std. skew-
ness (fig.4), std. kurtosis (fig.5) and roli-
ing recurrence (fig.6).

On the basis of the results of mathemati-

cal modelling we can make the following

conclusions:

I. Distribution law 1n first scenario re-
mains normal. Only motion intensity s
changed due to metaceninc height
changing.

2. Quasinormal distribution law and vari-
ance keeping are typical for second
scenario of progressive flooding. Roli-
ing population mean is slowly changed.

3. Distribution density becomes double
modal in 3rd progressive flooding sce-
nario. At first motion decreases with
metacentric height reduction and n-
crease when stability diagram becomes
third type. Std. skewness, contrakurto-
s1s and entropy coefficient vary essen-

tially.
4 Accident situations IV and V can have
double development. When static

heeling moment 1s big the systcm be-
gins 1o motion only in region of energy
depression with high level (e.g. near
static heeling angle). Such situation i
very similar to second type. Or, when
static heeling moment is not big, the
system can oscillate with some prob-
ability m two stable positions. In this
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case distribution density becomes dou-
ble modal and essentially nonsymmet-
rnc. Std. skewness, contrakurtosis and
entropy coefficient vary essentially.

5. Insignificant difference of std. skewness
and std. kurtosis from zero could be
caused not only by some stable system
state but also by S-shape of stability
diagram [7].

As shown in fig.7 mathematical modelling

of different scenarios of progressive

flooding permuts 1o classify  different
situations m terms of contrakurtosis and
entropy coefficient.

CONCLUSION

Modeliing and interpretation are the
maimn tools of complicated processes
analysis in real-time IS. Considered ap-
proach for initial data analysis have been
realised in IS of control and forecast of
seaworthiness and unsinkability of 28400 t
DWT tanker. Seakeeping testing of this
tanker was carried out in the Baltic Sea.
Algorithms of buoyancy and stability es-
timation in different load conditions that
were applied in IS were checked up dur-
ing these experuments. Dynamic charac-
teristics that define heel in turming and
other manceuvres were marked. As a re-
sult models of information processes that
describe situation dynamics in knowledge
base performance were corrected.

Thus effective performance of knowledge
base of seaworthiness IS was developed
during imitative modelling and full-scale
testing.
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Fig.3 Evolution of mean rtoll angle
(6(t) - points (+)) and standard de-
viation (o,(t) - solid line) estima-
tions for diffcrent scenarios of pio-

gressive flooding (I-V types). (rolling
- degrees, time - minutes)

o
IO <
-

(4]
g
o
[=]
o]
o
o
o
0 A T,

©
P o — -
]

o
N
E-%
(o 1]
o
(o]




=) — e o e e
— o & = e
ST S T < m W |
t B=R 2 _ .
_ t 3 o
o C ] )
| vy O3 o o -
- ﬁ o -4 * v 4
t
§ O | ]
| o5 i |
T 2 EE |
[=] ed
P o & 4 3 W o 1w @ T
- o 7 £ w5 o _
i i . = Z
= L = _ B}
i : 3 i= ) £
| s > B H —
t . o) w m |
i G o= O | o - [ [
| - - S tn & I
. | a a e !
| =0T N .
! o m ] i i
; ERZRS _ | o i i ]
= 1 i
S = -~ .m s | "
o 8§ ol .
o S " .
; > 2 i o S R
; o &) m = L&y e Lyl —md >
,m;.llir%_:s = o -ii.&. hﬂ oy Qa& o (=} o
[=) (= o o
o e —— —_—
T - - T % T T T
© I H e T “ T+ 7
T T T r - I , | _
i X i}
| 3 a : _ \ ”
b [
! ! [ © B o B
[ o B |
- t B © ° “ 1 “ | i
m o " R =1
! o \ 1
i
=] L] @ [=] t iA w — o !l_
i ¢ 1¢ W % _ w ]
I
_ = o W.. J o W.. o
[+] hand o | Z
- |
, o I - ]
- [=] o e - 5“!.. i V L o
o o o
=}
1
o e
. o Al - o & - —l o
[ =] [ | [=1
= . w
© { © bt ot
- — - = L A { PR ——hy - 2 4 =)
+ K ol © < o < JM S ol
o = o [

10

IV type

10
357

III type



3G

[ + +
20+ -
10 -
Ob o+ "%+ = ooty oo g
2 4 6 8 10

V type
" 6138 .286176.53810969 618
9.81 OBE6H 0620, Q48g 81

. ‘117&

s %me\aﬁ ‘
1&79% ¥
5?@@7@27 524 \zg 4\7@9 3&

392885 g5 117 ﬁfaaa@ 429

19.6 19 068286 Qs 086 B5719.619
9.899.488.6607. 905 &&28@ 0489 81

Fig. 5 Evolution of std. kurtosis es-
timation (points), dash — boundaries
of 95% gaussian confidence interval.

7550086238 135.488. 7@8 095

97.81
15048667 Gi§eer |

i i .ms 33
1o ﬁ!/ .286/ ?\MT/Q&PW 423&,‘
t / “//ﬁ/f/ﬂ’t;@ m/’{,ﬁaﬁ

:}"’7 ﬁ@@f ﬁ/%ta 7? :679
'szszWZ% J ?/W%%»STI !
/ 95 '
7/5@ 81 120.360/197 524 §

150 ;ﬁ 7 142 9537, ﬁvg ﬁfﬁ 048

I type

T e PEEEAPN ..;.
RN

429;\ ﬁ\42§527816 13 ;@agg/aa)! /@5’5;429
it U
s

Zﬁﬁﬁﬂ@ A4 h ‘%571
‘ ‘3?87%7 -_;‘*

2&52#1!257 . ;
132608186 199.288 1 >2°°

74 42@65& #1429
95_233390 4799.038.81

111 type

358

IV type




238z &5? M\% 857
, 1 9 048

7@%@“\;429

Fig.6 Evoiution of rolling recur-
rence estimation for different sce-
nanos of progressive flooding (I-V

types).

23—%@%1'&% ‘995
' 17 s
2 1T
47. 6ﬂ \Sﬁb 331
28811 0481 6&65?‘
L
E
V type
25 ] I l I T
A , s i
15 -
e

| ] i

®°

| | i

5 i
01 02 03 04 05

Fig.7 Distribution laws of rolling under all sections in terms of contrakurtosis (ordinate)
and entropy coefficient (abscissa) (+ — type I; x — type II, & —

359

06 07 08 C9 1

type III, ¢ — type V)



EXPERIENCES WITH ON BOARD COMPUTER (EXPERT) SYSTEMS FOR
STABILITY AND STRENGTH; OBJECTIVES FOR THE COMING YEARS.

R. Kleijweg
Scheepsbouwkundig Advies en RekenCentrum SARC BV
The Netherlands

ABSTRACT

The Scheepsbouwkundig Advies en Reken-
Centrum (Naval Architectural Software and
Engineering Centre) SARC BV since 1980,
holds a leading position on the development
and sale of software for the marine industry
and on the execution of complex engincering
tasks in the field of, among other things,
stability, damage stability, longitudinal
strength, hull design and production fairing.

LOCOPIAS, a derivative of the PIAS shipde-
sign system, is specially designed for on
board use. The first chemical tanker was
equipped with LOCOPIAS in 1993, because
of classification society requirements regar-
ding damage stability. More and more ship-
owners and shipmanagers discover the quali-
ties of LOCOPIAS. It is now, in 1997, instal-
led on board of 75 various types of vessels,
with various specific requirements.

This paper will discuss the market require-
ments as well as the governmental directives,
with respect to onboard expert systems for
(damage) stability control.

1. HESTORY

Since the beginning of the 1970°s computers
have been introduced for the calculation of
stability on board of ships. Loading manuals,
which included sfandard loading cenditions,
hydrostatic particulars, stability particulars
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and tank particulars, were used to calculate
the current loading condition. The resulting
vertical centre of gravity (VCG) of this loa-
ding condition was compared with a maxi-
mum allowable VCG-curve according to
IMCO regulations.

Options were SOLAS-74 calculations for
grain stability. The numerical functions and
the shipdata were programmed in a PROM.
Results were displayed on a monitor and
printed on a sort of cash slip.

Since the personal computer (PC) has become
common good, they have also been introduced
for on board use. Accordingly, the computer
programmes have been adapted to the possibi-
lities of the PC.

Apart from the hardware evolution, more and
more requirements from the authorities and
the industry have lead to the contemporary
high standard in on-board computer {expert)
systems.

2. GENERAL REQUIREMENTS

General requirements for on board computers

can be distinguished in the following groups :

i) Stability and strength requirements, by
legislation

i) Quality Assurance (QA) requirements, by
legislation and industry

iii) Program function requirements, by ship

owner and ship operator

In many cases the requirements of the diffe-




rent groups overlap.
3. STABILITY AND STRENGTH

The contemporary international requirements
from the International Maritime Organization
(IMO} and the requirements from the classifi-
cation societies imply the software require-
ments. These requirements concern :

1. Calculation methods

2. Program operation

3. Presentation of the results

3.1 Technical requirements of the calculation
methods

The high speed of the personal computers
have made it possible to apply more sophisti-
cated calculation methods, which result in
more accurate and physically more correct
results. The classification societies and the
authorities have adapted the regulations
accordingly. This means that contemporary
computer applications must include the follo-
wing functions :

For the intact stability :

- calculation of the hydrostatics with the
actual list and trim of the vessel

- calculation of the dynamic stability with the
free to trim effect (constant longitudinal
cenire of gravity LCG)

- calculation of the weather criteria (heeling
moment due to wind)

- correction for free surface moments (FSM)
of tank contents based on the actual level in
each tank, with the actual list and trim of
the vessel

- as an option the centre of gravity and the
actual FSM of the tank contents may shift
as the vessel inclines. This gives an even
better simulation of the behaviour of the
ship.

For the longitudinal strength :

- numerical integration of the actual weight
loading

- numerical integration of the buoyancy
based on the actual list and trim

- calculation of shearforce, hogging moment,
sagging moment at a variable number of
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fixed locations, the so called readout points

(1}

For the damage stability :

- direct calculations, without the use of
maximum allowable VCG curves, see
par.3.1.2.

- calculation of the sinkage based on the hull
geometry faking into account (partial) deck
immersion

In order to be able to place the above techni-
cal requirements in the perspective of marine
safety and pollution prevention, the traditional
calculation methods are set against the con-
temporary methods. In order to cover all
aspects of the requirements a chemical tanker
is used as an example.

Chemical tanker

Fig.1

To cope with an infinite number of loading
conditions present interpretations of the IMO
regulations require that tables or diagrams of
maximum allowable Vertical Center of
Gravity (VCQ) are calculated for every com-
bination of draft, trim, percentage of filling of
each cargotank and specific weight of con-
tents of each cargotank. With those tables or
diagrams of maximum allowable VCG the
master of the ship is able to verify whether
the actual VCG’ (corrected for free surface
effects) of an actual loading condition is less
than the maximum allowable VCG jfor the




draft, trim, rate of tankfilling and specific
cargoweight of that loading condition.

This manual process of verification is Iabori-
ous, time consuming and error-prone, so
adequate assistance of computer technology is
indispensable in the light of contemporary
requirements of quality assurance and marine

safety.
3.1.1 Traditiona! calculation methods

Basically the traditional methods of calculati-
on may lead to two kinds of inaccuracies :

i) As mentioned before the actual VCG of an
actual loading condition is corrected for
free surface effects. Traditionally this
correction is made on basis of the free
surface moments (FSM) of all partially
filled tanks (so including all cargotanks,
because complete filling of cargotanks is
prohibited). Correction with the FSM’s
assumes implicitly that correction is con-
stant over all angles of inclination. At

higher percentages of filling (about 60%

to 70% and more) for cargotanks this
leads to an overcorrection at angles of
inclination of more than about 5 degrees.
So the standard method of correction for
free surface effects may lead to the con-
clusion that the vessel does not comply
with (damage) stability criteria, while a
more precise method of calculation may
indicate that the vessel does comply. This
may lead to sub-optimal loading of the
vessel [

if) IMO interpretations require maximum
allowable VCG tables or diagrams to be
made for every combination of draft, trim,
rate of filling and specific weight of
contents of each cargotank. It is common
practice that. maximum allowable VCG
tables or diagrams are calculated for
combinations of some fixed values of
draft, trim, rate of filling and specific
weight, while to decrease the number of
calculations it is often assumed that
neighbouring cargotanks do have equal
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rate of filling and specific weight.

All these simplifications decrease calculation
accuracy of course and may also lead to sub-
optimal loading.

Even in these days of high-performance
computing occasionally a so-called envelop-
ped curve of maximum allowable VCG is
used, which represents the minimum of all
maximum allowable VCG’s. While this
envelopped curve is more convenient to use
for the master, its accuracy is so low that it
certainly leads to non-optimal loading.

3.1.2 Contemporary calculation method

Contemporary computer programs are based
on the geometry of hullform and compart-
ments. This allows for all calculations to be
made by direct calculations, so the program
does not need precalculated tables of hydro-
statics, stability or maximum allowable VCG’.
Optionally the correction for free surfaces can
be performed on basis of the acfual shift of
the liquid at every angle of inclination. The
shift of all liquids should be calculated both
in transverse and longitudinal direction,
because the trim will change as the longitudi-
nal centre of buoyancy (I.CB) changes when
the heeling angle of the vessel changes.

3.2 Program operation

In order to obtain a reliable software program,

certain parts have to be protected against

accidental changes. Furthermore the program
has to be accompanied by a thorough manual.

Lloyd’s Register has been the precursor in

defining directives for loading computer

software [2].

A number of aspects are to be considered

along with the software :

1) Security; the software program as well as
the basic shipdata (hull form, light ship
weight, compartments, non-watertight
openings etc.) must be stored in binary
code in order to avoid any easy changes.
On top of that the software program must
check the validity of the shipdata all the
time, and reject calculations if the check
fails. Future changes to the shipdata or




the program must only be possible by the
manufacturer.

In order the check the computer hardware
on malfunctioning the software must
include a testprocedure which results in a
known outcome, which is calculated by
the manufacturer.

it} Crew training; there should be a thorough
training for the crew along with the
delivery and installation of the software .
If the crew changes from ship regularly,
the total crew of the fleet should follow a
training.

1i1) Manual; a so called Operation Instruction
Manual (OIM) must accompany the
software. This OIM is a reference book
for : the operation of the program, the
input data of the loading computer pro-
gram and the test conditions.

iv) The supplier of the loading computer has
to ensure continued service and support
also after installation.

3.3 Presentation of the results

A number of requirements are described
concerning the presentation on paper of the
results of the damage stability, intact stability
and longitudinal strength calculation.

Intact stability : light ship weight fixed in
cach loading condition, specified list of all
deadweight items, hydrostatic particulars,
initial stability, dynamic stability, statical
angle of heel, calculation of windmoments,
calculation of maximum allowable VCG’ and
the conclusion whether the loading condition
complies with the stability criteria.

Damage stability : for the above loading
condition all anticipated damage cases have to
be calculated. These damage cases are fixed
in the software and not editable. Apart from
that it must be possible to calculate each
enticipated damage case. Statical angle of
heel, trim, initial stability G’M, range of the
righting lever curve must be presented. A
certificate of compliance can be printed as an
option. .
Longitudinal strength : graphs of maximum
allowable and actual shearforces, sagging
moments and hogging moments. Calculation

of the ratio between actual and permissable
values at fixed locations.

3.4 Individual requirements

Dependent on the type of vessel specific
requirements may be applicable. These requi-
rements are mainly initiated by the ship
owner. Items one could think of are: crane
loading, container loading, import and export
of loading conditions for electronic mailing,
seastate diagrams (Fig.2), connection with
tank measuring systems, grain loading and
stability according to the Graincode, simulati-
on of roll on roll off operations, stability of a
grounded ship, functions for administration,
production of special reports etc.
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Fig.2
4, RESUMING THE OBJECTIVES

The main objectives of the loading computer
on board can be listed as followes :
i) increment of control room efficiency
ii) increment of loading capacity, specially in
the case of ship types with critical stability
behaviour
iif) increment of ship’s safety, both for the
stability as the strength aspect
iv) eventually better insight in avoiding
accidents
v) by uniformity in requirements for the
loading computer and the presentation of
the results, the local authorities have a
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better insight in the safety of the ship.

The question should be asked if above goals
are acheaved. They can be achieved if the
following conditions are met :

i) a protocol must be available for the
ship’s crew, that describes the procedures
to follow. This procedure must be chec-
ked at regular intervals. The mainframe
for certain procedures is given in the
ISM code [4], however this code does
not describe the filling in of these proce-
dures. This is exactly the bottleneck of
the working of the ISM code. How the
procedures can be incorporated in the
daily process is amongst others described
in [5]. A ship owner and ship operator
should apply an administration system
and frain the ship’s crew in order to
secure a continuous standard of quality.
Only few ship owners currenfly work
according to this ISM code, aithough it
will become effective not later than 1
june 1998.

For the ship owners and the manufactu-
rers of the loading computers, the classi-
fication societies and the local authorities
should unify their requirements on all
subjects described in par.3. Nowadays all
are working with their own direcfives,
which makes it very hard to satisfy them
all. Off course this is also caused by the
fact that the ISM code mainframe has to
be filled in by the local authorities, the
classification societies all have their own
interpretation of guidelines from the
International Association of Classification
Societies {IACS). Attaining general class
approved loading computer software is
therefore a Iaborious and uncertain job.
Especially in the case of damage stability
the ship’s crew could profit an advantage
when using type approved software. In
the case of a chemical tanker each loa-
ding condition in combination with each
damage case is determined by direct
calculation. A conclusion is drawn
whether the loading is safe or not.
Without the use of a computer this is

impossible, see par.3. Lloyd’s Register
has described a procedure for the damage
stability calculation in [2], but has with-
drawn this section in [3] in the paragraph
3.5 describing : "The damage siability
component of a loading program is not
included in the general approval”. In the
light of the quality assurance (QA) and
the ISM code this is to be regretted.
Especially since Germanischer ILloyd
does not have a guideline for loading
computer software, but does have an
approval procedure for damage stability
nowadays. Technically everything is
possible, but the authorities and classifi-
cation societies should draw one line in
order to achieve the goals.

In terms of efficiency the contemporary
computer programs have proven their
worth. Once the ship’s crew has discove-
red the abilities, they tend to use the
loading computer more and more. The
use of the loading computer becomes
self-evident, if parts of the software are
tailor made to the requirements of the
ship owner. Many ship owners have
discovered the advantages of a modern
computer program in terms of higher
efficiency, higher quality, more safety
and higher payloads. In this sence the
introduction of the on board loading
computer meets the expectations.

iif)

5. DEVELOPMENTS FOR THE YEARS
AHEAD

The filling in of the ISM code, with respect
to the on board computers for stability
monitoring, should be cenfrally coordinated.
The local authorities can then use these
general directives for a national directive.

The body of the IACS could be used to make
one uniform guideline for the classification
societies. This improves the level of quality
and marine safety. Currently the interpretati-
ons of a classification society depend fully
upon the personal taste of the examiner.




6. RESUME

In the case that all direct calculations are
incorporated in an on board expert system this
will allow the crew to concentrate on the
actual loading of the vessel and monitor the
effects of the loading which is in progress by
checking the stability at regular intervals.
Specialized ship-iype dependent software
programs even raise the on board safety to a
higher level.

In the coming years efforts have to be made
to set a global standard and a uniform inter-
pretation of the ISM code and the classificati-
on society requirements. Only then the sophi-
sticated technical opportunities are reclaimed
to a maximum and will contribute to a higher
level of marine safety. Apart from all techni-
cal solutions the human factor remains essen-
tial; without applying the proper procedures,
the computer has no value.
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