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GEOMETRICAL ASPECTS OF
BROACHING-TO INSTABILITY

Kostas Spyrou

Centre for Nonlinear Dynamics and its Applications, University College London

- ABSTRACT

Recent developments towards the clarification of the dynamics of the broaching-to mode of ship instability are
reported. A multi-degree nonlinear mathematical model of the automatically sieered ship in astern seas. is taken
as the basis of the investigation. A basic novelty of the approach lies in the fact that it unifies contemporary
methodologies of ship controllability and transverse stability studies, within the framework of modern dynamical
systems’ theory. Specific nonlinear phenomena are identified as responsible for the onset of broaching
behaviour. Steady-state and transient responses are investigated and il is shown how capsize is incurred during
the forced turn of broaching. A classification of broaching mechanisms has been developed. concerning
- frequencies of encounler near zero, where surf-riding plays the dominant role. as well as frequencies of
encounter away from zero, where, the instability is inherent of the overtaking-wave periodic mode.

INTRODUCTION

The broaching-to méde of dynamic instability is considered as one ofthe most enigmatical types of unstable
behaviour. Although there seems to exist a consensus about what constitutes broaching (sudden "loss" of heading,
felt as quick increase of heading deviation, sometimes ending with capsize, in spite of efforts to regain control),
until recently we were lacking a satisfactory description of the fundamental dynamical phenomena that underpin
the onset of such undesirable behaviour. Earlier research has offered valuable insighis about the horizontal-plane
stability of steered or unsteered ships in astern seas, particularly at zero frequency of encounter, [1], [2], [3], [4],
[5]. It is known for example that, yaw instability is more likely to arise when the ship centre rests at the down-slope
of long waves and, particulariy, nearer to the trough where the wave yaw moment tends to turn the ship towards
the beam sea condition; or that around the crest it is likely to encounter instability in surge. The common
denominator for many earlier approaches is the concentration on local stability and linearized dynamics something
that, in the spirit if 50's or 60's, was basically the result of necessity rather than choice. However, in recent years
there has been increased interest for what was seen as a daunting task in the past, the study of large-amplitude

motions where system response is shaped by nonlinear effects. Consideration of motion nonlinearity can open new
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horizons in at least two different ways: At first, it can ofien explain the instability of the finearized system as the
fingerprint ofthe presence of some bifurcation phenomenon. Secondly, it can reveal the existence of new, qulitatively
different types of responses that were not accounted for by the linearized model. Perhaps the best known (and
verified) examples of nonlinear behaviour in ship dynamics are, theroll response curvenear resonance and the spiral
curve of a directionally unstable vessel, see Fig. 1. It is felt that a similar, simple geometrical representation of system
dynamics is what is urgently needed for the broaching problem.
' Geometrical considerations lie at the" heart”
of a nonlinear dynamics approach and they can
r be also very helpful in the process of .selecting a
suitable mathematical model. If for example the

main question asked is whar are the origins of

broaching behaviour, the answer should con-

tain, in broad terms, a qualitative description of

the underlying geometry that organizes our sys-

tem's state and control spaces. This description
should be built primarily "around" specific bifur-

Fig.l Thetransitiontoresonantroll (left)and the phenomenon cation phenomena (notably, for typical configu-

of directional instability of ships (right) are typicalman-  rations only a limted number of distinctive bifur-
ifestations of nonlinear behaviour. For thelatter,linear  cations can take place) and associated transient
analysis predicts instability when the rudderisset amid- ‘
ships. Nonlinear analysis shows however the existence v
ofasetof three states(twostableandone unstable inthe  0fquantitative accuracy will become meaningful
middle) organized according toaclassical cusp pattern,  only once a specific reference "landscape” ‘has
[61

dynamic effects. On the other hand, the pursue

been established for our problem.

So effects which do not alter significantly the character of system response may, at first instance, be neglected. This
last observation is especially comforting for the development of a mathematical model for broaching given that still,
little confidence exists about the accuracy of theoretical predictions of the hydrodynamic forces that act on moving
ships in large waves. .

In a series of recent papers, broaching was examined from such a nonlinear viewpoint with consideration
of multi-degree dynamics, {71, [8], [9], [10], {1 1], [12]. Other contemgorary approaches may be found for ekample
in [13], [14], [15]. The emphasis on the multi-degree nature of the problem is very important because, from the
outset, it is known ’rhét broaching can invoive (although not as a necessity) instabilities in at least three differents
directions: Instability in surge that is connected with the surf-riding condition, instability of yaw that triggers the
uncontrolled turning motion, and, instability in roll that leads to capsize. In ship studies, the systematic treatment
of different instabilities within a single frameweork is rather unusual. However such an approach offers distinctive
advantageﬁ, because it allows to see how one instability is possible to be preparing the ground for another. By
exploring the intimate connection between these dynamic effects, and also some others that are less obvious, we
have developed a classification of broaching mechanisms, [10], organized in two groups : Broaching that involves
surf-riding (basically at high Froude number) and also, directly from periodic mction. In the following we shall

review some of the most important earlier results and furthermore, we shall present some more recent findings.
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PHENORMENA OF INSTABILITY RELATED WITH SURF-RIDING IN QUARTERING SEAS

(a) General j%ature;s'

1t is rather well known that, a small ship sailing with high speed in an environment of large quartering waves

with length at least equal to the ship length can be forced to advance with speed equal to the wave celerity, a mode
of behaviour usually referred-to as, the surf-riding condition. The range of headings where surf-riding can arise

Fig.2: Geometry of the homoclinic
connection

covers a band around the purely following sea course and its onset is
characterized by two speed thresholds: The first signals the existence of
a pair of points of static equilibrium, that are "born" at the middle of the
wave's down slope; with further increase of /' they tend to move away
from each other, towards the wave crest and trough. However the
ovestaking-wave oscillatory pattern remains in existence and it is a matter
of the initial condition of the ship whether it will be engaged in the one or
in the other type of behaviour. The second threshold flags the occurrence
of a homoclinic connection, a bifurcation that is accountable for the abrupt
disappearance of the oscillatory pattern, Fig. 2. Considering the arrange-
ment in state-space, the limit-cycle corresponding to the periodic motion
tends to come nearer to the saddle of crest, driving the insgt and outset

of the saddle to be orientated almost parallel to the limit-cycle.

As soon as the saddle "touches" the limit-cycle, the latter breaks and the oscillatory motion can no longer exist (from

the previous description it becomes perhaps obvious why this bifurcation is also called "saddle-loop"). Thereafter

a zone of headings emerges featuring stationary behaviour, due to the point of static equilibrium near trough that

- is stabilizable with proper selection of the proportional gain of the autopilot. The width of this zone increases at

higher Fn. From certain initial conditions periodic
motions may still be possible but the prescribed
heading should lie at the outskirts of this zone, Fig.
3. At very high Fn the periodic pattemn comes into
existence again but in the present study we are not
interested in that range of very high Fn.

In principle, the surf-riding states form a
closed curve, [7], [8]. However diffraction effects
have been shown to place heavy demand for larger
rudder angles. Sometimes, the maximum rudder

deflection is reached and, as a matter of fact, the

heading

surge velocity

curve cannot close, [9], [10]. Ifthe ship is steered Fig.3:Development of the initial conditions domain that is
with control law that includes heading-propor- associated with surf-riding: The hatched region cor-

tional gain, the prescribed heading w, is linked

responds to Fnn between the two surf-riding thresholds.
The grey area shows a typical surf-riding domain

with the actual heading y with the relation: when the higher surf-nding threshold is exceeded.
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v, -w=-6/a, thatinvoives ohly the rudder angle

& (to find it however requires solution of the
algebraic system of motion equations at steady-
state) andthegaina , that is normally defined in

0.2 advance. Obviously with higher gain, 7, and

_»g g tend tg coincide although ‘how exactly this
® ., el happens depends on the specific form of motion
'f’;) — high equations that are "represented” through 8. The
- o === (8, w)curve specific geometry of the (v, . w) relation with
e increasing a, is shown in Fig. 4. However the
\\\ relation between y, and J is independent of the

“b- - \\\ ' gain value.
- - - \0\.\2‘"‘} = The condition of surf-riding should not be

rudder (rad) , prescribed heading (rad) confused with the asymmetric oscillatory motion

(known as "large-amplitude surging", [16]) that
Fig 4 Effect of proportional gain on surf-riding precedes the first appearance of surf-riding. In

terms of our system's state-space arrangement, as -
the limit-cycle that represents the oscillatory motion approaches the saddle of crest, the ship tends to create the

impression that it remains for a while almost stationary at the crest of the wave, [10]. In a dynamical sense, this

condition is significantly different from true surf-riding, where the ship remains stationary in the region of the wave

trough .

(b) Broaching at the encounter of surf-riding

Surf-riding can arise either with gradual increase of the nominal Froude number, or, as the result of a
change concerning the wave parameters that represent the exogenous controls of our system. For "small" control
parameter perturbations, a ship initially in overtaking-wave periodic motion will be eligible to "surf" only if it
operates in the proximity of the higher surf-riding threshold; because only there the inset of the saddle of crest, that
is the separatrix of stationary and periodic motion, is approached by the periodic orbit, [10] . Supposing that this
threshold was, for some reason, exceeded, stable surf-riding will be realized only if the following two additional
conditions are fulfilled: (a) at the prescribed heading the static equilibrium of the trough is stable, and, (b) the
applied perturbation causes inward crossing of the boundary of the attracting domain of this stable equilibrium ..
When the condiﬁon (a) is not satisfied it is possible to experience surf-riding for limited time as a transient effect.
As soon as the periodic motion disappears and given that stable surf-riding is not possible, the ship is left with no
other option that turning towards the beam-sea, because no other stable steady-state (stationary or periodic) exists
at the prescribed heading.

(¢c) Oscillatory surf-riding

Under certain circumstances, particularly when the heading is not very near to zero, it is possible to

experience also an oscillatory-type surf-riding that is bomn dueto a supercritical Hopf-bifurcation, Fig. 5. Moreover,
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Hopf supercritical

Fig. 8 The two types of Hopf bifurcation
The supercritical one was found in surf-
-riding.

surge velocity (in/s)

6.4

-3 -2.5 -2 -1.5

position on the wave (m)

Fig.6 The self-sustained oscillations can grow until
they reach the saddle of trough where they
~ disappear ina blue-sky situation

the region ofheadings where oscillatory surf-riding is encountered can be host to period-doubling bifurcations, that

lead sometimes to chaotic behaviour, [8], [11]. Generally, such behaviour was met only in very narrow ranges of

control parametei' values. Therein, the ship wanders at a slow rate on the down slope of a single wave, in an

apparently erratic manner. Finally, there seem
to exist different possible scenarios about the
exit from oscillatory surf-riding, [10]. For ex-
ample, the self-sustained oscillations can tum
unstable at a fold, or, they can disappear in a
blue-sky fashion due to a new homoclinic con-
‘nection, if they collide with the saddles of
trough, Fig. 6.

(d) Voluntary escape

Ancther possibility is to attempt to
escape voluntarily from surf-riding by setting a
different propeller rate or heading, with desired
destination the overtaking-wave pericdicmode. .
For these manoeuvres, we derived the complete
arrangement of domains of surf-riding, peri-

odic motion, broaching and capsize, for the

nominal Froude number
o
=N

0 0.05 0.1 0.15 0.2 0.25 0.3
heading (rad) ‘

Fig. 7. Capsize due to sudden reduction of propeller
rate. The ship was initially at steady surf-riding
condition (initial Fr=056 A/L=20 H/A=1/20
GM=151m).



state/control parameters’ plane (i /). The characteristic layout of the capsize domain that corresponds to an
abrupt reduction of propeller rate, is shown in Fig. 7. Here should be noted that, on the basis of the value y one

can derive easily also the values of the other state-vector components.

BROACHING DIRECTLY FROM PERIODIC MOTIONS

{a) Loss of siability of periodic motion

For larger vessels, surf-riding is rather unlikely to happen due to limitations of wave length, 4,
and operational Froude number. However it is well known that broaching can occur also at frequencies of encounter
that arenot verynearto zero (whergthe constraints seton A and Fr donotneed tohold). Often, thisis the reflection
of achange in the stability of the overtaking-wave periodic motion. It is quite common in dynamics, as periodic
motions grow larger and nonlinear effects become more pronounced, to encounter phenomena such as, birth of

new periodic states and exchanges of stability, coexistence of multiple periodic states, and, dynamic transitions from
control : 1,=3, a =3, b=1

A/L=20, H/L=1/20, Fn=0289, GM=1.51 m

35-
o) 30-
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:’g .
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& : &‘\ /’6
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Fig 8 Geometric representation of the Fig.9 Amplitude continuation for the two coexisting types
the jump associated with the of periodic motion showing how the jump from the
cyclic- fold ' ordinary towards the resonant oscillation comes

aboutata fold With reduced GM the jump occursat
lower prescribed heading. The reference vessel is
the same purse-seiner of earlier studies
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one periodic state to ancther. As discussed in detail in [17], in the presence of extreme éxcitation, periodic ship
motions show 2 tendency to "fold” in the qualitative way shown in Fig. 8. This generates coexistence of two stable
oscillatory-type moiions; the one corresponds to what should be seeh as the customary, relatively low amplitude,
response, whereas the second represents the condition of resonance, Fig. 9. The autopilot gains, particularly the
differential one, have a serious effect on the specific dynamics. It is interesting that, in many cases the resonant
oscillation cannct exist in a practical sense because it extends beyond ;the usual rudder limits. If, with gradual
increase of the prescribed heading the state is reached where the ordinary oscillation looses stability, a transient
arises that is felt as a progressive, oscillatory-type, build-up of yaw and rudder deviations. Broaching behaviour is,
in this case, the manifestation of a classical {ransition to resonance.

(b) Excessive rudder oscillation

This route s rather simpleto perceive, and has been discussed to some length in [8] and [10]: At a certain combination
of y, ,A and H, theone end of the rudder's oscillatory motion reaches its physical limit. Thereafter, if the wave
characteristics are fixed and higher headings are prescribed ( or, if the wave characteristics are altered in a sense
that the yaw excitation on the ship is increased for the same i, ), the preservation of the oscillatory motion requires
rudder moments which however are not available due to system constraints. This scenario is meaningful when the
rudder maintains considerable lift-producing capability up to large angles, something that often happens for fishing

vessels.

CONCLUDING REMARKS

The association between well known nonlinear phenomena and broaching behaviour, together with the
concurrent treatment of different, yet inherently connected, instabilities, provide a new perspective for the study of
a problem that has remained at the centre of research interest for nearly fifty years. '

In earlier studies of broaching it was often tacitly assumed that, even in large waves, a small ship
approaches the zero-encounter-frequency condition in a smooth, basically "linear” manner.As we have seen
however, this takes place in fact in a much more dynamic fashion where, at a certain stage, the ship is accelerated
up to a speed as high as the wave celerity (a typical transition is from Fn=0.35 or 0.40 to Fn=0.56 for wave length
that is two times the ship length). Moreover, such transitions seem to concern only a limited range of headings
"around" the following-sea course and there exists a sharp boundary that separates, in state-space, this from the
domain of ordinary overtaking-wave response. The fact that this transition is abrupt in nature puts in question also

the effectiveness of the customary examination of yaw-sway stability at zero frequency of encounter where, after
. all, properly selected autopilot gains are known to remove thit type of instability. The problem however should be
in reality considerably more complex since we are dealing here with a change of state where the initial (periodic)
and the final (stationary) state of the ship are dynamically unrelated. One question that immediately comes to mind
is, whether the autopilot gains that seem adequate for maintaining stable periodié motion can be equally effective
for the stationary mode [17]. -
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of course, it cannot be forgotten that real ship operation will present several differences from the idealized
system that was considered here. For exémple, long maintained regular waves are rather rarely encountered in
nature. Moreover, control systems and strategies may be considerably more complex from the simple model of
control assumed hers; and of course it is not unlikely that, for certain circumstances, some other important effects
arenot catersd for by our mathematical model. Nevertheless, the understanding that a number of specific phenomena
govern, to a large extent, the behaviour of the system in a physnca! sense, provides the solid basis on which . future
improvements can be specified and assessed.

Ttisbelieved finally that a similar know-how should be developed soon as regards experimental techniques
since only through the physical verification of the predicted modes of behaviour we can expect that, one day, such
lmowiedge will be integrated effectively in the customary design and operational procedures of ships. '
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Some Remarks omn Broaching Phenomenon

Naoya UMEDA
National Research Institute of Fisheries Engineering
Ebidai, Hasaki, Ibaraki, 314-04, Japan

Summary .
Based on partly-captive mecdel experiments, the author provides views for a
_desirable mathematical model for amalysing broaching and remarks on
estimations of hydrodynamic coefficients in the model. Then, by reviewing
his recent analytical and numerical works utilising the proposed mathematical
model, a qualitative explanation has been obtained for broaching in the light
of non-linear dynamical system approach. Furthermore, a simple method for
predicting broaching without repeating numerical simulation is proposed for .
~a practical use and well compared with existing free running model
experiments.

~ Imtroduction

Broaching is a phenomenon that a ship cannot maintain her desired course in spite of the
. maximum steering effort and then suffers a violent yaw motion. While the directional
instability can be dealt with a linear theory, non-linear theory, which has not yet fully
developed, is essential to explain broaching. Although a few high-speed craft may
experience broaching in still water, the most realistic threat of broaching exists for a ship
running in quartering seas with somewhat high speed. To precisely realise this running
condition in a model scale, it is indispensable to use a large scale seakeeping and
manoeuvring basin with an X-Y towing carriage. These significant difficulties in both
theory and experiment have left an investigation of broaching unsolved tll now.

At the previous workshop, the author (1995) discussed the methodology for
investigating a broaching phenomenon with non-linear dynamical system approach. In
particular, he pointed out the importance of steady state of both surf-riding equilibria and
periodic motions and then proposed a procedure to identify critical condition for
broaching based on a concept of “‘sudden change” of operational parameters as well as an
invariant manifold analysis.
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Following his paper as a part of the UK-Japan co-operative research project, the
anthor and Vassalos (1996) carried out an investigation of periodic motions, their stability
and invariant manifolds. Combining it with the previous results for surf-riding equilibria
(Umeda and Renilson, 1992, 94), this paper remarks features of broaching phenomenon
in the light of non-linear dynamical system approach.

Apari from these works, Spyrou (1995-96) intensively has been investigating the
same topic with a similar method. However, some qualitative conclusions in his
investigation do not fully agree with those of the author’s because of difference in the
mathematical model. This indicates that the mathematical model itself should be examined.
Therefore, by comparing results of captive model experiments and hydrodynamic
predictions, the author and his colleagues carried out the experimental validation of
mathematical model. Based on this validation, this paper remarks on a suitable
mathematical model of broaching. '

Mathematical model for investigation of broaching

1) 6 degrees-of-freedom or 4 degrees-of-freedom?

For the investigation of capsizing due to broaching, 6 degrees-of-freedom models, surge-
sway-heave-roll-pitch-yaw models, and 4 degrees-of-freedom models, surge-sway-roll-
yaw models, have been utilised with an auto pilot model. When the investigation is
limited to broaching, 3 degrees-of-freedom models also have been utilised. If critical
condition for broaching with the 4 degrees-of-freedom model can approximate to that
with the 6 degrees-of-freedom model within practical accuracy, the use of the 4 degrees-
of-freedom should be recommended. Because, increase in the number of degrees-of-
freedom makes non-linear dynamical system analysis extremely difficult. A thought of
usefulness of the 4 degrees-of-freedom model for broaching is as follows. (Umeda,
1995) | |

When a ship runs in quartering seas with somewhat high speed, the encounter
frequency of the ship in waves becomes much smaller than the natural frequencies in
heave and pitch. Therefore, heave and pitch motions can be approximated by simply
tracing their static equilibria. Hence, it is sufficient o examine surge, sway, yaw and roll
motions, whose restoring terms are zero or small.

To establish the above thought, qualitative examination is essential with both model
experiments and numerical calculations. Thus, the authors (Umeda, Yamakoshi and
Suzuki, 1995) carried out partly-captive model experiments of a small trawler in a
seakeeping and manoeuvring basin named “Marine Dynamics Basin” of National
Research Institute of Fisheries Engineering. The model was free in heave and pitch and
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was fitted with an X-Y towing carriage. The surge force, sway force, yaw moment and
roll moment were detected by a dynamometer. The model was towed in quartering seas
with low encounter frequency, which covers the range of motions relating to broaching.
As shown in Pig. 1 , “the measured heave and pitch were compared with two
prediction methods: One is to calculate a static equilibrium with the Froude-Krylov
componenis (Static); the other is a sirip method (OSM). (Matsuda, Umeda and Suzuki,
1996) In these experimenis with very low encounter frequency, the measured amplitude
and phase lag do not depend on the encounter frequency. This results support the fore-
mentioned thought. The calculated results with the “static” method agree with the
measured resulis to some extent and those with the strip method show better agreement. It
is note-worthy that the resulis with the strip method do not depend on the encounter
frequency very much. These conclusions were also validated for the experiments with

extreme wave steepness H/A=1/10.

2) Can we predici hydrodynamic terms in the mathematical model?

It is necessary to predict hydrodynamic terms in the 4 degrees-of-freedom mathematical
model. They are functions of wave steepness, drift angle, non-dimensional yaw rate and
so on. Obviously the wave steepness is at least up to 1/7. The drift angle and non-
dimensional yaw rate are less than 0.2 even during broaching because of large forward
velocity. (Fuwa et al., 1983) As a result, the leading hydrodynamic terms in the
mathematical mode! can be only the wave forces without ship lateral motions and linear
manoeuvring hydrodynamic forces in still water. Here the latter includes resistance and
propulsive forces.

For the wave forces, the author and his colleagues (Umeda, Yamakoshi and Suzuki,
1995) had already concluded with their partly-captive model experiments that a linear
slender body theory with no free surface effect can predict them within practical accuracy
up to the wave steepness 1/10. Some examples are shown in Fig. 2." As the model was
free in heave and piich, the measured wave forces are suitable for the 4 degrees-of-
freedom model.

For the linear manoeuvring hydrodynamic derivatives with respect of drift angle
and yaw rate in still water, a captive model experiment such as a circular motion test can
be expected. Although several empirical formulae have been developed with experimental
data of tankers, cargo ships and so on, it should be underlined that these ships have no
relevant to broaching. Except for the wave effect on rudder forces, the mathematical
model that the author and his co-workers used is basically the 3 or 4 degrees-of-freedom
model with the first-order hydrodynamic terms obtained by the above recommended
methods. Because, the non-linearity that characterised broaching is due to the effects of
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surge and sway - displacement, this model can explain basic feature of ‘ broaching.
phenomenon. A

If we intend to improve prediction accuracy, it is necessary to consistently take -
higher order terms into accouni. That is, wave effects on linear manoeuvring derivatives,
wave effects on {ransverse restoring moment, non-linear manoeuvring derivatives in still
~ water, non-linear restoring and damping roll moment in sdil water and so on. Renilson
(1582) examined directional instability with the first higher order component obtained by
a slender body theory. Son and Nomoto (1983) ireated directional instability with the first
two components obtained by a PMM test. Spyroﬁ (1995-96) investigated broaching with
the second, third and fourth components. Nevertheless, it has not yet been established
how these higher order terms influence critical conditions of broaching.

For some of the wave effects on linear manoeuvring forces, several theoretical
methods have been proposed so far. (Hamamoto, 1971, Renilson, 1982, Fujino et al.,
1983, Ananiev, 1995) In the near future, it is expected that theoretical predictioh methods
for all of linear manoeuvring coefficients, including rudder and propeller contributions,
will be established with experimental validations based on captive model experiments.

For non-linear manoeuvring forces in still water we have two major problems. One
is that no theoretical or empirical method for relevant ships is available. The other is that
extrapolation of non-linear function that obtained empirically may induce unrealistic
results in the process of non-linear dynamical system approach.

Considering the above situations, unless reasonable prediction methods are
provided, it sounds a premature attempt to consider higher order terms in the ‘
mathematical model in broaching.

Non-linear dynamics on broaching

1) What is broaching? _

A ship running in quartering waves, whose length is ¢omparable with her length, is
usually overtaken by waves with periodic motions whose period is equal to the encounter
period. Linear seakeeping theories such as a strip theory deal with mainly this harmonic
motion and can reasonably well predict it. However, when the encounter frequency tends
to zero, a linear theory leads to infinite amplitudes of surge and sway as shown in Figs.
3-4. This is because no restoring forces in surge and sway exist in a linear theory.
Cbviously, it is not reasonable that analysis based on the small amplitude assumption
results in infinite amplitudes. Therefore the author and Vassalos (1996) applied an
averaging method to the non-linear 4 degrees-of-freedom mathematical model. As a result
of this analytical procedure, virtual restoring terms were obtained from wave forces that
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Fig. 6 Critical condition for stable periodic motions of a
purse seiner  (H/A=1/15, M/L=1.5, K =1.0, T;=0)

(Umeda and Vassalos, 1996)
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depend not only time but also horizontal displacements. Hence finite amplitﬁdes in surge
and sway appear as a steady state.

Non-linearity results in co-existence of steady states, besides finiteness of
amplitudes. As shown in Fig. 5, one of them behaves stably in high encounter frequency
regions as the linear periodic motion but in a low encounter frequency region its stability
decreases and finally it becomes unstable. Fig. 6 shows that the region where no stable
periodic motion is found exists only in the vicinity of the zero encounter frequency.

How does a ship behave in the region where a periodic motion is unstable or slighty
stable? The answer should be related to another type of steady state, that is, the surf-
riding equilibrium. This equilibrium point indicates that a ship runs with a drift angle,
heading angle, rudder angle and no relative velocity to a wave. Thus an existing condition
of this equilibrium can be easily calculated by solving an equation of static balance of
forces. However, if the propeller revolution increases up o this condition, the surf-riding
does not occur. Thus this condition is only a necessary condition for broaching. In
following seas two equilibria can exist within one wave length. An unstable equilibrium
for a longitudinal motion is near a wave crest; stable one in near a wave trough. The
latter equilibrium corresponds to surf-riding. The critical condition for surf-riding in
following seas is provided when an unstable manifolds from an unstable equilibrium is
connected to a different unstable equilibrium. This condition can be estimated by
numerically solving a two-point boundary value problem (Umeda, 1990, Kan, 1990) or
by using a perturbation method (Ananiev, 1993). An example is shown in Fig. 7. To
escape from surf-riding by gradually reducing the propeller revolution, it is necessary to
reduce the revolution up to the necessary condition. As reducing propeller revolution
corresponds to reducing rudder force, it is rather danger to reduce propeller revolution
during surf-riding. (Umeda, 1990)

If we consider also lateral motions, the wave-induced yaw moment can make the
equilibrium near a wave trough unstable. As shown in Figs. 8-9, the maximum of real
parts of eigenvalues is positive. This indicates that surf-riding equilibrium near a wave
trough is a saddle. (Umeda and Renilson, 1992) If the auto pilot is effective enough, this
instability can sometimes be prevented. (Umeda and Renilson, 1993) In the case of these
figures even under the maximum rudder angle, -35 degrees, unstable equilibrium does

not disappear. As a result, with keeping the maximum opposite rudder angle, the ship’s

yaw rate increases in an uncontrolled manner. One of the unstable invariant manifolds
from the unstable surf-riding equilibrium represents a typical trajectory of this behaviour.
This indicates that even the bang-bang control, which can be regarded as the maximum
steering effort, cannot prevent the uncontrdlled yawing. ‘



E/ A

Second Workshop on Stability and Cperational Safety of Ships, Usaka, November 1896

135 GT purse seiner

H/x=1/15 Surf-Riding conditions
0.6
- necessary cond.
0.5 ] T — critical cond.
0.4 — - T=0
™ //

s 0.34—=

0.24 —

0.1 F—

0 e
0.8 1 i.2 1.4 16 1.8 2
AL

Fig. 7 Critical and necessary conditions for Surf-riding of the purée
seiner in following seas without lateral motions

. 35-
_ 30 Fart-
0.8 ;I s
: 254 R
........................................................ COHASINS
0.6 ML=1.5 520+ '
] Fn=0.4 %152
0.4 ] \\
10+ S
0.2‘ 5 . \\‘ :
_ : T
-35 -30 -25 -20 -15 -10 -5 O 35 -30 -25 -20 -15 -10 -5 O
o (deg.) - 6 (deg.)

Fig. 8 Surf-riding equilibria of the purse seiner in quartering seas
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Based on the above knowledge, a scenario toward broaching can be pi'ovided as
foliows. When a ship suffering a periodic motion in following and quartering seas
increases her propeller revolution, stability of the periodic motion decreases and surf-
-riding equilibria potentially emerge. Eventually the ship may leave the periodic motion
and be attracted by a surf-riding equilibrium near a wave trough. In other words, the ship
is accelerated up to almost the wave celerity. Since this equilibrium is a saddle, the ship is
firstly attracted by the equilibrium and then repelled. Even if the maximum opposite

rudder angle is commanded immediately after approaching to the equilibrium, the ship’s

yaw angle may increase at a wave downslope near a wave trough. This series of events
can be regarded as broaching. If the yaw rate during broaching is large enough, the ship
can capsize. If not, the ship’s heading angle becomes too large to maintain surf-riding and
eventually she is overtaken by a successive wave crest. In case of a large seakeeping
basin, it is often reported that the ship model escaped from broaching suffers broaching
again by the successive wave. _

2) Critical Condition for broaching

Following the above qualitative description on broaching, the. problem how we can
quantitatively predict a critical condition for broaching raises. In other words, a method is
required to identify initial conditions leading to broaching for a given control parameier
set. Although the standard procedure for this problem is the invariant manifolds analysis
(Hayashi, 1964), the number of the state variable in the mathematical model is t00 large to
visualise the invariant manifolds.

The second method is a systematic numerical simulation from all combinations of
initial value plane. (Thompson, 1990) Since the dimension of the initial value plane is also
too large, this method cannot be directly used for broaching. From practical viewpoint,
Vassalos (1995) proposed a “reduced degrees-of-freedom” approach in which the
degrees-of-freedom are reduced and the range of the initial value plane is limited. A
numerical example of this approach is found in Ananiev’s work (1994) on capsizing due
to broaching from surf-riding and more recently Spyrou (1995-96) reported several

numerical examples based on this approach. Although this approach can be practical, its
theoretical background is not so strong. .

For a ship master, the essential issue is which operational actions lead to broaching
from a normal periodic motion. By focusing on this point, the author (1995) proposed the
third method. Here we assume that the ship has a steady periodic motion with a certain set
of operational parameters and then suddenly changes the operational parameter, namely,
propeller revolution or commanded angle for the auto pilot. As a result, the initial
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conditions in this case can be determined with an analytical result for a steady periodic
motion except for a phase lag between waves and the change of operational parameter.
Thus the initial value plane has been limited to 1 dimensional. However, the combinations
of change of operaticnal parameters should be considered to be explored‘numeﬁcaﬂy.
These above-mentioned methods repeating numerical simulations are still too tedious
to be directly adopted as a tool for practical design or operational criteria of ship stability.
Although regression analysis with many numerical resulis by the above methods can be
proposed, recent innovative and continuous improvements in ship design cannot accept
such conservative ideas. Current life expectancy of a regression analysis is as short as
that of a hull form. Therefore, in this paper, the author presents a simple method for a
practical use, excluding any numerical simulations. This method defines the dangerous
zone for broaching as the zone satisfying both the critical condition for surf-riding
without lateral motions in following seas and the existing condition for unstable equilibria
with the maximum opposite rudder angle. This idea is based on the following physical
background. First a ship runs with a periodic motion in following seas. Then the ship
increases her propeller revolution beyond the critical condition for surf-riding. As a result,

~ surf-riding occurs. As soon as the ship’s yaw rate appears, the helmsman commands the

maximum opposite rudder angle as a bang-bang control. If the ship’s yaw motion still |
increases in spite of this steering action, we can regard this phenomenon as broaching.

A comparison of this dangerous zone and free running model experiments of a
fishing vessel by Hamamoto et al. (1996) is shown in Fig. 10. The present simple
method well predicts the occurrence of broaching, although physical sequences in the
experiments are not always same as the assumed scenario for the present simple method.
Further comparisons of this simple method with experiments and numerical simulations
are expected.

Conclusions
On the basis of this work the following conclusions can be drawn:
(1) Based on the results of captive model experiments, this study recommends the surge-
sway-yaw-roll mathematical model for analysing broaching in even heavy quartering
seas.
(2) In the mathematical model, wave forces without lateral motions and linear
manoeuvring forces in still water should be taken into account: Some higher order terms

require further hydrodynamic and experimental investigations.
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(3) In the light of non-linear dynamics, broaching can be qualitatively e‘;iplained as
follows: |

When a ship suffering a periodic motion in following and quariering seas Increases her
propeller revolution, stability of the periodic motion decreases and surf-riding equilibria
potentially emerge. Eventudly the ship may leave the periodic motion and be aliracted by
a surf-riding equilibrium near awave trough. In other words, the ship is accelerated up to
almost the wave celerity. Since this equilibriuin is asaddle, the ship is firstly attracted by
the equilibrium and then repelled. Even if the maximum opposite rudder angle is

commanded immediately dfter approaching io the equilibrium, the ship’s yaw angle may

increase at awave downslope near a wave trough.

(4) A simple predicﬁon method of dangerous condition for broaching without fepeating
numerical simulations is proposed and well compared with an existing free running model .

experiments.
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Nomenclature

Fn Froude Number 3 rudder angle
g gravitational acceleration
H wave height A wave length
K, nlllddelr g;;: & distance from a wave crest
L ship len . N
T propeller thrust Ve gpadmg angle from wave
T, time constant for differential rection

control ®, encounter frequency
U forward velocity
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Analysis on Parametric Resonance of Ships in Astern Seas

Masami Hamamoto
James P.Panjaitan
Dept. of Naval Architecture and Ocean Engineering,
Osaka University,
2-1 Yamada-oka, Suita, Osaka 565 Japan

Summary

A study of the ship capsize phenomenon due to parametric resonance is conducted
aiming to identify the occurence of a critical condition leading to capsize by considering an
analytical solution of an equivalent linearised equation describing the problem in conjunc-
tion with results of numerical simulation of the non-linear equation. The main objective
of this paper is to formulate the problem in a way that enables an analytical solution to
be derived and facilitates an investigation towards identifying the occurence of the critical
condition leading to capsize through comparative studies between the analytical solution
and the results of numerical simulation.

Finally, a method for judging the possibility of ship capsize due to parametric resonance
is proposed based on application of the energy balance method during the critical rolling
motion. '

1. Introduction

If a ship is running through in astern seas, she will experience periodic variations in her
transverse stability, which will affect the roll behaviour of the vessel. The wave-induced
stability changes and the resulting parametrically-induced roll motion play an important
role in affecting extreme motions and capsizing. In studying large amplitude of rolling
motion of ships in astern seas, the wave-induced instability, damping coefficient, natural
rolling period and encounter period of ship in waves are pointed out as items relating to
capsizing, deriving from the results of experimental analysis?). In this respect, it is of
particular interest to attempt to develop an analytical approach to relate these items to a
critical condition leading to capsize in astern seas corresponding to the Weather Criterion
IMO A.5628 which addresses the beam sea condition. The main problems in following
such an approach are considered to be the non-linearity and the time-dependent variation
of righting arm curves. Significant variations are caused by the change in the immersed
geometry as the ship is overtaken by successive longitudinal waves. In general, for waves

- with length nearly equal to the ship length, the righting arm curves increase if a wave trough
is near amidships and decrease when a crest is near amidships?»®). In this situation, the
ship motion can be described by coupled roll, pitch and heave, and hence the righting arm
curves should include the effects relevant to these motions™39.

In this situation, the equation of rolling motion can be described in a non-linear form
that includes time-dependent terms in a way that is possible to obtain a numerical solution
of it from a step-by-step approximation method but it is difficult to obtain an analytical
solution leading to a deeper understanding in the study of capsizing.
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The main objective of this paper is to obtain such an analytical solution from an
equivalent linearised equation of motion and to investigate the occurence of the critical
condition leading to capsize by considering the analytical solution in conjunction with the
results of numerical simulation of the non-linear equation. The equivalent linearisation
is a method which is generally suitable for describing a dynamic system in which large
deviations from linear behaviour are not anticipated. A reasonable approximation to the
exact behaviour of the real system, therefore, is given by an equivalent linear system having
suitably selected coefficients. The principal shortcoming of this method, is that the limits
of applicability depend on the degree of approximation which is difficult to estimate.

Finally, a method of judging capsize due to parametric resonance is proposed based on
an application of the energy balance method during the critical rolling motion.

2. Equation of Motion and its Equivalent Linearised Equation
An equation of motion including the effect of pitching and heaving of a ship running
in following seas may be described in the following form:

(I, + Jo)p + D(¢) + W - GZ(,t) = 0 (1)

where I, + J, are the real and added moments of inertia, respectively, D(¢) the damping
force, W the ship weight and GZ(¢, t)¥ the righting arm including the wave-induced,
time-dependent variation. '
Taking into account the equivalent damping coefficient ce, the natural rolling frequency
wo, and the metacentric height GM, Eq.(1) can be rewritten as follows

GZ(¢,t)

$+2ae¢+w§W=0 (2)
where () C
- D(¢ s W- M
2009 = L+, DT ILx (3)

In Eq.(2) the equivalent linear damping coefficient a is related to the extinction coefficient
ae, natural rolling period Ty, Bertin coefficient N and the amplitude of rolling angle ¢g as
shown by the following expressions

_ 2 =Ne @)

ae——'.'l-:';’ e

Next, let us consider the righting arm variation with respect to the relative position
‘of ship in waves GZ(wave) on a longitudinal wave. As indicated earlier, the GZ(wave)
increases with the wave trough amidships and decreases with the wave crest amidships in
comparison with the righting arm GZ (still) in still water. For example, Fig.1 shows the
righting arm curves of a 15000GT' container vessel referring to the ship on the wave trough
GZ(trough), wave crest GZ(crest) and in still water GZ (still).

When the ship is rolling in severe following seas, the rolling angle becomes significantly
large. Therefore, the equivalent metacentric height must be determined on the basis of the
righting arm curve considered up to an appropriate angle of inclination as follows:

GM(still) = % jﬁ * Gz (still)ds
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GM (trough) = % j(l) ? GZ (trough)de | (5)
GM (crest) = 322— j([) ? GZ (crest)8¢

Fig.2 shows these equivalent linearised metacentric heights obtained from Eq.(5) which has
been applied to the GZ(still), GZ(trough) and GZ(crest) shown in Fig.1, respectively.
Since the metacentric heights, as shown in Eq.(5) vary with the appropriate angle of incli-
nation, a further consideration is required to specify this angle on the basis of a reasonable
method leading to a really equivalent solution. For this problem, an assurption is made
here that the variation of metacentric height GM (wave) is smusmdal as shown in Fig. 3,
and given by the relation

G M (wave) = GM (still) [1 + ap + a1 cos kég] (6)
where ag is the average movement of the center of buoyancy predicted as
‘ G M (trough) + GM(crest) ’
2. GM(etll) Y
a; the amplitude of wave-induced variation in metacentric height given by
o — G M (trough) — GM (crest) 5
e 2 - GM (still) | ®

k the wave number and £g the relative position of ship in waves which is defined as shown
in Fig.4, and described by using the ship speed U, the phase velocity of wave ¢ and an
initial p051t10n of the ship at time £ = 0, in the followmg form

fe=&—lc—Ult - (9)

According to the method mentioned in Section 1, an equivalent linearised nghtmg arm
GZ (¢, t) could be described as

GZ(p,t) = GM tl + ag + a; cos(k&y — wet)] @ A “ (10)

14 a9 =

yielding Eq.(2) in the following linearised form
b+ 2000 + 21 + ao + ay cos(kép — wet)] ¢ = 0 ' (11)

3. Parametric Resonance in Critical Condition, Stable and Unstable Regions
‘ When a ship is running in following seas, she normally rolls with a frequency nearly
equal to the natural frequency wo. Accordingly, the rolling angle ¢(t) can be approximated

by ¢(t) = Acoswgt + Bsinwgt : (12)

Let us now consider what would be the encounter frequency leading to critical parametric
resonance. To answer this question, use will be made of the energy balance method.
Applying this method to the half cycle of rolling motion in Eq.(11) yields

jﬁ 2 b+ 20, f/z dd+w? (1+ag) jf)T/ ? ddp+wian /gT/ ? oos(kEy—wit)dp =0  (13)
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and substituting Eq.(12) and its derivatives into Eq.(13), it follows

20 A2 Ny s [T/ 142 2y o
a.wi(A*+ B )5 + aywy j{ [AB cos 2wt — §(A — B%)sin 2w0t] cos(k€p — wet)dt = 0
(14)
In Eq.(14), the encounter frequency should be equal to twice the natural rolling frequency,

we = 2wp, to keep a critical rolling of constant amplitude. This condition requires the
following relationship )

042 + B) + alwofz [24B cos k& — (42 — BY) sin k] = 0 (15)
Here, Eq.(12) can be rewritten as |
8(t) = do cos(wot — ¢) (16)
where
bo= VAT, e=tan(3) (17)

From Egs.(4),(15) and (16), A and B are determined by -

. 2 T 2 ] |
PO SRS P [

o [ da, da,\?
g% - (;‘;_1) sin ko F {1 — <7:11‘) cos kg (19)

Eqgs.(18) and (19) describe a critical condition where a constant rolling amplitude is main-
tained.

Let us consider next the conditions in which the rolling angle grows up to an unstable
region and decays to a stable region. It will be possible for this analysis to describe the

rolling angle® as follows
H(t) = A(t) coswgt + B(t) sinwt | (20)

Here, A(t) and B(t) are functions of time. Therefore, the stable and unstable regions can
be specified from the behaviour of A(t) and B(t). In this method, the equation of motion
relates to the equation at the critical condition as follows ‘

(_34— 20,0 + W[l + ao + a1 cos(kéo — 2wot)]d = 0 (21)

Substituting Eq.(20) and its derivatives into Eq.(21), yields the following

[A+ 20, A + wd (ao + % cos k§0> A+ 2B+ (2aew0 + %wﬁ sin kfo) B cos wygt

+ [B +20.B + wg (ag - (12—1 cos k&o) B - 2w0/1 - (2aewo — %wﬁ sin Ic{o) Al sin wyt
+ %wg (A cos k& — Bsin k&) cos 3wot + %wg (Asin k& + Bcos kp) sin 3wt = 0
(22)
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Although there exist two kinds of frequency components in Eq.(22), namely, wy and 3wy,
the main frequency at the parametric resonance is approximately equal to the natural
rolling frequency, and the effect of the frequency component 3wy to rolling motion will be
small enough to neglect.

Accordingly, A(t) and B(t) are determined by an approximate analytical solution to satisfy
the reduced Eq.(22), resulting by neglecting the last two terms, thus yielding the following
relations

A+ 20, A+ wg (ao + ad cos k§0) A+ 2woB + (2cewo + %1-@3 sink&)B = 0

2
B+ 2B +w? (ao - 321- cos k§0> B — 2woA — (2w — %iwg sinké)A = 0 (23)

Eq.(23) is a system of linear differential equations in A(¢) and B (t). Applying Laplace
transformation to Eq.(23), yields the following equations

[32 + 20,8 + wi(ag + % cos k&,)] A+ [Qwos + (2aewg + %l—wg sin k§o)] B =0

[52 + 20,5 + wi(ao — % cos kﬁg)] B- [2&)03 + (2aewo — 92—1w§ sin k{o)] A = 0 (%)

The determinant which specifies stable and unstable solutions from Eq.(24) as follows

2

(s + ce)* + 2(2w? + agwd — a?)(s + a)® + w§ (a?, - 241-) — 2002w +at=0  (25)

In Eq.(25), the rolling motion increases significantly if s is positive (s > 0), decays if s is
negative (s < 0) and is critical if s is equal to zero (s = 0). Deriving from the discussion
in the foregoing, the condition leading to the capsize of a ship in following seas can be

expressed as:
arm agm\? .
1o, >4/1+ (Zae) in an unstable region (26)
am agm\? .
10, < \/1.—" <2ae> in a stable region 27
. - | |
At _ 1+ (“"”) at the critical condition (28)
4a, 2a, _

Fig.5 shows the stable and unstable regions derived from Egs.(26), (27) and (28). Fig.6
indicates the typical time histories of rolling in the stable and unstable regions and for
the critical condition taken at points A, B and C, respectively. In this figure, the circles
indicate the solutions obtained from the non-linear Eq.(2), whilst the solid line represent
the solution of the equivalent linearised Eq.(11). It is shown that both solutions tend to
be consistently close at the appropriate angle of inclination of 34 degrees of GZ(still),
determined as shown in Fig.2.
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4. Rolling Amplitude at the Critical Condition

Let us next consider the rolling amplitude of Eq.(21) at the critical condition to satisfy
Eq.(28). Substituting Eq.(28) then into Eqgs.(18) and (19), A and B may be rewritten in
the following form

2 2
A% = % 144/1— (%) sin k& + (2_ag) cos k& (29)
2 [¢5] . ay
& 2a0\? (240 -
B = 3 1—4/1- (—al—> sin k& (71-> cos k&g (30)

Eqs.(29) and (30) are derived from the energy balance Eq.(15). In order to specify A
and B, the value of ¢ in Egs.(29) and (30) has to be obtained from numerical solution of
Eq.(21) at the critical condition. In Eq.(21), the rolling angle ¢(¢) vary with respect to the
initial position & at t=0 when the ship inclined at 10deg. as shown in Fig.7.

Fig.8 shows the constant rolling amplitude ¢q at the critical condition as a function of
the initial position £. The constant rolling amplitude will take the maximum when the
ship inclined at the initial position &/ A=0.25 generally and take a minimum when the ship
inclined at the initial position &/A=0.825.

It is furthermore possible to determine A and B in Eq.(12) at the critical condition by
make use of Egs.(29) and (30). Fig.9 indicates the variations of A and B with respect to
the initial position when the ship inclined at 10deg.

5. Energy Balance of GZ curves during Critical Rolling Motion

Following from the discussion in the previous section, the relationship between the
critical rolling ¢(¢) and the variation of metacentric height GM(t) can be described in
a form that includes the effects of average movement of the center of buoyancy ag, the
amplitude of wave-induced metacentric height a,, Bertin coefficient N, the natural rolling
frequency wp and the initial position of the ship relative to wave, & at time ¢ = 0, which

are
ma, 2ag

| _—
Blt) = T 1—(—0-1-) cos(wot — €) (31)

e =tan™ [ 1- \/1‘(2‘1'0/“1)28111 k& T (2a9/a1) cos Ic§0] 1/2 -

14 4/1 — (2a0/a1)? sin k& £ (2a0/a1) cos k&

GM(t) = GM|1 + ag + a; cos(2wot — k&o)] (33)

Fig.10 shows the relationship between the variation of metacentric height and the critical
rolling of constant amplitude ¢q in the time domain. In this figure, the roll angle increases
to the maximum at GM(1 + ag¢) which is nearly equal to GM(still). It then decreases
from maximum to the upright condition when the metacentric height GM (t) is smaller
than GM (still) and again increases from the upright condition to the maximum on the
reverse direction when the metacentric height GM (t) is bigger than GM(still). The above
process is necessary in order to keep a constant amplitude during the critical rolling. In
this case, the wave-induced variation in metacentric height controls the rolling angle in a
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4. Rolling Amplitude at the Critical Condition
Let us next consider the rolling amplitude of Eq.(21) at the critical condition to satisfy -
Eq.(28). Substituting Eq.(28) then into Eqgs.(18) and (19), A and B may be rewritten in
the following form

2 2 ‘

A% = % |4 +4/1— (gc_zg> sin k& & (Zao) cos ko (29)
2 I ai a i
2 [ 2a9\2 . 2 ]

Eqgs.(29) and (30) are derived from the energy balance Eq.(15). In order to specify A
and B, the value of ¢ in Egs.(29) and (30) has to be obtained from numerical solution of
Eq.(21) at the critical condition. In Eq.(21), the rolling angle ¢(¢) vary with respect to the -
initial position & at t=0 when the ship inclined at 10deg. as shown in Fig.7.

Fig.8 shows the constant rolling amplitude ¢g at the critical condition as a function of
the initial position &. The constant rolling amplitude will take the maximum when the
ship inclined at the initial position £,/ A=0.25 generally and take a minimum when the ship
inclined at the initial position &/A=0.825.

It is furthermore possible to determine A and B in Eq.(12) at the critical condition
by make use of Egs.(29) and (30). Fig.9 indicates the variations of A and B with respect
to the initial position when the ship inclined at 10deg. Thus, it would be important to
predict the critical rolling angle at the initial posmon £0/2=0.25 where ship inclining at
appropriate angle.

5. Energy Balance of GZ curves during Critical Rolling Motion

Following from the discussion in the previous section, the relationship between the
critical rolling ¢(t) and the variation of metacentric height GM(t) can be described in
a form that includes the effects of average movement of the center of buoyancy ag, the
amplitude of wave-induced metacentric height a;, Bertin coefficient N, the natural rolling
frequency wp and the initial position of the ship relative to wave, & at time ¢ = 0, which
are ’

o(t) = 7ra1 (%)2 cos(wgt — €) (31)

€ =tan™! [1 - msmk&, F (2a0/ay) cos kﬁo] 1/2 »

14 4/1 — (2a0/a1)" sin k€ %= (2a0/a1) cos kéo_

GM(t) = GM|L + ap + a; cos(2wot — k&o)] (33)

Fig.10 shows the relationship between the variation of metacentric height and the critical
rolling of constant amplitude ¢ in the time domain. In this figure, the roll angle increases
to the maximum at GM(1 + ag) which is nearly equal to GM(still). It then decreases
from maximum to the upright condition when the metacentric height GM(%) is smaller
than GM (still) and again increases from the upright condition to the maximum on the
reverse direction when the metacentric height GM (t) is bigger than GM(still). The above
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process is necessary in order to keep a constant amplitude during the critical rolling. In
this case, the wave-induced variation in metacentric height controls the rolling angle in a
way that it does not develop further at the critical condition. Therefore, the wave-induced
metacentric height variation acts as an external wave force correspondingly similar to that
of the beam sea condition, as

¢+ 20 + wi (1 + ag)p = —wia cos(2wot — k&o) (34)

On the basis of the above consideration, it will be possible to make use of the energy
balance method. In this method, the area under GZ(still) up to the vanishing angle
¢r must be larger than the area up to the critical rolling angle ¢y, as shown in Fig.14.
Furthermore, for judging ship capsize in following seas, the condition which derives from
the same concept as that in beam sea condition may in this case be expressed as

¢r > ¢0 (35)

where ¢, is calculated from Eq.(21) and ¢, obtained from GZ curve in still water.
The energy balance shown in Fig.14 is for the critical rolling at point B shown in Fig.5.

Experiment Verification of Roll Motion Occurence in Critical, Stable and Unstable regions

Free running model experiments were carried out in the towing tank of Osaka Univer-
sity aiming to identify the occurence of critical, stable and unstable rolling motion for a
15000GT container carrier as shown in Fig.11. Regular waves of wave to ship length ratio
A/L = 1.2 and wave height to length ratio H/\ =1/25 for unstable motion and H/X =1/30
for critical and stable motion as shown in Fig.12 were used for the model experiments. It
has to be noted that in such an experiment, it is not easy to keep the model running at the
straight course without steering. Therefore, the examples shown in Fig.13 represent a few
cases when the model was running in direction which could be in approximately described
as following seas condition. ‘

The first case shows pitching, rolling and yawing angles measured by the optical Gyro
during the critical rolling motion, whilst the second and third indicate the same motions
during the stable and unstable rolling motion, respectively. These three cases represent
results obtained from experiments in the same regular waves but in different wave heights.

Finally, Fig.14 shows the energy balance of critical rolling motion in following sea
condition compared with that in beam sea condition obtained from IMO A.562. The
rolling angle for the same waves in following sea condition is larger than that in beam sea
condition. This will be an interesting problem to be considered next.

6. Concluding Remarks ‘

An analytical study of the ship capsize phenomenon due to parametric resonance is con-
ducted to investigate the occurence of the critical condition leading to capsize by consid-
ering the analytical solution of an equivalent linearised equation of motion in conjunction
with the results of numerical simulation of the non-linear equation. The main conclusions
are summarized as follows

(1) An analytical solution is derived for specifying the stable, unstable regions of rolling
motion and the critical condition where a constant rolling amplitude is maintained.




Second Workshop on Stabi]ify and Operational Safety of Ships, Osaka, November 1996

(2) The constant rolling amplitude can be predicted by using the Bertin coefficient N ,

the equivalent linearised metacentric height and the equivalent metacentric heights
evaluated from the righting arm curves with the wave trough and crest amidships,

. and in still water.

(3) It is finally concluded that a method for judging ship capsize due to parametric
.- resonance is possible by considering an application of the energy balance method

during the critical rolling motion.

This study was carried out under the auspices of RR 71 research panel of Shipbuilding
Research Association of Japan. The authors wish to express their gratitude to the members
- of the RR 71, chaired by Prof. M. Fujino for their constructive discussion. The authors
would also like to thank Prof. D. Vassalos of Strathclyde University, U.K, a visiting
Professor in Osaka University, for fruitful discussion and for kindly reading through this

paper.
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PROBABILITY TO ENCOUNTER HIGH RUN OF WAVES
IN THE DANGEROUS ZONE SHOWN ON THE OPERATIONAL
GUIDANCE/IMO FOR FOLLOWING/QUARTERING SEA

Yoshifumi Takaishi
College of Science and Technology, Nihon University
7-24-1 Narashinodai, Funabashi, Chiba 274, Japan

SUMMARY

The time history of encounter waves differs from the wave record at a fixed -point, i.e. the
groupiness of encounter waves varies according to ship course and speed. The groupiness of ocean
waves itself had been estimated statistically by using characteristic values of wave spectrum. This
method has been applied to the encounter waves, and the variation of the groupiness has been
determined as a function of ¥ /T, i.e. ship speed/wave period, in following and quarten'ng seas.
The probability to encounter high run is shown as functions of ¥/ T and number of runs. It is
concluded that the groupiness or probability to encounter high run becomes hxgher in a range of
V' IT between 1.0 and 2.0 (kt/sec)

INTRODUCTION

One of the dangerous situations for ships navigating in following and quartering seas is to
encounter occasionally a group of high waves, i.. high run. 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 spectrum, and he has proposed the dangerous zone to encounter
high run on the V/T-Diagram[1]. This idea is now included in the "Guidance to the Master for
Avoiding Dangerous Situations in Following and Quartering Seas", whlch recently has been
adopted as the MSC/IMO Circular{2].

However, this V/T-diagram gives no quantitative information on the degree of encountering
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high run. Then, the author has tried to derxve the statistical properties of this encounter wave
grouping phenomena in following and quarteringseas to quantify the probability of occurrence of
high runs in wave group, applying the Longuet-Higgins' method[3] that the groupiness of ocean
wave itselfdepends on the characteristic values of energy spectrum. A band-width parameter,which
is calculated for the encounter wave spectrum transformed from the ocean wave spectrum, is used

to estimate the probability of wave group length or high run to be appeared in encounter waves of a .

ship.

The results have been confirmed by the statistical analysis of simulated time series of
encounter waves that the probability of occurrence of high runs in following sea becomes higher in
the range of /T =10~2.0 with the highest value at ¥/ T =145. The influences of directional
distribution of wave energy, i.e. 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 distribution of wave energy becomes wider.

STATISTICAL ANALYSIS OF WAVE GROUP
Longuet-Higgins' Method
The run is the number of successive wave tram in a group, all of whlch exceed alevelp, as
shown in Fig, 1. According to Longuet-Higgins, the mean length of wave group, 7, the mean values
of wave number and run in a group, G and H , are represented by-the following formulae as the

functions of the band-width parameter, v , of the wave spectrum.

I={mi@m) e/ 9 ®)
G (27t)-ll2[(l+ v )1/2 / V]( 1/2 )epzl(lpo) | (2)
H =) " [Q+v)" 1 vI* (3)

where v is derived from the n-th moment of the spectrum, as follows,

=."m0”12 —mlz /”11 (4) '

,ué=mm m=0, , =m,—m; [ m, (5
provided that the components of the sl.)ectrum in higher frequency range than 15f, as well as the

lower frequency range than 05f, are ignored, where f, is peak frequency of the spectrum.

i
]
;
i
|
{
+
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The probability density functions of /, G and H are represented by an expo:iential function,

respectively, as follows.

p( 1) — l‘-x e-m’ . (6)
p(G)=Ge®° 0
p(H)=H"e™"" « ®)

The probability that the run exceeds H is calculated by equation (9).
P(H)=[ paH =™ ©)

Application to Encounter Wave
The encounter wave spectrum is obtained by transformation of wave spectrum in wave

frequency domain @ into encounter wave frequency domain @, , i.e.

S(@,,x)=S(@)/|1-20V cos x / g| _ (—10) A

where ¥ is ship speed, y is encounter angle, and
o,=0-wVcosylg (11)
The Longuet-Higgins' method is applied to the encounter wave spectrum. The spectrum of
Pierson-Moskowitz type is used for calculation of long-crested sea, as shown by the non-
dimensional equation (12) and Fig. 2. | ‘ '

§'(0") = E(—z@— =0110"" exp{- 0440~}

01- 13

(12)

where @' =w/w,, ®,=2x/T,, T,, meanwaveperiod, H, the significant wave height.

The short-crested wave spectrum is shown by equation (13),

S(w,6,)=S(w)-D(@,6;) (13)
with the energy distribution ﬁmctibn D(w,6), as equation (14).
1 1"(1+n/2) cos” 8 (14)

D6 =
(©) Jr T(1/2+n/2)
The encounter wave spectrum in short-crested waves is represented by summing the

component wave spectrum in various directions, as equation (15),
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J J S(@,6)A6,
@ 2)= 3 5@, 1) =¥ o220 as)
= P II—ZWVCOS(Z—@)/gI
where
0, =0-0Vcos(y-0,)/g | (16)

The band-width parameters of encounter wave spelctra have been calculated for navigation
conditions as shown in Fig. 3, where V' /T (kt/sec) is taken as the unique factor to govern the
encounter wave grouping. Figures 4, 5 and 6 show the encounter spectra of following sea for
various exponents of directional distribution function, n=c0 , 10 and 4, respectively. Figures
7(a),(b) and (c) show the band-width parameter versus V /T .

Then, the charactexistic values of encoﬁnter wave grouﬁinesS such as I, G ,and H are
derived by using equations (1), (2) and (3) for the significant wave height, i.e. ,b/m;’ 2=2 or
p=H,;/2, as shown in Figures 8 and 9. From these figures it is clearly recognized that the
encounter wave groupiness increases remarkably in the range of V' /T =10~2.0 and it becomes

highestat V' /T =145.

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),

. 1 J
n(x,8)=" > a,cos(wt -k, -X+&;) ' @17

L i=1 J=l

where

J

a; = [28(w,,6,)Aw,Ab,
k,-x=k (x(t) cosd, + y(t)sin 6’j) | : (18)
(x(@), y(1)) = (x, +V cos g -1, y, +V sin 1 - 1)

1

The time series of encounter waves in long-crested sea are shown in Fig. 10 for various V' / T

values. The envelopes of wave amplitudes are drawn on the figure.




Second Workshop on Stability and Operational Safety of Ships, Osaka, November 1996

STASISTICAL PROPERTIES OF ENCOUNTER WAVE GROUP
- AND EFFECTS OF PARAMETERS |

The envelopés of time series of encounter waves have been analysed 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.

Table 1 Probability of runs greater than H obtained by simulation

Cond. | A [ 8 [ c | D | E [ F | 8
H__IN=1557] P) IN=1088] P IN=630] P) |N=421] PO _IN=387] PH) IN=400] PG IN=47] P
1 N= 1267|0.81374 | N= 945[0. 86777 | N= 580[0. 92064 | N= 378]0.89786 | N= 340]0. 87855 | N= 344]0.84108 | N= 386]0. 61607
2 385/0. 24727 3650. 33517 331|0.52540 |  233|0. 55344 174[0. 44961 [ 1610, 39364 139{0. 20387
3 680. 04367 57/0. 05234 142/0. 22540 154{0. 36580 101 0. 26098 770. 18826 55/0. 11628
4" 17/0. 01092 10/0. 00918 48/0. 07619 81{0. 19240 63/0. 16279 36/0. 08802 16/0. 03383
5 2(0. 00129 1{0. 00092 15/ 0. 02381 42/0. 09976 47(0. 12145 22{0. 05379 6/0. 01269
6 1|0. coos4 0|0. 00000 8/0.01270 21|0. 04988 32|0. 08269 14]0. 03423 30. 00634
7 1]0. 00064 0|0. 00000 30. 00476 7]0. 01663 23{0. 05943 11]0. 02680 1]0. 00211
8 0|o. 00000 0| 0. 00000 2(0. 00318 5/0. 01188 14]0. 03618 9/0. 02201 o|0. 00000
9 0/0. 00000 0|0. 00000 0|0. coooo 2[0. 00475 8|0. 02067 9/0. 02201 0{0. 00000
10 0/0. 0ooco 0l0. 06000 0/0. 0oo0o 1]0. 00238 6]0. 01550 510, 01223 0/0. 00000
Mo [n’secl]  o0.0010829 0. 0014062 0. 0013826 0. 00143098 0. 0013334 0. 0011938 0.00113237 -
Hi/0/2 [m] 0. 064083 0.073212 0.073196 0. 0746493 0. 072582 0. 068045 0. 065601 .
v 0. 18299 0. 16334 0. 11256 _0. 0859457 0. 10074 0. 11791 0.15733 -

The influence of directional distribution of wave spectrum is also shown by chain or broken

lines in the figures. R

From these results the qualitative features of encounter wave grouping are qoncli}ded as .
follows.

(1) Theoretical calculation and numerical simulation give almost the same tendency that the
encounter wave groupiness increases remarkably in the speed range of ¥ /T between 1.0 and
2.0, 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) forAany conditionsof V' /T and H. "

(3) The increase rate of encounter wave groupiness in the range of ¥/ T =1.0~2.0 will become

greater, as the value of H increases.

(4) The increment of encounter wave éroupiness in the above-mentioned range of V' / T is less, as

the directional distribution of wave energy becomes wider. -



Second Workshop on Stability and Operational Safety of Ships, Osaka, November 1996

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 function 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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STUDY ON THE TRANSVERSE INSTABILITY
OF A HIGH-SPEED CRAFT

Katsuro Kijima, Kyushu University, Japan |
Hiroshi Ibaragi, Kyushu University, Japan
Yushu Washio, MHI, Shimonoseki Shipyard, Japan

Summary

Generally, a mono hull type high-speed craft has some advantages such as simple
structure and availability for using existing port facilities, then mono hull type is used
mainly in high-speed crafts. However, it has been known that a mono hull type craft
occasionally lose the transverse stability with increasing her ahead speed, even though
she possesses adequate stability at rest condition. Despite the relative severity of the
phenomenon, the fundamental characteristics is not known sufficiently. Though,
there are some studies concern with instability phenomenon based on experimental
method, the mechanism of transverse instability phenomenon is still not clear.

In this paper, in order to make the phenomenon clear, we carried out the numerical
calculations on the transverse instability for dynamic pressures, rolling and yawing
moment acting on a high speed craft, by applying Maruo’s slender ship theory. This
paper deals with a phenomenon on the assumption that the craft has constant speed,
heave, trim and heel angle, and attempts to know the mechanism of the transverse
instability. ‘

1. INTRODUCTION

Generally, a mono hull type high-speed craft has some advantages such as simple structure
and availability for using existing port facilities, then mono hull type is used mainly in high-speed
~ crafts. However, it has been known that a mono hull type craft occasionally lose the transverse
stability with increasing her ahead speed, even though she possesses adequate stability at rest
condition [1],{2]. Eventually, it will be dangerous at high-speed, because progressive heeling and
sudden combined roll-yaw motion whichi is promoted with centrifugal force may cause capsizing.

There are something to be considered for the rules of transverse stability of high-speed crafts,
so that the international rules are highly needed. The high-speed crafts are demanded to design
faster and larger in recent years, therefore, avoiding transverse instability phenomenon takes on
greater imborta.nce by considering their stability characteristics at design stage. As for transverse
instability of high-speed craft, some experimental studies have been performed, and they clarified
that the transverse instability arise easily as craft run faster. However, the mechanism of arising
this phenomenon has many unknown factors, and there are a lot of things to be considered for
studying the relation with the hull forms. Hence, we notice the dynamic pressure acting on hull
surface and attempt to explain the transverse instability of a semi-planing high-speed craft by
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numerical calculations.

However it will be impossible to apply the theory that is applied to planing craft or thin ship
theory to semi-planing craft, that is now on object in this study. Then to approach this problem,
we apply Maruo’s slender ship theory [3],(4] , which assumes that the ship is very slender and the
breadth and draft are relatively small to length, and which is based on thevasymptotic expansion
of the Kelvin-source. The advantage of this theory is that when solving unknown quantity, this
method doesn’t have to consider the effect behind the calculating section.

The transverse instability phenomenon arise heeling and turning motion, while craft’s attitude,
such as pitch and heave, vary every moment according to her speed increasing. However it is
quite impossible to consider all of them by numerical calculation , then we replaced the problem
in the state of constant speed, heave, trim angle and heeling angle. In this paper, we examine the
hydrodynamic forces according to the increasing of craft’s speed and heeling angle, and attempt
to clarify the mechamsm of the transverse instability.

2. THEORY AND NUMERICAL CALCULATION METHOD

U

~We consider a uniform flow of inviscid and in- N '
compressive fluid with velocity U in the posi- > 0 4
tive direction of z axis with the origin on the y i
undisturbed free surface and take the y axis ® X
in the horizontal plane and the z axis verti- ' O@xy:z)

cally downwards, as shown in Fig.1. Assum- \y

ing a Kelvin-source at point z =2’ , y =¢/, z

z=2' >0, it is expressed by the formula

Fig.1 Coordinate system

e //oo exp(— \/a2+ﬁ2z+za$+zﬂy) )
B o —Ko\/a2+ﬁ2

where

r=\(z-2)?+@y-y)?+ (=27, r' = JE—2)+ @y —y)?+ (z+2)?
Koy=g/U? , Z2=z-2 ,§=y—y , 2=2z+7
The first term in equation (1) is the Rankine U \
source and the second term is its image with
respect to the free surface. Then we consider O __
a slender ship fixed in the uniform stream of Y < '

velocity U. The coordinate system is taken
as shown in Fig.2.

P(x,y,z)

Fig.2 Coordinate system

z
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In order to express the velocity potential of the fluid motion around the hﬁll we assume a
Green function G(z,y, z;2/,7/,2') and apply Green’s theorem in the z/,3/, 2’ space bounded by
the hull surface below the still water line. Accordingly, the veloc:lty potential due to a source
density distribution o on the hull is as follows.

¢= / / o(z, v, 2)Cz,y, 72,y 2)dS (7, ) (2)

Now we consider a portion of the velocity potential defined by (—1/7+ 1/7'). On account of the

assumption of slender body, the expression for the velocity potential near the hull surface can

be simplified. Omitting higher order terms, one can write the near field expression for ¢; as
| | (y—y)°+ (2~ 2)?

~ o(z,y,2)In
P Jow TV T G )

(3)

where C (z) is the contour of the hull surface on each transverse section at z = z'. The potential
¢ is obtained by subtra.cting the equation (3) from equation (2).

b= [dd [ 0@ )G @57y, 2)ds @
There are the asymptotic expressmn for the function G’ Wthh is given by

G($7y7z;x1y1z) =~ WKOH],(Koll'—.’B D

+ {ﬂKoYl(K0|$ —-|)) + E:—E_x’T} {1+ 2sgn(z — ')} — 2K,
KBz -7y —, 2+ ) {1+239n( z— )} R
E(z,5,2) = A exp (—u22) cos (u*7) sin (u\/I?oi)du (6)

where H, is the Struve function and Y; is the Bessel function of the second kind. Then the
velocity potential by the slender body expression is written as the sum of the equation (3) and
the equation (4) in the form like ' |

b=+ b | (7)

The boundary condition on the hull surface is

8
5;1' - _Una: (8)

where n is the outward normal on the hull surface and v is the outward normal to the contour of
the hull surface in the transverse plane. Replacing n with v, and considering equation (7) and
equation (8), the boundary condition is written as follows.

871 Y 81/ £
The derivatives of the velocity potential shown in the equation (3) and the equation (4) are
! (y—y)?+ (- 2)° :
o1 _ = d 10
5, 2o + @ Bu{n(y—y’)2 T o(z,y,2)ds (10)
—556— ‘ \
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0
2= s/ [@ [ B@52)0(y, 2)ds (1)
A unit source distribution o} is determined from the following normal-derivative boundary con-
‘dition. , |
% _ —V, (12)
o .
where
c=Uc 1 (13)
The boundary condition on the hull surface given by the equation (12) is written as follows.
O _ O,
T a4

The solution is obtained by a marching procedure of step by step integration starting from the
bow end. Once the velocity potential is obtained, velocities on the hull surface are determined
immediately by differentiating the veloc1ty potential. Then the pressure distribution is obtained
by Bernoulli’s theorem.

2
‘P=p—p0=p{—Ug—f——2-{<gf) +(%> }+gz :

The hydrodynamic forces and moments of the ship are determined from the integration of the
pressure over the hull surface.

&:—//vads,&:—//Pude,R,z—//PuzdS (16)

A/[,://P vz —vzy)dS , M, ~ //P vy — VyT)dS (17)

(15)

3. EXAMPLES OF COMPUTER SIMULATION

From the foregoing formulas, the hydrodynamic forces are calculated under the condition
that craft’s speed, heave, trim angle and heeling angle keeps some constant value. In case of
the experimental data are obtained for heave and trim angle according to speed increasing, we
use them as its attitude. As to the calculation of hydrodynamic forces, in the first place, we
determine the pressure distribution under the still water. Then, we replace the pressure value
with zero which position appears above the ship wave surface. However, we neglect the effect
of wetted surface that is above still water surfa.ce spray and the equilibrium between dynamic
forces and static forces.

The principal of high-speed craft and the body plan are shown in Table 1 and Fig.3. The
coordinate system and the positive direction of each force and moment is shown in Fig.4. We
carried out the numerical calculations under the similar condition for the tank test performed
by one of the authors {1]. And the effect of dynamic pressure acting on craft’s hull is considered
by comparing the calculated hydrodynamic forces with the measured hydrodynamic forces, pro-
vided that the GM value is taken when the transverse instability was remarkable by the model

—56—
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test. As an example, the measured heeling angle is shown in Fig.5. In this test, only sway and
yaw motion of the model was fixed, and A® is the ultimately settled heeling angle according to
each speed. Fig.5 confirms that the transverse instability tends to arise in proportion to speed.

‘In order to make the transverse instability occur easily in non-disturbance condition and to
grasp the tendency, the GM value is quite smaller than that of normal operation. Numerical

calculations are carried out by using 120 x 40 panels for the hull surface.

- Table 1 Principal pa.rtiéula.rs of model
ship and GM
Hull-type | Hard-chine
Length 3.80 (m)
‘Breadth 0.63 (m)
Draft 0.14 (m)
Scale 1/12.3
GM 0.06 (m)
y <

v

z

zZg

0-x,y,z . Coordinate systefn fixed on the surface

G-xpygzy - Coordinate system fixed on the hull

G : Center of gravity
®: Heeling angle
g : Trim angle

My : Heeling moment

M, : Yawing moment

4

Xgq

B —

Nl

Fig.4 Coordinate systems and symbols
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Fig.5 Measured heel angle (sway and yaw fixed)
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Fig.6 Heeling moment and yawing moment
at Fn=0.72 (zy/d=-0.03,6 =1.9° )

Fig.7 Heeling moment and yawing moment
at Fn=0.96 (zg/d=-0.10,6 =2.0° )
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3.1. COMPARISON OF MEASURED AND CALCULATED MOMENT

The measured and the calculated heeling moment Mx and yawing moment Mz are shown in
Fig.6 and Fig.7, respectively at Froude number Fn = 0.72 and F'n = 0.96, under the condition
that the motion of the craft is fully fixed.

In Fig.6, the measured heeling moment Mx against heeling angle @ is nearly zero in the range
of 0 degree to 8 degree. This means that the craft has little stability when some disturbance
make her heel. The calculated result shows similar tendency compared with the measured result,
however, calculated Mx takes larger value at the heeling angle is larger than '8 degree. In Fig.7
the measured Mx against ® has positive incline. Then this means when some disturbance make
the craft heel, ® takes larger value gradually, and finally, capsizing may occur. The calculated
result takes smaller value compared with the measured result as a whole, however, both results
show similar tendency.

And in Fig.6, the calculated yawing moment Mz against the heeling angle ® takes small value
relatively at least 0.5kgf.m. However the measured yawing moment at F'n = 0.72 doesn’t be
obtained. In Fig.7, the measured Mz against ® has negative incline. Then this means when the
craft heels to starboard side (® > 0), the hydrodynamic force acts to turn to the port side. As @
takes larger value, Mz becomes large, then the turning radius becomes small. Consequently, the
centrifugal force will make the heeling angle become larger. On the other hand, the calculated
result takes small incline compared with the measured result, however, it shows similar tendency.

A : C, % 10 T 16
3.2 DYNAMIC PRESSURE DISTRIBUTION v 1

Fig.8 shows the dynamic pressure distribu- + 8
tion on the hull at F'n = 0.4 and Fn = 1.0, Fn=0.4 . 4+
and zg/d = 0.0, § = 0.0°, & = 3.0°. In VL o
this figure, the normal component of the dy-
namic pressure projected on the z — y plane Bow
at the square station 1, 3, 5, 7 and 9 are in- \ =y / T -8

dicated. The dynamic pressure near the keel
is indicated by a broken line. The pressure y X\ /1 16

coefficient C} is written as follows. : Stern \ /,’ c,x10° | 16
p 4
Co= — 18
P1/2pU3 (8)
Fn=1.0

When Fn is equal to 0.4, the broken line +
shows that the dynamic pressure contains
positive and negative value relatively even
as a whole along the longitudinal direction.
For the positive and negative pressure distri-
* bution cancels mutually, the heeling moment
isn’t thought to act strongly as a whole. And
at low speed, the fluiddynamic force doesn’t

have a large effect. , Fig 8 Pressure distribution in x-y plane
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When F'n is equal to 1.0, the broken line

shows that the pqsitive dynamic pressure dis- C,X1 04
tributes on the fore hull and the negative 1
pressure distributes on the aft hull. And
it shows that the positive pressure has un- . T2
even distribution to starboard side for fore Q:O T
hull, and the negative pressure distribution -0
to port side for aft hull. Moreover at high- T
speed, the fluid dynamic force has a large T+-2
effect. -
Secondly, in order to see the effect of heel- L4
ing angle, Fig.9 shows the dynamic pres- A '
sure distribution on the hull at heeling an- 5
gle ® = 0° and ® = 12°, and Fn = 0.96, X107 4
zg/d .= —0.10, § = 2.0°. In comparison of T
these two results, at ® = 12° we can see that _ T2
the positive dynamic pressure acts unevenly ®=12° T
to the starboard side on fore hull and the -0
negative dynamic pressure acts unevenly to _ = Bow T
the port side on aft hull. Then taking into —-+-2
consideration that a high-speed craft has a 4
large deadrise angle for fore hull and a small ' Ly
deadrise angle for aft hull, such uneven pres- Stern

sure distribution is thought to make a craft
heel easily as the KG is large. Like this, the
increase of the heeling angle have the uneven-
ness of the dynamic pressure distribution be-
come large, then we consider this leads to the
increase of the heeling moment.

" Fig.9 Pressure distribution in x-y plane

From the above, in case of high-speed craft, we consider that the one reason for the transverse
instability is the unevenness of dynamic pressure distribution in fore and aft hull at high-speed
and the unevenness of dynamic pressure distribution in port side and starboard side to increase
the heeling angle that is promoted by the difference of the deadrise angle between fore and aft
hull.

3.3 EFFECT OF AFT HULL WARP

The deadrise angle of the model shown in Fig.3 changes gradually smaller from midship to
stern. However according to the reference [2], it mentioned that such change of deadrise angle
tends to make the transverse stability smaller. Then in order to examine the effect of aft hull
shape on the transverse instva.bility, we compare the two models, the model whose midship is
extended to stern as shown in Fig.10 and the original model. Fig.11 shows the heeling moment
M and the yawing moment Mz at Fn = 0.96. In comparison of these two results, we confirmed
that the hull that has no warp at aft hull shows a tendency to be stable as the reference [2].
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\

L.W.L.

\ B.L.

Fig.10 Hull form (no warp at aft hull)

— : No warp
atafthull | -8—
—— : Original

Fig.11 Heeling moment and yawing moment
at Fn=0.96 (zy/d=-0.10, 6 =2.0° ),
with no warp at aft hull

Fig.12 Section of Flap Chine
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Fig.13 Heeling moment and jawing moment

at Fn=0.96 (zy/d=-0.10,6 =2.0° ),
with Flap Chine
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3.4 EFFECT OF FLAP CHINE

One of the authors confirmed that the Flap Chine has a good effect on transverse stability by
the tank test as shown in Fig.12 [1]. It is equipped along the chine over the still water. Then,
in order to take an effect of the Flap Chine on the transverse instability, we assumed that the
force acting on the Flap Chine is expressed by the dynamic pressure at z = 0 and the incline of
the hull surface. The measured and the calculated heeling moments Mx and yawing moments
Mz are shown in Fig.13 at F'n = 0.96. The measured Mx against ® has negative incline, then,
this means even if some disturbance make the craft heel, the craft recovers the heeling angle.
The calculated result takes insufficient agreement at ® > 8° with measured result, however, it
‘shows a similar tendency. :

4. CONCLUSIONS

In this paper, we estimated the hydrodynamic forces by noticing the dynamic pressure acting
on..the hull surface. This calculation method still leaves the problem to be solved and the
-calculated results have insufficient agreement with the measured results. However, we confirmed
that they show a similar tendency and see it was understood that the dynamic pressure has
not a few influence on the transverse instability on the high-speed craft. The following are the
results.

1. One reason for the transverse instability at high-speed is the unevenness of dynamic pres-

- sure distribution in fore and aft and the unevenness of dynamic pressure distribution in
port side and starboard side to increase the heeling angle that is promoted by the difference
of the deadrise angle between fore and aft hull.

o

The heeling moment tends to become larger as the deadrise angle becomes smaller from
midship to stern.

3. The calculated results of the effect of the Flap Chine on the transverse instability have a
similar tendency with the measured results and the Flap Chine will be useful to improve
the transverse instability.
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NONLINEAR ROLL MOTION OF A SHIP WITH WATER-ON-DECK
IN REGULAR WAVES ' v
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SUMMARY

This paper describes nonlinear motion of a Ro-Ro type ship with water-on-deck in
regular beam seas. Experiments using a Ro-Ro model demonstrate that different modes
of roll motion coexist and that some of them can exhibit large amplitude motion even
for incident waves of moderate amplitude. Observations of the experiments suggested
that nonlinear coupling of a ship and water-on-deck dominates this phenomenon. We
derive model equations of the nonlinearly coupled motion. Numerical simulations of them
also show coexistence of some modes similar to the experimental results. It should be
emphasized that dynamic effects of water-on-deck on a ship in waves cause this nonlinear
motion.

INTRODUCTION

There have been a good deal of works on nonlinear roll motion of a ship in waves
becaﬁs;e it is deeply related to safety of it, for example capsizing problem [1—-4]. Since it
is dynamic motion with large amplitude, neither assumption of linear motion with small
amplitude nor that of static motion is valid. Thus most of the past studies investigate
a basic equation of roll motion in the time domain. Nonlinearities of a restoring and a
damping force terms in the equation of motion become dominant with increase of ampli-
tude of motion. Coupled motion with the other modes, heave and pitch, makes the roll
response further compliclafed. Nonlinear dynamics approach may be one of promising

methods to elucidate this challenging problem [5—11].
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It is well known that fluid with a free surface, ‘free water’, inside a ship has somé
influences on the ship motion [12,13]. The static effect decreases the metacentric height
GM by £ % where p and p’ denote the densities of sea water and fluid in a ship, ¢ the
moment of inertia of a free surface of fluid in a ship about the center of the free surface,
and V the displaced volume of a ship, respectively. The anti-rolling tank utilizes the
“dynamic effects to stabilize the roll motion in waves [14]. On the other hand, nonlinear
features of dynamic effects have not been investigated in so much detail. It may be crucial,
for example in the case of a flooded ship in waves.

This pé.per describes nonlinearly coupled motion of a ship and water-on-deck in

regular waves. In particular, we consider coexistence of different modes of roll motion

found in experiments and discuss it using model equations.

EXPERIMENTS

Model and experimental method

Experiments were performed using a Ro-Ro model in the wave tank 8m wide, 50m
long, and 4.5m deep at Ship Research Institute. The overview and principal particulars
of the model are given in fig.1 and table 1. The model was placed at a position 18.75m
away from a wave maker of the wave tank so that incident waves came from starboard
to port. A closed vessel (the shaded area in fig.1) was fixed in the model and imitates
a vehicle deck. We put a prescribed amount of water on the vehicle deck and measured
motion of the model in regular beam seas. We also observed behavior of water-on-deck

using a video camera attached in the vehicle deck.

3.668

[N
Side view L

Fig.1 Ro-Ro model
(unit:mm. The shaded area represents the vehicle deck.)
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Table 1. Principal particulars of the Ro-Ro model
(scale ratio:1/23.5, without water-on-deck)

Length L,, 4.3 m || Vehicle deck height & 0.206 m
Breadth B | 0.681 m || Displacement W 272.69 kg
Depth D 0.236 m | Height of center of gravity KG 0.25m
Draft d 0.186 m | Metacentric height GM 0.069 m
Freeboard f | 0.050 m || Natural period of roll motion 7, | 1.94 sec.

Experimental results

The experiments were started after the model was placed at the statically balanced
positions in still water. There are two static equilibrium points of the model with water-
on-deck in the lee and the weather sides. Figs.2.(a) and (b) show examples of the time
history of the measured roll angle ¢(t) when the amount of water-on-deck w was 20%
of the displacement of the model W and the height fj.- and the period T; of incident
waves were 13.0cm and 1.44sec., respectiw)ely. In this case, the static equilibrium angle is
+19.0deg.. The roll angle ¢(t) is defined to be positive when the model heels to the lee

side.

.0 oy | ]
2 2 b FOSR T VW VE
=S SN M LA BN = S S N SO A
£ : % ! : : :
3 L s S A
= vemmmo ] Py S - 8 b
=g 2 w = © 00 b 2 pm © % o0
Time ¢ [sec.] Time ¢ [sec.]
(a) o(t =0) = —19.0deg.(weather side) (b) ¢(t = 0) = +19.0deg.(lee side)

Fig.2 Time history of the measured roll angle ¢(t)
(The height of incident waves H;=13.0cm, the period of incident waves T;=1.44sec.,
and the ratio of the amount of water-on-deck w to the displacement of the model
W is w/W=0.2. In the case (b), the model was lightly impinged by a stick at
t ~B3sec..)

From these figures, we can see the followings:

o Case (a) _
— At t=0, the model is balanced in the weather side. o(¢=0)=-19.0deg..
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~ Fort <20sec., the model rolls in the weather side with the average amplitude of
about 2 deg. and the same period as that of the incident waves.

— At t ~25sec., the roll motion is changed-from the weather side to the lee side.

— For t >30sec., the model rolls in the lee side with the average amplitude of about
9deg. and the average period nearly equal to twice that of the incident waves.

e Case (b)

— At t=0, the model is balanced in the lee side, ¢(t=0)=+19.0deg..

— For t <65sec, the model rolls with the average amplitude of about 2 deg. and
the same period as that of the incident waves.

— After the model is lightly impinged by a stick at ¢t ~63sec., the roll motion is
changed to the other mode of large amplitude.

These results indicate that some different modes of roll motion coexist for regular incident

waves of constant period and amplitude. This is a typical example of nonlinear oscillations.

MODEL EQUATIONS

Modelling the coupled motion of a ship and water-on-deck

Observations of the experiments suggested that the measured nonlinear metion is
dominated by the coupling of a ship and water-on-deck. This section derives model
equations for the coupled motion. For simplicity, we consider the two-dimensional motion

of a box-shaped floating body as shown in fig.3.

Incident waves
=
P\
Ny

1K

Fig.3 Roll motion of a box-shaped floating body in beam sea
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We assume that 1) the coupling of roll motion and water-on-deck is dominant, and
sway and heave modes can be neglected, 2) the sﬂrfa.ce of water-on-deck is flat with the
slope x, 3) the motion of water-on-deck can be approximated by that of a material particle
located at the center of gravity Gi, 4) the exciting roll moment varies sinusoidally with
the same angular frequency as the incident waves (), and 5) the damping forces on a ship
and water-on-deck vary linearly with ¢ and X, respectively. Set the origin at the center
of gravity of the floating body G, and take the coordinates as shown in fig.3. In order to
derive equations of the coupled motion, it may be convenient to use Lagrange’s equations

of motion with the kinetic energy K, the potential energy P, and the dissipation energy

D as follows:
d(oL)_or oD _
dt\op) 0¢ 8 ' O
4 (oLy oL, 9D _,
dt\ox) ox ox

where the Lagrangian L = K — P. The kinetic energy K and the potential energy P aré
given by sums of them of each system, namely K = Ko+ K; and P = Py + P, + P, Where
the subscripts o, 1, and . denote the floating body, the water-on-deck, and the exciting

roll moment, respectively. They can be written in the form

. 1 ; 1 ; - 1 . .
Ky = §(I+5I)¢)2 = 5!\{[&2(})2 , K= §m ("L'G12 + nyz) ’

PO = _pngBo = _('["I + m)gyBo ’ Pl =mgya, Pe(¢’ t) = _¢Am Sin(Qt + ¢) ’ (2)
1 ., 1

D= 530472 + 531X2 )
where I and 6] denote the moment and the added moment of inertia about the axis
of roll, M and m the masses of the body and of the water-on-deck, & the radius of
gyration, G, = (Zg,,¥c,) the position of the center of gravity of the water-on-deck G,
z, = (B,,YB,) the position of the center of buoyancy of the floating body By, A, the
amplitude of the exciting roll moment, ¥ the phase difference between the incident waves

and the exciting roll moment, and s the damping coeflicent, respectively. The positions

of G; and By can be geometrically obtained as follows:
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—_— . ] L,
zg, = GoMysing + 53044/10 tan® ¢sin ¢

] ) ” ‘. for 9] < &1

| ¥8o = —5BO.MO tan osin ¢ — (Bo Mo — GoMy) cos ¢

( 2 L (3)
zg, = sgn(d))ég cosc,b—sgn(<1$)§-\/b(,d0—M — KGosing

. 2 v 5 . , T
) ) /sin2(el for |¢| > ¢,
| ¥B, = -—sgn(qi)%sincp’ + é\/bodm/sin 2|¢| — KGgcos ¢

R 1
zg, = By M,tanyxcos¢ + (G031 + §BlMl tan? x) sin ¢
g . for x| < x1
¥y, = —BiM,tan xsing + <G0B1 + §Bl M, tan? X) cos @
( 2 cos(¢ +
Zg, = sgn(x)ﬁ cos ¢ —sgn(x)z bxdl—g—&
2 3 \V/sin 2| x| (4)
J +(do + f — KGo)sin ¢
sin(6 + x) for x| > x1
Y6, = —Sgn(x)-— sin 6 + sgn(x) > FVhd——=
\/sin2|x|
+(do+ f — KGs) cos ¢

where dy denotes the draft, d, thé depth of water-on-deck, by the width of the floating
body, b, the width of the vehicle deck, and f the freeboard of the floating body as shown
in fig.3, and BoM, = 62/(12d,), Bi M, = b?/(12d,), tan ¢; = 2do/ by, and tan x; = 2d; /by,
respectively. The center of buoyancy of free water B; is located at the same position
as G;. Substitution of eqs.(2)~(4) into eq.(1) produces model equations. They can be

rewritten in the form of the autonomous system

dz .
= = F(a() | (5)

where = [6,x, 9, %, 9T, F = [3, %, F3(z), Fa(z),Q)F, 9 = Qt + %, and T denotes the

transpose.
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Numerical solutions of the model equations

The model equations (5) were numerically solved using the 4th order Runge-Kutta
method. Figs.4.(a),(b), and (c) represent some exainples of the computed results under the
conditions of T;=1.44sec., bp=0.681m, do=0.186m, x=0.253m, G M =0.069m, b, /by=0.72,
m/M=0.19, An/(M~&?)=0.02, so/(M&*)=0.03, sl/(;lffxz):0.0S, and ¥=0.0, and with the
different initial conditions (¢(0),x(0),8(0),%(0)). The time history and the phase portrait
of the roll angle ¢(¢) and the slope of the surface of water-on-deck x(t) are displayed. These
numerical solutions indicate that different modes of motion can coexist in the system of
the model equations (5). This nonlinear phenomenon is similar to the experimental result

very well.

Roll angle ¢ |deg]
Roll angle ¢ |deg]
Roll angle ¢ |deg]

0 S0

Timefsec) Time(sec] ‘ Timefsec}
(a.1) Time history of ¢ (b.1) Time history of ¢ (c.1) Time history of ¢
15 T T T T T 15 T T T T 1 T T T T T
10f <t - :
Sheecedaaaa . -
Soboodobby ]
s’ DANG
< .
Y S Ry S Y S . . .
T - T E———--E -------- - L i PR -
* s w0 5 m  » 5 s T ) s s W s wm = »
¢ ¢ $

(a.2) Phase portrait (¢>,<;3) (b.2) Phase portrait (¢,q">) (c.2) Phase portrait (qb,é)

Fig.4 Computed results (¢:roll angle. x:slope of the surface of water-on-deck.)
((2)#(0)=x(0)=24.0deg., (b)4(0)=x(0)=28.8deg., (c)¢(0)=x(0)=28.9deg..
(6(0),%(0))=(0.0,0.0) for all.)
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Stope of water-on-deck X [deg)
Stope of wnler-o'n-du‘k X [deg|

-
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(c.3) Time history of x

(a.4) Phase portrait (x,x) (b.4) Phase portrait (x,x) (c.4) Phase portrait (x,x)

Fig.4 Continued. ,
((2)(0)=x(0)=24.0deg., (b)¢$(0)=x(0)=28.8deg., (c)¢(0)=x(0)=28.9deg..
(¢(0),%(0))=(0.0,0.0) for all.)

CONCLUSIONS

We investigate nonlinearly coupled motion of a ship and water-on-deck in regular
beam seas. Both experimental and numerical works show coexistence of different modes
of roll motion even in regular waves of moderate amplitude. Since there are some modes
of large amplitude motion which may lead to capsizih;g, we need further studies on it and
development of a technique to control it.

p
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A Study on Capsizing Phenomena of a Ship in Waves
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SUMMARY

After the disastrous accident of Seohae Ferry at Korean West Sea in 1993, a
numerical and experimental study on the capsizing of the ferry was carried out to
investigate the cause of the accident. Righting moments for various loading condition
are calculated both in still water and in wave conditions. Capsizing simulations are
performed with hydrodynamic coefficients obtained from strip method and nonlinear
restoring moments considering relative motion using Runge-Kutta fourth-order method.
It is found out that deterioration of designed righting moment causes ships to capsize
in severe wave conditions. Nonlinear effects such as hydrodynamic forces due to
change of attitude of a ship, effects of green water and freeing ports which are not
considered in the calculation are investigated through model tests.

INTRODUCTION

Capsizing of a ship in waves may be the last disaster which she could
experience through her life. That kind of accident usually results in tremendous loss
and casualties. So, it is important to examine the mechanism of capsizing in waves
for the prevention of the accident. Energetic research activities have been made by
Hamamoto, Kan, Iwashita and others on this hot issue during past years[2,3,4,5,6].
In this paper, numerical and experimental stability analysis is performed for Seohae
Ferry[1]. Restoring moment is calculated both in calm water and in following. waves
for various loading conditions and capsizing simulations are performed to examine the
possible cases for capsizing. Experiments are also performed to measure restoring
moments in waves and the nonlinear hydrodynamic effects are investigated.

THEORETICAL ANALYSIS

Static analysis

Generally, righting moment of a ship in waves has its minimum value when the
wave crest is at middle of the ship, while maximum value is obtained when the -
wave trbugh approaches the same location of the ship. Which can be explained by
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the geometrical property of ships; it has noticeable change of sectional shapes at stem

and stern as the change of waterline, while it does not at middle body. The righting

moment of a ship is calculated as following procedures;

1) Search equilibrium waterline for a given heeling angle.

2) Search center of buoyancy for submerged part

3) Calculate moments due to buoyancy and gravity.

4) Finally restoring moment is obtained by subtracting gravity effect from the moment
due to buoyancy.

Capsizing Simulation

Lateral righting moment( GZ- W) is one of most important factors which have
influence on the capsizing of ships in waves. Where, W is the displacement of the
ship. For large rolling motion, righting arm is governed .by nonlinear effect as shown
in Fig. 1, while GZ is usually épproximated by linear function of rolling angle in
linearized ship motion equation. Since the examination of capsizing phenomenon is
focused in this study, all the hydrodynamic coefficients except for lateral righting
moment term are obtained from STF(Salvesen, Tuck and Faltinsen) strip method[7].
Lateral righting moment is calculated accurately considering relative motions between
ship and incident waves at each stations. Time-domain simulation of rolling motion is
performed using Runge-Kutta fourth-order scheme with the hydrodynamic coefficients
and the righting moment.

MODEL EXPERIMENTS
Loss of stability of a ship is regarded as one of major causes to capsizing

phenomena in waves. Hence, many simulation models have been developed to
investigate the role of nonlinearity of righting moment in waves and the focus is paid
on the accurate estimation of righting moment in waves. Experimental study can give
more information which theoretical approach may miss real physical phenomena such
as green water on the deck, the effect of green water flow, the effect of freeing port,
nonlinear hydrodynamic forces due to change of attitude of a ship and so forth. A
series of model experiments were performed at KRISO towing tank equipped with a
flap-type wave maker under the following conditions.

-scale ratio : 1/12

-heading : following sea

-ship type : ferry

-ship speed : 10 knots

-draft : 106 condition(departure condition)
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-wave height : 0, 1, and 2m

-wave length : 35m

-measured items : heeling angle, sinkage for freely floating ‘model

heeling angle, rolling moment for captive model
Two methods are adopted to get more accurate righting moment in waves. The

one is a freely floating model method which gives more accurate value of heeling
angle and sinkage for a given heeling moment. The other is a captive model method
which gives change of righting moment in waves for a fixed heeling angle. The
former method is applied first to find out realistic attitude for a given heeling angle
and to investigate the effects of Kelvin wave induced by ship advance. Restoring
moment in waves is essentially nonlinear as shown in Fig. 2. However, measured
restoring moment signal shows periodic and almost repeated amplitudes. The peak
value is important in stability sense, that analysis is made on the basis of peak to
peak value approach. Fig. 3 shows schematic diagrams for both experimental methods
used in this study.

RESULTS AND DISCUSSIONS
In order to investigate as many as possible capsizing conditions, restoring
moments for various loading conditions are examined as shown in Fig. 4 - Fig. 6.
Loading conditions are classified as numbers in the figure as follows:

Legend Description ,

Design :  Full load departure condition at design stage

102 : Departure condition(October 10, 1993) assuming without overloads such as
pickled anchovies, excessive passengers, cargos on upper deck, gravel

103 : In addition to 102 load condition, 7.3 tons of gravel are loaded at steering
gear room

104 : In addition to 103 load condition, cargos(pickled anchovies) are loaded on
the upper deck

105 : In addition to 104 load condition, 143 excessive passengers are on board

106 . In addition to 105 load condition, 4 ton passengers' cargos are loaded
(departure condition on Oct. 10, 1993)

107 : 7.3 tons of gravel are removed from 106 load condition

Fig.. 4 denotes the righting moment in still water condition. Fig. 5 shows the
minimum righting moment in stern quartering wave condition when wave height is -
2m and wave length is 30m. Fig. 6 shows the maximum righting moment for the
same wave condition as Fig. 5. As loads on the deck increase, righting moments
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decrease. It is believed that increase of draft due to cargos results 'in decrease of
freeboard, which consequently causes water level approaches upper deck -earlier.
Though grave'l is loaded under the center of gravity location, it has bad influence on
the righting moment except for small heeling angle range. Comparing load conditions
104 and 105, it can be seen that excessive passenger is one of decisive factors for
loss of stability. When the crest of wave locates at the middle of ship, righting
moments dramatically decrease due to excessive passengers and gravel. Among
considered load conditions, the worst case is obtained for loading condition 106
which is assumed for departure condition at accident. From these investigations,
excessive passengers and gravel are main factors for the loss of stability.

In order to investigate the possibility of capsizing under design and departure
loading conditions considered and wave condition, the simulation is made for the
following conditions:

Ship speed : 10 knots
Average wind speed : 5.5 m/sec.
Max. wind speed : 10.5 m/sc.

. Wave height : 2.0 m
Wave length : 30 m . :
Wave incidence angle : 30 and 45 degrees (head sea = 180 degrees)
Loading condition : Design load and departure condition(106)

Fig. 7 and 8 show the simulation results for design load condition when wave
incidence angle is 45 degrees and 30 degrees, respectively. These results show that
capsizing does not occur for design load condition for all wave incidence angles. Fig.
9 and 10 show the simulation results for departure load conditions. These results
show the significance of wave incidence angle on capsizing of a ship. Within a
minute after simulation, capsizing occurs when wave incidence angle is 30 degrees.
This result demonstrates that the deterioration of designed righting moment causes the
ship to capsize in severe wave conditions such as the case when the high wave and
stern wave direction occur simultaneously.

Fig. 11 compares the measured and calculated righting arm. Free model method
is used in this measurement and good agreement is obtained between them. Fig. 12
presents the effects of ship speed on the change of heeling angle and sinkage for
given heeling moments. It can be found that the sinkage slightly increases and the
heeling angle slightly decreases as ship advances in still water. This implies that
steady Kelvin wave pattern plays a role to increase righting moment and it can be
éxplained that steady wave pattern generally has crests at bow and stern and trough
at midship. This effects could be also found in righting moments measured in
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following wave condition for the captive model as shown in Fig. 13. Calculation
predicts that loss of stability occurs at heeling angle of about 16 degree while
experiment shows that it occurs at heeling angle over 26 degree under thé same
condition of which wave height of 2m, wave length of 35m and ship speed of 10
knots in following wave. Fig. 14 shows the effects of wave heights on righting
moment. Increase of maximum righting moment is not so significant as wave height
increases, while decrease of minimum righting is noticeable as wave height increases.
This tendency is similar to that obtained from the calculation. The quantitative
discrepancy between measurements and calculations could be found from the following
reasons that calculation did not consider:

-the effect of steady wave pattern which contributes to increase of righting moment
-the nonlinear effects of green water and its floodlike flows on the deck

-the effects of freeing port

-the other effects such as experimental errors.

CONCLUSIONS
From the investigation on the stability of a passenger ship in waves through
numerical and experimental study, following conclusions can be drawn.

1. Deterioration of initial GM could lead dramatic decrease of restoring moment in
waves, which may cause a ship to capsize in severe following or stern quartering
sea condition.

2. Motion simulation in following and stern quartering waves could be used to

examine capsizing situation of ship in waves.

Measurements of restoring moment in following waves show that numerical

(U8

estimation of restoring moment in waves overestimates loss of stability. Steady
wave flow seems to an important factor to resist the decrease of righting moment

in waves.
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DAMAGE STABILITY WITH WATER ON DECK
OF A RO-RO PASSENGER SHIP IN WAVES

Shigesuke ISHIDA, Sunao MURASHIGE, Iwao WATANABE,
Yoshitaka OGAWA, Toshifumi FUITWARA

SHIP RESEARCH INSTITUTE, Ministry of Transport
6-38-1, Shinkawa, Mitaka, Tokyo 181, Japan
Fax : +81-422-41-3056, E-mail : ishida@srimot.go.jp

SUMMARY :

An experiment on the stability of a RO-RO passenger ship with side damage was
conducted in beam seas.  Capsize only occurred with a small GM value, which did not
satisfy SOLAS Regulation. In non-capsize conditions the ship became a stationary
condition, with constant mean values of heel angle ¢, and water volume on deck wy.  The
effect of experimental parameters on these values and the capsize conditions were discussed.

The effect of resonance of roll motion was also discussed. = The importance of it was
clarified because ¢,, wy, and some other data often had peaks in regular waves near the
resonant frequency. '

The mean height of water on deck above the calm sea surface H,, which almost kept a
certain plus value, was proposed as an index for the stationary condition. It was concluded
that the possibility of capsize can be evaluated by the equilibrium curve which is calculated and
plotted on the H ¢ diagram without knowing the exact value of H,.

: INTRODUCTION

The safety standard of RO-RO passenger vessels was deliberated at IMO from 1994 to
1995 in order to prevent capsizing disaster like the one of Estonia in 1994.  One of the
authors, 1. Watanabe, joined the discussion in the expert panel.  The main topic of it was the
stability standard because RO-RO passenger vessels have wide non-separated car decks.
Once free flooded water is piled up on them, the large heel moment could be the cause of
capsize because of this feature.

There can exist two scenarios of flooding; (1) flooding from damaged bow door but
with intact main hull, (2) flooding from side damage caused by collision. ~ The discussion in
IMO was focused on the second scenario, because that is assumed to be the worst accident in
the stability regulation.
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There were several papers published on this problem like Bird et.al.”, Velschou et.al.?,
Dand® and Vassalos®, but flooding, accumulation of flooded water, and the interaction of ship
motion and flooded water are so complicated that much more study is necessary for clarifying
this phenomena.  So we conducted an experiment using a RO-RO passenger ship with a side
damage in beam seas in order to contribute to the discussion in IMO.

EXPERIMENT

Model Ship and Damage
Table 1 and Fig.1 show
the model ship and damage.

Table 1 Principal Particulars

Ship

Model

The damage reaches two

compartments and follows the Intact | Damaged | Intact |Damaged
SOLAS Regulation 84. A | Lpp(m) | 1010 4.3

vertically movable vehicle deck Bim) 16.0 0.681

is provided.  There is some | D (m) 5.7 0.236

space between the vehicle deck d (m) 437 5.22 0.186 0.222
and the hull, so this model W 3821t 272.7kg

simulates a ship with side | KG (m) 5.87 0.25

casing. It should be noted | GMy(m) 1.62 3.12 0.069 0.133
that GM,; (GM in damaged | Tr (sec.) 9.40 843 | 194 1.74
condition) is far larger than the f (m) 1.17 0.33 0.050 0.014
intact value because of the flare. H (m) 484 0.206

Four wave gauges at the center
of the damage and six water
‘level meters are equipped in the deck.
Experiment

The experiment was conducted in irregular waves with JONSWAP spectrum and
duration time of 30 minutes in ship scale. ~ Basically significant wave height (//13) was 4.0m
and peak period (7,) was 8.0sec., but varied keeping the condition of T, [sec]= 4,/H wlm] .

The test was. also carried out in some regular waves.  The main parameters were GM, and
wave height.  Moreover the effect of center casing (CC), height of vehicle deck and initial
heel was investigated in some conditions. The damaged side of the ship was kept to
weather side.

Stability Curves

Measured and calculated gz curves plus water volume on deck w are shown Fig.2.
Calculated gz curves with constant w are also shown Fig.3.  w/W=10% is equivalent to the
flooded water height of 39cm in upright condition. = SOLAS Regulation 8.2.3 was satisfied
except the condition of GM,;=1.27m.

We should keep it in our minds that ship does not roll along the curves in Fig.2 because
the area of the damage opening over the vehicle deck is small compared to the volume of the
deck, which means the flooding velocity is not high enough to make w equal to the one drawn
inFig.2.  In a few cycles of rolling motion we should assume that w is almost constant and
that the ship rolls along the stability curves shown in Fig.3.

f: freeboard, H :RO-RO deck height

RESULT IN IRREGULAR WAVES

Figs.4 and 5 show the time history examples of roll angle ¢ and w.  Positive roll angle
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means heeling to lee side. At the last stage of experiment ¢ and w had constant mean
values, ¢, and w, respectively, in the stationary condition. = The effect of experimental
parameters on ¢,, wo and water ingress rate at the beginning of experiment v was investigated
as follows.

(1) Effect of GM (see Fig.6)

When GM, gets smaller ¢, becomes greater, but wy and v become smaller because
small GM; leads to a large heel angle to lee side in a short time, which makes the damage
opening higher up the sea surface.  The effect of wave height is small.  The reason
seems to be the constant wave slope.

(2) Effect of Center Casing (see Fig.7) v

In Fig.7 (with CC) the tendency of ¢, versus GM, is the same as Fig.6 (without CC)

but the opposite direction (to weather side) because the flooded water stays mainly in the
weather side compartment of the deck.  The varation of w, is not so clear as Fig.6
because the movement of flooded water between two half-separated compartments is
complicated.  But in general, the tendency of wy is opposite to Fig.6 because heeling to
weather side (lowering the damage opening) keeps flowing in and out of water. It can be
seen that with the standard GM, (3.12m) this ship almost keeps upright condition even if
w/W gets as much as 40% and that it capsizes with the smallest GM;.
(3) Effect of Freeboard (height of the vehicle deck) (see Fig.8)
¢, and w, gets smaller when the freeboard in damaged condition f; becomes larger
even if some loss of GM,; happens.
(4) Effect of Initial Heel
When the ship has an initial heel angle of 4 degrees by a shift of weight to weather
side, the time histories of ¢ and w are similar to the ones with CC because heeling direction
is the same. At the case of the smallest GM, (1.27m) she capsized in about three minutes
in model scale.  So it can be concluded that heeling to weather side because of CC and/or
cargo shift leads to a disastrous situation.

EFFECT OF ROLL RESONANCE .

The results in regular waves with constant (wave height)/(wave length) ratio of 1/25 are
shown in Fig.9, where ), is the angular frequency of incident wave. w, is calculated from
free roll test result which is carried out in damaged condition, but the vehicle deck is
undamaged. ®, / @, is called a tuning factor.

It can be seen that not only rolling amplitude and relative water amplitude but also water |
on deck wy have peaks around tuning factor = 1.  The peaks are notable with CC because
the motion of the flooded water is reduced by CC.  Moreover heel angle ¢, have some
change around the same frequency.  This result suggests that irregular waves for the
stability test should include significant wave component of the roll resonance frequency and
that the interaction of ship motion and water on deck should not be ignored.

Looking through the figures of roll amplitude in Fig.9, the peak frequency ®,,, seems
to shift to low frequency side with CC and to high frequency side without CC in some cases.
The factors of shifting ,,, ., charatteristic to the damaged RO-RO passenger ships, are listed
below.

(1) Large damping
(damping in damaged condition is 5 times as large as intact condition according to the
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free roll test)
(2) Static effect of the water on deck (including the sinkage of the ship)
(3) Dynamic effect of the water on deck.
It is clarified that all the effects of (1), (2) and the damping effect of (3) make w, ,,. shift

to the low frequency side.  But a calculation, modeling the ship and water on deck like a
double pendulum, shows an opposite result”, which could explain the tendency of the shift of
@, With CC in Fig.9(a).

KEY FACTOR FOR THE BALANCE IN STATIONARY CONDITION

~ As mentioned in the previous section the water ingress velocity from damage opening is

not so high that in a few cycles of rolling motion the damaged ship moves almost along a

stability curve shown in Fig.3, with a constant volume of water on deck w. When w

increases by flooding it'transfers to another stability curve with less stability. At last when

the rolling .energy overtake the dynamic stability the ship will capsize, but if this transference

stops in a stationary condition under a certain balance she will survive.  This balance will
be discussed.

The mean heel angle ¢, and the mean water volume on deck w, in the stationary

condition are shown in Fig.10.  When the model capsized the values just before capsize are
plotted.  The solid lines show the equilibrium angles calculated from the stability curves in
Fig.3 for a given w/.  But if the stability curve is almost parallel to the horizontal axis near
the equilibrium point and if some moment like a wind moment works, the equilibrium angle
can easily change from the exact one.  So quasi-equilibrium angles, the crossing points of
the stability curves with the lines of gz==0.0624m (2% of GM, of the standard condition),
are also calculated and drawn by broken lines in Fig.10. The zone between these two
broken lines will be called a equilibrium zone hereafter.

It can be seen from Fig.10 that the non-capsized experimental results are in or near the
equilibrium zones and that capsized results are away from the zone with surplus water on deck.
According to Fig.3 gz is always negative with these GM, and w/W¥ values, so it is a natural
result that she capsized.

It is necessary to know another key factor or key quantity which decides the balance in
stationary conditions. ~ As the key quantity we propose H,, the mean height of the water
surface on deck from the calm sea surface.  If H, has a large positive value at a moment the
water on deck will flow out and vice versa, so H, must be within a certain range.  Fig.11
shows experimental results of H; vs. GM,. It can be seen that A, have a value between -
0.26m ~ 0.78m in ship scale when the freeboard height in damaged condition f; is standard
(0.33m).

It should be necessary to investigate the variation of H; as a function of ¢ and w before

proceeding with the discussion on the experimental results.  The calculated H, in calm water
is shows in Fig.12.  Aslong as ¢ is small the water surface on deck is a little higher than the
freeboard (0.33m) and is almost constant regardless of w because the flooded water spreads
over the whole deck.  On the other hand when ¢, becomes large A, tends to vary widely

according to w because flooded water concentrates at the corner of the deck. ~ So, when H;
keeps a certain positive value in waves after the ship heels, that inevitably leads to a large value
of w and to a less stable condition.

- Returning back to Fig.11, the black and single marks show low H,; values when GM; is
small because the ship heels to lee side and the flooding stops in a short time.  As long as
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wave height is small A, is also small like the circles in Fig.11.  But in other cases in which
water is still coming in and out of the deck, H, keeps a high values in a small range between
0.4 and 0.8m, regardless of wave height. = So if GM; is very small and the ship heels to
weather side by the effect of CC or cargo shift in high waves, the ship will be capsized by
much flooded water on deck. It should be noted that the stability curves of the damaged
condition in Fig.2 is calculated under the assumption that A, = 0.  This ordinary calculatlon
underestimates the amount of water on deck and the loss of stability in waves.

RISK ESTIMATION FOR CAPSIZE

The figure whose ordinate is
changed to H, from Fig.10 is shown in
Fig.13. It can be seen that when GMjy
becomes greater the tendency of the
equilibrium zones change from right side
down to right side up.  From Figs.13
and the idea sketch in the right, we can see
the process of the change of ship condition
in waves and can estimate the risk for
capsizing.

When the first flooding occurs the
ship condition locates on the point of (¢,
H;) = (4, f2), where ¢, is the initial heel
angle.  If the ship heels H, becomes
small, but that encourages flooding. So
the chain of “flooding”, “increase of H,”,
“heel (flow out of some water at the same
time)”, “decrease of H,;’ and “flooding”
will be repeated. In the dangerous
condition, i.e. the wave is high and the ship
has a CC or .¢, <0 (weather side), the point

moves almost parallel to the right side, ?S

keeping H, constant and increasing w.

Finally if the point comes across the ‘

equilibrium zone like a figure of GM, = 2.44m in Fig.13, the movement of the point stops and
the ship starts to roll around the stable condition.  But if the zone is right side down like the
top figure in Fig.13, there is nothing to stop the movement of the point and the ship will
capsize with much water on deck.

So the risk for capsizing can be roughly estimated from the tendency of the equthbnum
zones without knowing exact H, value.  In order to make the ship capsize-resistant it seems
crucial to make the gz at big heel angles large enough to make the zone right sideup. It can
be concluded for this ship that the minimum required GM is 1.79m.

Hd
range

CONCLUSIONS .
1) The effect of GM,; (GM in damaged condition) etc. on the mean heel angle and the mean
water on deck in the stationary condition, 4, and w, respectively, is investigated.

When GM; gets larger w; also becomes larger, but the ship is stable with smaller ¢, value.
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The tested ship did not capsize as long as SOLAS Regulation is satisfied.

When the ship heels to weather side she becomes unstable with much water on deck if
GM, is small.  So cargo shift or existence of center casing might lead to a dangerous
situation. '

The test result in regular waves show that not only ship motion but ¢, and w, have some
peaks near the resonant frequency of rolling, so the waves for stablhty test should include
that wave component.

The water on deck keeps a higher mean surface than sea surface as long as the damage
opening of the deck is not made high by heeling to lee side.  This difference of water
surface, Hy, has a value in a small range in various conditions. ‘

In dangerous condition, i.e. the wave is not so low and the ship has a CC or cargo shift,
the ship transfers to less stable condition, repeating the chain of “flooding”, “increase of
H;", “heel”, “decrease of H;” and “flooding”.  Finally if the rolling energy overtake the
dynamic stability she capsizes.

By calculating the equilibrium zone and drawing it on H- ¢ diagram the risk of capsize
can be roughly estimated without knowing the exact value of H,.
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CHARACTERISTICS OF ROLL MOTION FOR SMALL FISHING BOATS

Kiyoshi AMAGAT*, Kimihiko UENO** and Nobuo KIMURA*
* Hokkaido University, 3-1-1, Minato, Hakodate, 042, Japan
** Tokyo University of Tokyo, 4-5-7, Minami, Minato, 108, Japan

SUMMARY '

In most of cases, it has been said that a small amount of water on deck acts as a
rather effective roll damper and a roll of ship is less when a small amount of deck water
exist than no deck water [1]. In our expenments we reconfirmed the above effect of a
small amount of water on deck. However, in our experiments, there were some cases
that a small amount of water on deck did not act roll damper but increased the rolling
motion. In addition, when damping effect by free water was enough, yaw was increased.
This paper describes those cases from a view point of resonance. |

INTRODUCTION

The authors classified roughly into five types of characteristic behavior of shallow
water on a ship's deck, based on tests using an oscillatory rectangular tank physically
simulated with sinusoidal motion[2]. Furthermore, the authors pointed out that the-
characteristics of roll damping of small fishing boats with projecting broadside and hard
chine depend on rolling amplitude especially. Therefore, the curve of damping was
simulated by using the same parameters in the nonlinear equation of free rolling, because
damping coefficient were different{3].

This paper describes comparison of rolling motions between the cases when small
amount of deck water present and when no deck water.

EXPERIMENT
To clarify rolling motion due to the behavior of water on deck, tank tests were
performed by using two ship models ( see Table 1 and Fig. 1) in beam sea, at near the
resonant period. To evaluate the shipping water effect on ship's rolling motion, a tank
was set on the upper deck of the ship model. The dimension of the tanks.used in the
experiment was shown in Fig. 2. The rise of center of gravity due to the existence of
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water on deck is about 1.5 cm increase of A-maru and 0.5 cm increase of B-maru. The
inclining angle of roll was measured by using Gyroscope system in free roll experiment.
In experimént of forced rolling motion in regular beam waves, the angles of roll and
angle of yaw were measured without restriction.

TABLE 1 PRINCIPLE DIMENSIONS OF MODEL SHIP

MODEL FULL SCALE

A-maru  B-maru A-maru  B-maru

Lpp (m) 2000 1291 1520  14.20
B (m) 0500 0330 380  3.63
D (m) 0195 0.8l 1.48 1.25
Disp. (ton)  0.137  0.066 60.14  8.78
GT (ton) 19.9 7.9
GM (m) 0067 0031 0.509  0.341

A-maru: salmon drift net boats
B-maru: scallop-farming boats

CHARACTERISTICS OF ROLL DAMPING WITH WATER ON DECK

Considering the bulwark height, water depth of a tank on deck was set at in the range
from 0.0 cm to 6.0 cm.

Fig. 3 shows the results of free roll experiment when the damping effect on ship's
rolling motion was the most notable in the case when the beginning rolling period was
near natural period of water in a tank. As is evident from Fig.3, ship's rolling period
tends to get shorter as roll angle decrease, in the case that natural period of water in a
tank is longer than stﬁp's rolling period ( water depth h=1cm, 2cm ). On one hand side,
when natural period is shorter than ship's rolling period ( h=4, 5, 6 cm ), ship's rollihg
period tends to get longer. It is similar that in the case free water does not exist on deck

(h=0cm).

THE EFFECT OF RESONANCE BETWEEN FREE WATER ON DECK AND
FORCED WAVES
Fig. 4 shows a comparison of roll amplitude between free water exist on deck and do
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" not exist. Here, the horizontal axis means water depth in tank and the vertical axis means
the value which roll angle with free water divided by roll angle without free water. When
&/ ¢ o is less than 1.0, the effect of damping due to free water can be seen and when ¢ /
¢ o is greater than 1.0, roll angle is increased. In many cases, the effect of damping due
to free water can be seen as former report [1] until now. However, it was confirmed that
roll angle was promoted in the case that period of forced wave is a little shorter than the
second resonant period ( one half of natural period of water in a tank). The value of ¢/
¢ o may be taken its maximum at the second resonant. An example in the case of a depth

of 1 cm is shown in Fig. 4.

The time series of roll angle corresponding to this case is shown irrespective of a
phase in Fig. 5. The behavior of water in a tank is shown in Fig. 6. There were two
transient waves which proceeded in opposite directions as in Fig. 6. This behavior
appears close to the second resonant period[2]. Therefore, furious shock wave was
decreased and then the effect of damping due to free water was controlled.

Fig. 7 shows the roll response by existence of free water on deck. Mark @symbolizes
the result in the case of empty tank and mark B symbolizes the result in the case of
existence of free water in tank. The roll response without free water is resonant at
natural frequency 4.13 rad/sec. The roll response with free water is greater than it
without free water at two frequency ( w ; 2.85 rad/sec, 5.86 rad/sec). When frequency of
forced waved w is 2.85 rad/sec, first resonance occurred because natural frequency of
roll wn was changed into 2.85 rad/sec from 4.13 rad/sec by free water in tank. When o
is 5.86 rad/sec, this phenomenon is called one of subharmonic resonance and in this case
it is second resonance ( ¢ / ¢ n=2.05) .Fig. 8 shows this effect. It was confirmed that
there were two components of natural period of roll and double the period of forced
waves. As seen from these example, the existence of free water is sometimes dangerous

for the stability of ship.

OCCURRENCE OF YAW DUE TO THE FREE WATER

When we consider coupling of roll and yaw, the effect of yaw is looked upon as
slightness compared with the coupling of roll and sway. Therefore, yaw is sometimes
neglected. However, it is recognized that the effect of yaw' is not neglected when
damping effect by free water is enough. A typical example is shown in Fig. 9. The effect
of yaw for roll is small and phase difference is short in the case of no free water. When
free water exist in the tank even though roll is controlled yaw is increased and can not be
neglected as ship's behavior. Still more the phase difference between roll and yaw
become large. Fig. 10 shows the cross correlation between roll and yaw. It became clear
that roll goes ahead of yaw as time was plus. This increased yaw was caused by the
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existence of free water and its location and its behavior.

RESULTS
(1) When natural period of free water is shorter than ship's rolling period, ship's rolling
period tends to be longer. ‘
(2) It was confirmed that the roll response with free water is greater than it without free
water at the first and the second resonant peﬁod of free water.
(3) When free water exist in the tank even though roll is controlled, yaw is increased as

compared with it without free water.
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The Use of Physical Models to Predict the Capsize of
Damaged Ships in Waves

by
David Molyneux

National Research Council Canada

Abstract ,

The hydrodynamics of wave action flooding a damaged ship are complex,
and difficult to analyze. Under the wrong conditions, water can
accumulate in the ship and ultimately capsize it. Physical models provide
the opportunity to study the water flow in and around the hull, and the
subsequent behaviour of the ship, without the risk to life or property. The
resulting ship models are relatively complex because they must represent
the external and internal geometries of the ship and require measurements
of body motions, wave amplitudes, and more recently water flow inside
the hull. This paper briefly traces the deve]opmeﬂt of this type of
modelling, with particular reference to RO-RO ferries. Two types of
damage scenario are identified, one as a result of a collision and one as a
result of loss or damage to the bow door. The paper then discusses the
state of the art for modelling the capsize survivability of
damaged ships, based on experience with this type of testing. The
minimum technical requirements for the construction of the model, the
generation of waves, the conduct of the experiments and the presentation "
of the results are discussed in detail. Some suggestions for areas of further
research in this extremely important area of ship hydrodynamics are also
given.
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ABOUT SAFETY ASSESSMENT OF
| DAMAGED SHIPS |

Roby Kambisseri and Prof. Yoshiho Ikeda
Osaka Prefecture University, JAPAN.

SUMMARY

In this paper, a new approach to ensure the after damage survivability of ships is
discussed. Severity of damage is measured by the size of damage opening. Required safety
depends on the value lost if the ship sinks. A safer ship will be the one that can survive a
larger damage opening, anywhere over its hull. In impact damage, size of damage opening
will be influenced by the strength of structure at the region of impact. Survivability after
damage, in a sea state, is to be assessed by a Capsizing Probability, considering also the
effect of water shipped into the damaged region and the fluctuating restoring ability of
the ship in waves. '

Notations

L, = maximum length on or below subdivision waterline.

 INTRODUCTION

A block diagram of safety level, damage and damage stability is shown Fig. 1, which
will give a broad outline of the parameters involved in them [1].

Required safety of a ship should be related to the (equivalent - financial - value) loss
that can be caused by the sinking of that ship. The more the value involved in a ship, the
more safer it should be against sinking. In the case of damage stability, more valuable
ship should be able to withstand severe or larger size of damage (opening) on its hull or in
other words should be able to withstand larger damages or heavier collision. The size of
the opening caused on the hull of a ship will depend on the impact load and the strength
of the structure in and around the location of collision. For the same damage opening, size
of the space open to sea (i.e., damage space) will depend on the subdivision of the ship
and the location of damage. Weakest region, or the smallest damage opening for which a
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ship become unsurvivable, should determine the actual safety or damage surviving ability
of that ship. Strength of the structure of a ship can be included if the size of damage
opening is determined from impact load. Loss caused by the sinking of a ship or it mapped
into a safety scale can be used to determine the size of the damage opening or the damage
opening caused by an impact load which should be survived by the ship. The ship should
achieve this in the sea states it has to operate. Survivability in a sea state is assessed by
a capsizing probability study of the ship taking also into account the righting ability in
the sea condition as well as the change in the righting ability due to the presence of water
in the damaged region.

DEFECTS OF PROBABILISTIC RULES [2] [3] [4]

Minor damage

Figs. 2 and 3 show the probabilities of collision damages of a ship with different
depths[1]. All non-survivable cases of damages (s; = 0) are shown crossed. Both the cases
satisfy the present criteria based on probabilistic approach (i.e., Attained subdivision
index, A is not less than Required subdivision index, R), but can be lost by minor
damage/s. The smallest damage that can sink these ships, with different A values, is the
same. i.e. A higher A value doesnot ensure a higher level of safety.
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Structural strength

In the present damage stability rules, extent of damage opening is determined on
the basis of statistical data of (collision) damage. Real damage opening size, however,
depends on many factors like strength of struck and striking ships, mass, velocity and bow
shape of striking ship, striking angle and yawing velocity, etc. So, for the same collision,
damage opening could vary with the variation in strength of local and global structure of
ships.

Damage Penetration

In the probabilistic rules, damage penetration is assumed to.increase with the dam-
age length. Variation of damage penetration with the damage opening length is given
in Fig. 4 [1]. This is drawn using the means of the 1/3™ deepest penetrations of col-
lision damage data used in the probabilistic rule. Very long damage openings may not
be deep and such damages can be survived using longitudinal subdivisions [5]. Damage
penetration significantly depends on the structural strength of struck ship.

Survivability criteria

Present stability criteriae is based on calm water righting ability curve and without
considering the additional loading due to free water in damaged spaces. [2] [3].

A new approach

The deficiencies of the present damage stability rules, which is mentioned above,
call for a new criteria and a method for its application[l]. In future, developments and
new ideas in ship technology should be reflected in the damage stability rules. In the
following sections, a concept of a new approach to future damage stability rules will be
proposed. ‘

—110—
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SURVIVABILITY

How to determine whether a ship can survive a sea with a portion of its hull dam-
aged ? For this, the remaining intact portion of the hull, the damaged space with or
without water which is or not flowing in and out of it and the water (waves) supporting
the ship and their contributions are to be included into the intact stability analysis of
ships. .

. A possibility that may not occur to intact ships is that the damaged ships may
capsize due to loss of longitudinal stability[6].

The contribution from the water in the damaged space may increase or decrease
the restoring ability. Studies shows that when a ship is flooded, the ship rolls about the
heel angle caused by flooding [7]. This is because if the ship heels then the water gets
trapped between two slanting planes without much scope for flowing and the amount of
energy required to move the water over this sloped surface to the other side of the ship
is much greater than the energy contribution of the exciting forces. When the ship rolls,
the motion of inside water lags behind the rolling motion and the energy of flow and the
impact on the sides of the ship will have a damping effect on the rolling and will be on
the safer side. So, the static effect seems to be critical to the damaged stability of ships.
However, further studies are needed to see if there is any adverse dynamic effect:

For any sea state a capsizing probability[8] can be predicted considering all the
factors that contribute to the stability of a ship. A required minimum value of capsiz-
ing probability can be used to classify the survivability after damages. The capsizing
probability will determine whether a ship with a damage is survivable or not.

The variation in the methods employed in the estimation of motion in waves, effect
of damage water, etc., may result in different values of capsizing probability for a ship. A
rule-software could be used to standardise the calculation of capsizing probability and to
ascertain the safety level of ships.

SAFETY PARAMETER

How to grade the after damage safety of ships ? If there is more than one design,
meeting the same requirements, how to determine which one has the best damage stabil-
ity ? Figs. 5 and 6 shows two subdivisions based on the same floodable length curve.
The first one can survive a largest damage opening of size .38L, and the smallest damage
opening size it cannot survive is .077L,. The second one can survive a largest damage
opening of size .45L, and the smallest damage opening size it cannot survive is .20Ls,.
The second subdivision is safer against any damage caused by damage openings of size
upto 0.20L, where as the first one can be sunk by an opening of size .077L,. The second
subdivision will be more safer from the point of view of damage stability, since it will not
be sunk even by a collision or impact much heavier than the one which will capsize the
first. Safety level of damaged ships can be graded using the minimum damage opening
size that the ship cannot survive. i.e., the parameter which defines damage safety is the
size of the damage opening. Damage opening size depends also on the strength of the
structure. To include it, safety parameter is to be changed to the impact load and the ship
should survive all the damages caused by the damage openings created by that impact.
This will help to identify and strengthen structurally weak locations on a ship.

—111—
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| SetLmni,a=Ls,i=1 |

l
{ damage,i '———

Lo, n.s.a=Smallest non-survivable

damage opening length

Figure 7: Flow chart to find the smallest non-survivable damage opening leﬁgth

Algorithm to find minimum non-survivable damage opening size

The maximum survivable damage opening, damages caused by which can be survived
anywhere on a ship, can be found by the following method[1].

Select the minimum damage opening length (L., 4) which can cause a damage as

follows : ' :
a. If one compartment damage (no bulkheads damaged), we can assume, L, 4 = 0.1m
b. If two compartment damage (one bulkhead damaged), we can assume, L4 = 0.5m
c. If three or more compartment damage (two or more bulkheads damaged), L, 4 = dist-
ance between foremost and aftmost of the bulkheads damaged.

The Flow chart in Fig. 7. will give the smallest damage opening length (L ns.q),
some of the damages caused by which cannot be survived by the ship.

I Lo nsa is 0.1m then the ship is non-survivable for at least one damage in which
no bulkhead is involved. If L, .4 is 0.5m then the ship can survive all cases where
bulkheads are not damaged and is non-survivable atleast for a one bulkhead damage. If
Lmnsa > 0.5m then the maximum damage opening length survivable over the hull will
be little less than L, ns.4-

FIXING SAFETY LEVEL

It is always difficult to define the safety level required for each transportation system.
It may be relative, and vary from time to time. The required safety level, however,
depends on each ship, and has to be measured by the loss generated by accident, including
pollution of marine environment in addition to the loss of ship including its passengers,
crew and cargo, loss in rescue operation, etc. Economic aspects of ship’s operation also
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have significant effect on the required safety level. Therefore it depends on Shlp type size,
capacity, missions, region of operation, etc.

The more valuable or the more dangerous an object is, it is to be given better
protection so as to avoid it from loosing or to avoid it causing destruction. The level of
protection given should be in commensurate with the value of the object or the loss it
could cause. The same is also applicable to ships. Level of safety of a ship should depend
on the value of the ship including its cargo and passengers and the loss it could cause
by way of pollution, etc. Shipping is a profit oriented operation. The cost required to
prevent the loss of a ship should not be disproportionate with the value loss causable by
the loss of ship. Here comes the conflict between the shipping and regulating agencies.
Shipping agencies eyeing at profit and regulators aiming at safety. So, it is appropriate
to have regulations which will allow safety within the economic feasibility.

A ship should be designed to have enough capsizing probability for all damages
caused by damage openings upto a certain size; the size is determined for each ship to
match its required safety level. It need not survive larger damages, since the risk involved
may not be sufficient enough to bear the cost of ensuring survival of a bigger damage.

Three models are given for determining the damage opening size required to be
survived by a ship. Perfect survivability or a certain survival probability is assumed to
be guaranteed for all damages caused by the damage openings upto this size; the survival
probability decreases with the increasing damage opening size.

Model 1

In this model[l], (Personsonboard)/(L * B * d)*/® is assumed to give the safety
level. The following relation maps the safety level and damage opening size.

Persons on board

(L * B xd)'/3 (1)

Percentage damage opening size = K

where L is the length, B is the breadth and d is the draft of the ship. K is 0.25 for the
data in Table 1, assuming a maximum possible damage opening size of 0.24L,, which is
same as that in the present rules. This is a very simple model, and suitable functions for
safety level, damage opening size and their mapping is to be found.

Model 2

In this model [1] a safety level is to be fixed using probable loss due to the sinkage
of the ship. Using computer simulations of structural damage, damage experiments and
damage statistics, the probability for each damage opening size can be fixed. A relation
mapping the required safety level or risk involved, to the size of damage opening could
be used to ensure a survivability standard varying with safety. A graph similar to Fig. 8,
showing the relationship between the safety level and the damage opening length, can be
used to find the damage opening length required to be survived by a ship. Initial part
of the graph is the probability distribution of (collision) damage - maximum probable
damage opening length of which is around 0.35L, - which is modified and extended so
that the damage opening length is the length of the ship when the safety level is the
maximum. This graph and the ranges of both its axes could be different for different
types of ships and could vary even between different ships of a type. This model has
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d 2 g(2)-s 0.25P
L B d L (z) LBy

1660 | 272 | 87 | 341 | 2.05 | 1147 251
3119 | 322 | 75 | 2621 | 1237 | 28.14 17.65
1050 | 195 | 47 | 7 | 667 | 2066 823
157.7 | 234 | 5.8 | 114 | 0.72 | 6.80 1.03
118.5 | 24.0 7.7 16 0.14 2.94 0.14
1500 | 29.0 | 66 | 2 133 | 9.24 163
2850 | 400 | 80 | 37 | 1298 | 2883 | 2055
1558 | 214 | 5.2 | 306 | 1.96 | 1121 2.96
2560 | 32.2 | 12.0 27 0.11 2.6 0.15
3200 | 580 | 208 | 36 | 0.11 | 2.68 0.12
1560 | 26.7 | 97 | 28 | 018 | 339 0.20
1743 | 322 | 112 | 34 | 02 353 091
1760 | 320 | 113 | 25 [ 0.14 | 3.02 0.16
1430 | 230 | 6.2 | 415 | 2.00 | 13.63 38
1268 | 184 | 3.6 | 1606 | 12.67 | 2847 | 19.75
1070 | 195 | 53 | 473 | 4.42 | 1682 531
1850 | 308 | 7.5 | 2866 | 1549 | 31.49 | 20.49
3200 | 580 | 208 | 4 | 0.13 | 223 0.14

177.0 | 263 | 7.0 | 1887 | 10.66 26.12 14.77
183.0 | 280 | 7.5 | 2394 | 13.08 28.94 17.74
190.8 | 28.0 | 7.5 | 2566 | 1345 | 29.34 18.75
2240 | 31.5 | 7.8 | 3554 | 15.87 31.87 23.41
1770 | 26.3 | 6.8 | 1396 | 7.89 22.47 11.03
1908 | 280 | 7.5 1896 | 9.94 25.22 13.85
1716 | 32.0 | 6.8 | 3313 | 19.31 35.15 24.78
1700 | 27.8 | 6.0 14 8.24 22.96 11.48

163.1 | 26.8 | 6.7 | 1669 | 10.24 25.6 13.54
103.0 | 18.9 | 5.0 138 13.40 29.28 16.168
1700 | 25.5 | 6.6 711 4.18 16.36 5.81
103.8 | 19.2 | 4.7 75 7.23 21.50 8.9

101.8 | 20.7 | 5.3 417 4.1 16.19 4.66

P is the number of passengers.

Table 1: Trial relations for safety level
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Figure 8: Required survivable damage opening length (model 2)
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Figure 9: Required survivable damage opening size (model 3)

some flexibility in accommodating the changes in the concept of safety, changes in the
structural strengths of ships and the changes in mapping between safety level and damage
opening. Relation to determine the safety level and the mapping should be fixed only
after careful study.

Model 3

This is a complex model. In this the damage opening size that a ship is required to
survive can be found using the relation shown in Fig. 9. This figure could be made for
each ship. The additional cost is the cost required to make a ship which cannot survive
any damage to one which can survive all damages caused by a damage opening size. Loss
is the loss or a proportion of the loss involved in the loss of the ship due to a damage
caused by the damage opening size. It must be taken into account that the probability of
collision and a capsize due to that is very small.

Comparision of Rules and New Concept

The salient features of the present rules and the new approach is given in Table 2
for comparision and better understanding. :

CONCLUSION

The stability criteria and the method to vary safety level of ships applied in the
present damage stability rules are not sufficient for ensuring safety of damaged ships as
well as to grade the relative safety of ships. On the basis of recent studies a new way
of arriving at a realistic survivability criteria is proposed in this paper, which is used to
estimate a capsizing probability. Safety level of a ship is connected to the value loss that
can occur with the sinking of the ship. Size of a damage opening is identified as the
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Sl. Features Deterministic Probabilistic Present Conceptual
no. compared Rule . Rule proposal
Sa fety Factor of Required subdivision Survivable
1 parameter subdivision, Index damage opening
F R size .
Safety Length of ship, Length of ship, Probable loss
2 parameter No. of passengers No. of passengers, or risk due to
depends on Life boat capacity capsize of ship
Damage all damages whose all damages caused by all damages caused
3 space length not greater damage openings of by damage openings
considered than floodable length upto %3: but ¥ 0.24 of a certain size
Damage opening Floodable Colliston Probable loss
4 size based length damage due to capsize
) on (in ef fect) statistics of the ship
Damage all damages should only a percentage of all the above
5 survivability meet after damage the above damages damages to meet
stability requirements need be survived survival criteria
Ship not not survivable damage
6 structure considered considered opening size to
depend on structure
Defect for same damage minor damage
7 of the opening, survivability non — survivability ?
approach decreases with tncrease could be present
of required safety
Survivability based on calm water based on calm water based on restoring
8 Criteria GZ curve GZ curve ability in Sea and
Capsizing Probability
9 Loading due not v not to be
to flood water considered considered included
10 Survivable not not sea state
sea state spect fied speci fied to be spectfied

Table 2: Salient features of present damage stability rules and new proposal

that should be survived by a ship is also shown in this paper.
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