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GEOMETRJCAL ASRECTS OF‘
DROACHJNG-TO HNSTARJLJTJY

Kostas Spyrou

Centre for Nonlinear Dynamics and its Applications, University College London

ABSTRACT 1

Recent developments towards the clarification ofrhe oivnamics ofthe broaching-Io mode ofship instability are
reported. A mulli-degree nonlinear mathematical modelofthe aulomotz'col1_vs2'eereo’ship in aslern seas. is taken
as the basis ofthe inve.sti_goiion. /l basic novelty Qflhe approach lies in thefact that it zmzfies contemporarjy
methodologies Q/ship controllabililyand transverse s1obililystua'ies, within the_/homeworkofmodern dynamical
sy.s'iems’ theory. Specific nonlinear phenomena are identified as responsible for the onset of broaching
behaviour. Steady-stale and transient responses are invesligatedand i1. is shown how copsize is incurredduring
the forced mm of breaching. A clo.s.s*{fico1ion of hrooclzing mechomsms has been developed. concerning
frequencies of encounter near zero. where .i'ziif/¢r:'c!ing plays the dominant role.  as well as fiequencies of
encounter awoyfiom zero, where, the instability is inheren! ofthe overtaking-wave periodic mode.

"JNTRODUCTJON

.»

The breaching-to mode ofdynamic instability is considered as one oftlie most enigmatical types ofunstable
behaviour. Although there seems to exist a consensus about what constitutes breaching (sudden "loss" oflieading,
felt as quick increase ofheading deviation, sometimes ending with capsize, in spite of efibrts to regain control),
until recently we were lacking a satisfactory description of the fundamental dynamical phenomena that underpin
the onset ofsuch undesirable behaviour. Earlier research has offered valuable insights about the horizontal-plane
stability ofsteered or unsteered ships in astem seas, particularly at zero frequency ofencounter, [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, particularly, nearer to the trough where the wave yaw moment tends to turn the ship towards
the beam sea condition; or that around the crestit 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 ofmotion nonlinearity can open new
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I

horizons in at least two different ways: Attirst, it can ofien explain the instability of the linearized system as the
fingerprintofthe presence ofsome bifurcation phenomenon. Secondly, it can reveal the existence ofnew, qulitatively
difierent types of responses that were not accounted for by the linearized model. Perhaps the best known (and
verified) examples ofnonlinear behaviour in ship dynamics are, the roll response curve near resonance and the spiral
curve ofa directionallyunstable vessel, see iiig. l . it is "felt that a similar, simple geometrical representation ofsystem
dynamics is what is urgently needed for the breaching problem.

. Geometrical considerations lie at the" heart"
of a nonlinear dynamics approach and they can

1 1” be also very helpful in the process of selecting a
i $ . i """'7@W<,d suitable mathematical model. if for example the

f ' main question asl<edis what are the origins ofs  
i “ * c or as branching behaviour, the answer should con-

" tain, in broad terms, a qualitative description of
i 93 , _ ‘" the underlying geometry that organizes our sys-

tem's state and control spaces. This description
should be built primarily "around" specific bifur-
cation phenomena (notably, for typical configu-Fig.1; The transition toresonant roll tleftland the phenomenon

ofdirectional instabilityofships (right) are typicalman- rations only a limted number ofdistinctive bifi.ir-
ifestations of nonlinear behaviour. For the latter, linear ¢;,y¢iQn5 can take place) and associated transient
analysis predicts instability whentherudderissetamid— dynamic efiécts. On the “her hand, the pursue
ships. Nonlinear analysis shows however the existence _ ,5 . . . . _ ., , ,
ofasetof three states (twostableandone unstable in the °f‘-luam‘tat'Ve ace“mayW1“ bewme meamngfi“
middle) organized aooordingtoaclassical cusp pattern. only once a specific reference "landscape" i-has

[61 been established for our problem.
So efiects which do not alter significantly the character ofsystem response may, at tirst instance, be neglected. This
last observation is especially comfortuig for the development ct"a mathematical model for breaching given that still,
little confidence exists about the accuracy oftheoretical predictions ofthe hydrodynamic forces that act on moving
ships in large waves. - , . t

 in a series of recent papers, breaching was examined from such a nonlinear viewpoint with consideration
ofmulti-degree dynamics, {7}, [8], 19], [10], i l l], {l 2]. Other contemporary approaches may be found for example
in [13], [14], [15]. The emphasis on the rnulti-degree nature oi’ the problem is very important because, from the
outset, it is known that breaching can involve {although not as a necessity} instabilities in at least three difierents
directions: instability in- surge that is connected vvitli the surf-riding condition, instability of yaw that triggers the
uncontrolled turning motion, and, instability in roll that leads to capsize. ln ship studies, the systematic treatment
ofdifferent instabilities within a single framework is rather unusual. However such an approach otters distinctive
advantages, 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 efiects, and also some others that are less obvious, we
have developeda classification of breaching mechanisms, [10], organized in two groups : Broaching that involves
surf-riding (basically at high Froude number) and also, directly from periodic motion. in the following we shall
review some of the most important earlier results and fiirthermore, we shall present some more recent findings.

\

¢
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Pl-IENGMENA QF il\lS'l“AEll,il“E“i{ REiLA'l"E.ill> Willi SllJ§%,l""-REDENG lhl QEJARTERHNG SEAS
\

-

(a) Generalfiearures
it is ratherwell lrnown that, a small ship sailing with high speed inan environment oflargequarteringwaves

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 surii-riding condition. The range of headings where surf-riding can arise
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Fig. 2: Geometry of the homoclinic
connecfion

As soon as the saddle "touches" the limit

covers a hand around the purely following sea course and its onset is
characterized by two speed thresholds: The first sigials the existence of
a pair of points of static equilibrium, that are "born" at the middle ofthe
waves down slope; with further increase of Fn they tend to move away
from each other, towards the wave crest and trough. However the
overtaking-wave oscillatory pattern remains in existence and it is a matter
ofthe initial condition ofthe ship whether it will be engaged in the one or
in the other type ofbehaviour. The second threshold flags the occurrence
ofa homoclinic connection, a bifurcation that is accountable for the abrupt
disappearance ofthe 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 inset and outset
of the saddle to be orientated almost parallel to the limit-cycle.
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 ofheadings 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 atthe outskirtsofthis zone, Fig.
3. At very high Fn the periodic pattern comes into

existence again but in the present study we are not
interested in that range ofvery high Fn.

in principle, the surf-riding states form a
closed curve, [7], [8]. However difiraction efiects

- \

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
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wrve °a""°t C1053, [9], ii 01- lfthe shill is steered Pig. 3: Development of the initial conditions’ domain that is
ggntfol law that includes he3ding..p;-opgf- 8SSOCi8ll€d With surf-riding. T116 hatched region CO1’-

responds to'Fn between the two surf—riding thresholdstional gain, the prescribed heading u/r is linked The grey area shows a typical surf-riding domain
with the 351113] heading '// with the Telalklfii when the higher surf-nding threshold is exceeded.
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y g g (11, - I/I =-<9/ow that involves only the rudder angle
L <::“*-c.__ 6 (to find it however requires solution of the

l \ V '

\ \ s
algebraic system ofmotion equations at steady-—
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 state) and the gain aw, that is normally defined in
/,4 advance. Ubviously with higher gain, iv; and 41/

i \\ I tend to coincide although how exactly this
rad) \ ,,." --- low gain

0»? “ ... ... modcratc
* --- high

happens depends on the specific form of motiongl
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t equations that are "represented" through 6. The

‘"4 (5 "’) °"“'e 3 specific geometry of the (git , 31;) relation with
increasing aw is shown in Fig. 4. However the
relation between 1/4 and 6 is independent of the

_ l gain value.
I. ;

ll

, _ _ ._ flip) '~~________,
1 - e e ~ e e e i Y L e- » The condition of surf-riding should not be-..l -0.2 0 0.2a 0.4 A

confused with the asymmetric oscillatory motionruddcr (rad) , prescribed heading (rad)
r _ (known as "large-amplitude surging", [l6]) that

Fig.4; Effect of proportional gain on surf-riding pmcedes the first appaamme of surf'ndmg' In
9r terms ofour 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]. ln a dynamical sense, this

condition is significantly different from true surf-riding, where the ship remains stationary in the region ofthe wave
trough . p l

(b) Broaching qt the encounter ofsniff-riding ‘ r

Surf-riding can arise either with gradual increase ofthe 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
, . v

operates in the proximity ofthe higher surf-riding threshold; because only there the inset ofthe saddle ofcrest, that
is the separatrix of stationary and periodic motion, is approached by the periodic orbit, [I0] . 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 ofthe attracting domain ofthis stable equilibrium .
When the condition (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. - - i

(c) (lscillatory s2uj‘3riding '
Under certain circumstances, particularly when the heading is not very near to zero, it is possibleto

experience also an oscillatory-type surf-riding that is bom due to a supercritical Hopi’-bifurcation, Fig. 5. Moreover,
I

__1 3__
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"1'idiI1Q- _ disappear in ta 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], [l l]. Generally, such behaviour was met only in verynarrow ranges of
control parameter 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, [l0]. 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
Another possibility is to attempt to

escape voluntarily from surf-riding by setting a
difierent propeller rate or heading, with desired
destination the overtaking-wave periodic mode.
For these manoeuvres, we derived the complete
arrangement of domains of surf-riding, peri-
odic motion, breaching and capsize, for the
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GM=l..5l_m). .
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state/control parameters’ plane (1//, Fri). The characteristic layout of the capsize domain that corresponds to an
abrupt reduction ofpropeller rate, is shown in Fig. 7. Here should be noted that, on the basis of the value 11/ one
can derive easily also the values of the other state-vector components.

I
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(0) Loss ofsrabiliry ofperiodic motion
For larger vessels, surf-riding is rather unlikely to happen due to limitations ofwave length, /1 ,

and operational Froude number. i-lower./er it is well known that broaching can occur also at frmuencies ofencounter
that arenot verynearto zero {whereflie constraints set on ,1. and Fr: do not need to hold). Qiten, this is the reflection
of a change in the stability of the overtalring-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
newperiodic states and exchanges ofstability, coexistence ofmultipleperiodic states, and, dynamic transitions from

0 control : i,='~3, ¢?,,=3. bf]
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about at a fold With reduced GM the jump occurs at
lower prescribed heading. The reference vessel is
the some purse-seiner of earlier studies
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one periodic state to another. As discussed in detail in [17], in the presence of extreme excitation, periodic ship
motions show a tendency to "fold" in the qualitative way shown in Fig. 8 This generates coexistence oftwo stable
oscii_latory=-type motions; the one corresponds to what should be seen 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 efiect on the specific dynamics. it is interesting that, in many cases the resonant
oscillation cannot exist in a practical sense because it extends beyond the usual rudder limits. lf, with gradual

0

increase of the prescribed heading the state is reached where the ordinary oscillation looses stability, a transient
arises that is felt as at progressive, oscillatory-type, build-up ofyaw and rudder deviations. Broaching behaviour is,
in this case, the manifestation of a classical transition to resonance.

I

(b) Excessive rudder oscillation '
This route is rather simpleto perceive, and has been discussed to some length in {8} and [ 10]: At a certain combination
of r//rt , /1 and H , the one end ofthe rudders oscillatory motion reaches its physical limit. Thereafter, ifthe 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 yr; ), the preservation ofthe oscillatory motion requires
rudder moments which however are not available due to system constraints. This scenario is meaningful when the
rudder maintains considerable lifi-producing capability up to large angles, something that ofien happens for fishing
vessels. e

€Ohl€l.,UDlNG REMARKS

The association between well known nonlinear phenomena and breaching behaviour, together with the
concurrent treatment ofdifferent, 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-encotmter-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 ofheadings
"around" the following-sea course and there exists a sharp boundary that separates, in state—space, this from the
domain ofordinary overtaking-wave response. The fact that this transition is abrupt in nature puts in question also
the effectiveness ofthe customary examination of yaw-sway stability at zero frequency ofencounter where, afier
all, properly selected autopilot gains are known to removethit 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 ofthe ship are dynamically unrelated. Dine question that immediately comes to mind
is, whether the autopilot gains that seem adequate for maintaining stable periodic motion can be equally effective

for the stationary mode [17]. ' .
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Ofconrse, it cannot he forgotten that real ship operation will present several difierences from the idealized
system that was considered here. For example, 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 here; and ofcoarse it is not unlikely that, for certain circumstances, some other important efiects
arenot caterw forbyourmathematical model. Nevertheless, the understanding that a numberofspecificphenomena
govern, to a large extent, the behaviour ofthe system in a physical sense, provides the solid basis on which I future
iinprovenientscan be specified anrl assessed. l

it is believed finally that a similar lcnovv-'=how should be developed soon as regards experimental techniques
since only through the physical verification ofthe predicted modes ofbehaviour We can expect that, one day, such
imowledge will be integrated ezhlectively in the customary desigi and operational procedures of ships.
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dorne Rernarlrs on hraching hlienonienon

Naoya llh/lEDA_
National Research institute ofFisheries Engineering

Ebidai, Hasaki, lbaraki, 314-04, Japan

 Summary _ r
Based on partly—captive model experiments, the author provides views for a
desirable mathematical model for analysing breaching and remarks on
estimations of hydrodynamic coefticients in the model. Then, by reviewing
his recent analytical and numerical works utilising the proposed mathematical
model, a qualitauve explanation has been obtained for breaching in the light
of non-linear dynamical system approach. Furthermore, a simple method for
predicting breaching without repeating numerical shnulanon is proposed for

. a practical use and well compared with existing free running model
experiments. " e

i lntreduction l
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 breaching. Although a few high-speed craft may
experience breaching in still water, the most realistic threat of breaching 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 iboth
theory and experiment have left an investigation of breaching unsolved till now. ‘

At the previous workshop, the author (1995) discussed the methodology for
investigating a breaching phenomenon with non-linear dynamical system approach. in
particular, he pointed out the importance of steady state of both surf-riding equilibria and

I _

periodic motions and then proposed a procedure to idendfy critical condition for
breaching basedon a concept of “sudden change” of operational parameters as well as an
invariant manifold analysis.

-19- L.
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Following his paper as a part of the UK-lapan co-operative research project, the
author and Vassalos (l996) carried out an investigation of periodic rnouons, their stability
and invariant manifolds. Combining it with the previous results for surf-.-riding equilibria
(Umeda and Retails-on, l992, 94), this paper remarks features of breaching phenomenon
in the light of non-linear dynamical system approach. t

Apart from these works, Spyrou (i995-96) intensively has been investigadng the
same topic with a similar method. However, some qualitative conclusions in his
invesugation 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 capnve model experiments and hydrodynamic
predictions, the author and his colleagues carried out the experimental validanion of
mathematical model. Based on this validation, this paper remarks on a suitable
mathematical model of broaching. -

Mathematical model for investigation of breaching
1) 6 sdegrees=-of~=frcedom or 4 degrees-=of~fr<e<edorn?
For the invesdgauon 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-rolh
yaw models, have been utilised with an auto pilot model. When the investigauon is
limited to broaching, 3 degrees-of-freedom models also have been utilised. if criucal
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 exuemely difficult. A thought of
usefulness of the 4 degrees-of-freedom model for breaching is as follows. (Umeda,
1995)  W

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. l-lence, it is sufficient to 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 nawler in a
seakeeping and manoeuvring basin named “Marine Dynamics Basin” of National
Research lnsntute 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 dynamorneter. The model was towed in quartering seas
with low encounter frequency, which covers the range of motions relating to broaching.

As shown in Big. Zl , "the measured heave and pitch were compared with two
prediction methods: tine is to calculate a stauc equilibrium with the Froude-lirylov
components (Static); the other is a strip method (GSM). (ll/latsuda, Umeda and Suzuki,
i996) in these experiments. 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 results to some extent and those with the strip method show better agreement. it
is note~worthy' that the results with the snip method do not depend on the encounter
frequency very much. These conclusions were also validated for the experiments with

extreme wave steepness ll-l/?\.=l / l0.

2) Can we predict hydrodynamic terms in tlre.mnthemntical model?
lt is necessary to predict hydrodynamic terms in the 4 degrees-of-freedom mathemancal
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 l/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 model can be only the wave forces without ship lateral mouons and linear
manoeuvring hydrodynamic forces in still water. T-lere the latter includes resistance and
propulsive forces. '

For the wave forces, the author and his colleagues (Umeda, Yanrakoshi 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 l/10. Some examples are shown in Fig. 2.' As the model was
free in heave and pitch, the measured wave forces are suitable for the 4 degrees,-of
freedom model. I

Por 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 broachirrg. 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 oi broaching
phenomenon. r _

if we intend to improve prediction accuracy, it is necessary to consistently take
higher order terms into account; That is, wave effects on linear manoeuvring derivatives,
wave effects on nansverserestoring moment, non-linear manoeuvring derivatives in snll
water, non-linear restoring and damping roll moment in snll water and so on. Renilson
(1982) examined direcdonal instability with the first higher order component obtained by
a slender body theory. Son Nomoto (1983) heated directional instability with the first
two components obtained by a run/r test. Spyrou (1995-96) investigated breaching with
the second, third and fourth components. Nevertheless, it has not yet bmn established
how these higher order terms influence critical conditions oi broaching.

For some of the wave effects on linear manoeuvring forces, several theoredcal
methods have been proposed so far. (liarnarnoto, 1971, Renilson, 1982, Fujino et al.,
l983, Ananiev, 1995) in the near future, it is expected that theorencal prediction methods
for all of linear manoeuvring coefficients, including rudder and propeller conuibunons,
will be established with experimental validations based on captive model experiments.

For non-linear manoeuvring forces in still water we have two major problems. Que
is that no theoretical or empirical method for relevant ships is available. The other is that
exuapolauon 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
mathemaucal model in broaching. " 1 ,

\

Non-linear dynamics on breaching
1) What is branching? A V
A ship running in quartering waves, whose length is comparable 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 snip 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.

- ( '

Obviously, 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 tothe 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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depend not only dine but also horizontal displacements. Hence finite amplitudes 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 frmuency
regions as the linear periodic motion but in a low encounter frequency region its stability
decreases and finally it becomes unstable. Pig. 6 shows that the region where no stable
periodic motion is found exists only in the vicinity of the zero encounter frequency.

liow does a ship behave in the region where a periodic motion is unstable or slightly
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 condinon
of this equilibrium can be easily calculated by solving an equanon of static balance of
forces. However, if the propeller revolution increases up to this condition, the surf-riding
does not occur. Thus this condition is only a necessary condition for broaching. in
following seas two equilibria our exist within one wave length. An unstable equilibrium
for a longitudinal motion is near a wave crest; stable one in near a wave uough. The
latter equilibrium corresponds to surf-riding. The cridcal condiuon 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'revoluu'on, 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 uough 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) lf 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 unconnolled manner. Qne 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 conuol, which can be regarded as the maximum
steering effort, cannot prevent the uncontrolled yawing. '
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Based on the above knowledge, a scenario toward breaching can be provided as
follows. When a ship suffering a periodic motion in following and quartering seas
increases her propeller revolution, stability of the periodic modon decreases and surf-
riding equilihria potentially emerge. Eventually the ship may leave the periodic modon
and be atuacted by a surf-riding equilibrium near a wave uough. in other words, the ship
is accelerated up to almost the wave celetity. Since this muilibrium is a saddle, the ship is
firstly athacted by the equilibrium and then repelled. Even if the maximum opposite

rudder angle is commanded immediately aftnr approaching to the muilibrium, the ship’s

yaw angle may increase at a Wave downslope near a wave uough. This series of events
can be regarded as broaching. if the yaw rate during hroaching 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 hy a successive wave crest. in case of a large seaheeping
basin, it is often reported that the ship model escaped from broaching suffers broaching
again by the successive wave. _
2) firitical flundition for branching
Following the above qualitauve description on breaching, the problem how we can
quanutauvely predict a critical condition for hroaching raises. in other words, a method is
required to identify initial conditions leading to broaching for a given conuol parameter
set. Although the standard procedure for this problem is -the invariant manifolds analysis

‘\

(Hayashi, 1964), the number of the state variable in the mathemadcal model is too large to
visualise the invariant manifolds. i

The second method is a systematic numerical simuladon from all combinations of
inifial value plane. (Thompson, l990)- Since the dimension of the initial value plane is also
too large, this method cannot be directly used for broaching. From pracucal 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. 9

For a ship master, the essential issue is which operational actions lead to broach-ing
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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condinons in this case can he determined with an analytical result for a steady mriodic
motion except for a phase lag between waves and the change ot" operanonal parameter.
Thus the initial value plane has heen limited to l dimensional. liowever, the combinations
of change oi operational parameters should he considered to he explored numerically.

These ahove-mentioned methods repeating numerical simulanons are still too tedious
to he directly adopted as a tool for practical design or operational criteria ot" ship stahility.
Although regression analysis with many numerical results ‘Boy the ahove methods can he
proposed, recent innovanve and continuous improvements in ship design cannot accept
such conservanve ideas. Current lite expectancy oi a regression analysis is as short as
that oi" ya hull form. Therefore, in this paper, the author presents a simple method tor a
practical use, excluding any numerical simulations. This method defines the dangerous
zone tor hroaching as the zone satisfying hoth the critical condition tor surf-riding
without lateral motions in ‘following seas and the exisdng condiuon tor unstable equilihria
with the maximum opposite rudder angle. This idea is hased on the following physical
background‘. First a ship runs with a periodic motion in tollowing seas. "then the ship
increases her propeller revolution heyond the critical condition tor surf-riding. As a result,

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

maximum opposite rudder angle as a hang—hang conuol. it the ship’s yaw motion sdll

increases in spite ot this steering action, we can regard this phenomenon as broaching.
A comparison ot’ this dangerous zone and tree running model experiments of a

fishing vessel by llamarnoto et al. (i996) is shown in Pig. 10. The present simple
method well predicts the occurrence of hroaching, 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

Qn the basis of this work the following conclusions can be drawn:
(1) Based on the results ot captive model experiments, this study recommends the surge-
sway—yaw-roll mathematical model for analysing hroaching in even heavy quartering
seas.
(2) in the mathematical model, wave forces without lateral motions and linear
manoeuvring forces in still water should he taken into account; Some higher order terms
require further hydrodynamic and experimental investigations. g
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(3) in the light of non-linear dynamics, breaching can be qualitatively explained as
follows:

When a ship su_;f,’t'ering aperiodic motion in following and qucetering seas increases her
propeller revolution, stability of the periodic motion alecreases and surf-riding equilibria
potentially emerge. Eventually the ship may leave the periodic motion and be mtracted by
a surf-riding equilibrium neara wave trough. in other worcis, the ship is accelerated up to
dmost the wave celerity. Since this equilibrium is asaclalle, the shin is firstly mtractecl by
the equilibrium mid then repelled. Even if the rnaxirnurn opposite rudder angle is

commanded irnmealimely after wproaching to the equilibrium, the shipfs yaw angle may
increase at a wave downslope near a wave trough.

(4) A simple prediction method of dangerous condition for broaching without repeating
numerical sirnulauons is proposed and well compared with an exisdng free running model
experiments. 9
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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. ~ I ' ‘

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 A5626) 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 amidships2)'3). 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 motions7)*3)'9).

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 equivalentlinear system having
suitably selected coefiicients. The principal shortcoming of this method, is that the limits
of applicability depend on the degree of apprommation which is difiicult 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. I

2. Equation of It/ietion 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:

(r, + J,)<}5 + mt) + w - ez(¢,r) = 0 (1)
where Ix + J, are the real and added moments of inertia, respectively, the damping
force, W the ship weight and G’Z (<15, t)4) the righting arm including the wave-induced,
time-dependent variation. _ I '
Taking into account the equivalent damping coeflicient 016, the natural rolling frequency
wg, and the metacentric height GM, Eq.(1) can be rewritten as follows

$+2ded+w§ =0 A _(2)

where _- _ we 2 _ W - GM
Zaeqs _ I, + J,’ w“ — I, + J,  (3)

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

20.8 I
. - C,e_-5;, ae-Ngbo (4)

\

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(wcwe)
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(c'rest) 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: -

' Gil/f(stiZZ) = £5 /04> GZ(stilZ)dq5 I
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G’lW(tr0'ugh) = £5 jl: GZ(tr0ugh)dq5 We (5)

. 2 ¢GM(crest) = $5 GZ(c'rest)cZq5
0

Fig.2 shows these equivalent linearised metacentric heights obtained from Eq. (5) which has
been applied to the GZ(stiZZ), GZ(trongh) and GZ(c~rest) shown in Fig.1, respectively.
Since the metacentric heights, as shown in lE}q.(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 assumption is made
here that the variation of metacentric height G./l4(wave) is sinusoidal, as shown in Fig. 3,
and given by the relation g '

V GM(wave) = Gil/l(si'iZZ) [1 + 0.9 + a1 cos kfg]

where a0 is the average movement of the center of buoyancy predicted as

. . I __ Gil/i(tr0ugh) + Gil/I(crest) ,
 - 1 + a” 2 ~ GM(stilZ) (7)

a1 the amplitude of wave-induced variation in metacentric height given by

a __ GM(trough) -— GM(crest) (8)
1 2 - GM(still)  _

It the wave number and fig 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 c and an
initial position of the ship at time t =- 0, in the following form - '

S p is = £0 "- |¢ ‘UP: ' (9)

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

* GZ(d>, t) = GM [1 + 0.0 + a1 cos(k!;“0 —- wet)] ¢ A (10)
~

yielding in the following linearised form , p

f <i5+ Zaeqi + mg [1 + do ~17 a1 cos(k§0 — wet)] </5 = (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 tug. Accordingly, the rolling angle q5(t) can be approximated

by 1 gb(t) -= A cos wot + B sin wot " (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 ~

AT/2<}5d¢+2a.[/2<id¢+wg(1+a,) j£T/2qz5dqb+<.u§a1j£T/2q5cos(l<:§0—wet)d</5= 0 (13)
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and substituting Eq.(12) and its derivatives into Eq.(13), it follows

.T T/2 1 .ozewg (A2 + B2)-5 + alwg’ jg [AB cos Zwot — §(A2 — B2-) S111 2wot] cos(k§o - wet)dt = Q

S . (14)
In Eq. (14), the encounter frequency should be equal to twice the natural rolling frequency,
we = 2wo, to keep a critical rolling of constant amplitude. This condition requires the
following relationship A '

1
Qe(A2 + B2) -l" Gltdg-A-1? COS kgo —— (A2 - B2) SlI1 = O

I-lere, Eq.(12) can be rewritten as  1

. <;5(t) =i¢o cos(wot -— e) (16)
.

where B.
$0 :_- ‘V A2 + B2, 6 = l§3.Il-1

From Eqs.(4),(15) and (16), A and B are determined by "

. A2’: $25 [1 + sin kfio :l: X/1 — (£425-)2 cos lcfio] (18)
7TCZ1 7TCL1 .

p (B2 = fig. [1 — (ii?) sin I650 IF (/1 — (§4%5_)2 cos Mo] (19)
1 1

Eqs. (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 angle5) as follows o

A q5(t) = A(t) cos wot <+ B(t) sin wot (20)

I-lere, 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 ‘

<i§+ 20445 + wg [1 + ao + a1 cos(k§o —- 2wot)]<;5 = O (21)

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

I + 2o¢eA + wg (ao + 951- cos ago) A + 2woB + (2crewo + £5-wg sin kfio) B] cos wot

_ + + 2ozeB + wo (co - 5- cos kfio) B — 2woA — (2aewo e -gwo sin kfio) A] sin wot

' + gwg (A cos kfio -- B sin lcfio) cos 3wot + %w§ (A sin kfio + B cos kfio) sin Swot = 0

 (22)
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Although there exist two kinds of frequency components in Eq. (22) , namely, wo and _ 3wo,
the main frequency at the parametric resonance is approximately equal to the natural
rolling frequency, and the effect of the frequency component‘ 3wo 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 . I

l A + 2o:eA + wg (co + E; cos késfo) A + 2woB + (2o¢ewo + -G7;-Q3 sin .k§o)B = O

B + 2creB + wg (no — 95- cos kfio) B — 2woA —- (2o¢ewo -—~ Q27?-wg sin !<:§o)A = _ O (23)

Eq.(23) is a system of linear difierential equations in A(t) and B(t). Applying Laplace
transformation to Eq.(28), yields the following equations

[.92 -E 2o¢es + wg (ao + % cos lz§o)] A + [2wos + (2o¢ewo + %1—w§ sin lc§o)/ B = O

[52 + 2o<es + wg(ao — % cos !c§o)] B — /2wos + ‘(2aewo — Egwg sin ls:§o)] A = O (24)

The determinant which specifies stable and unstable solutions from Eq. (24) as follows
2 .

(s + ore)‘; + 2(2w§ + aowg — d§)(s + Q8)? + wg (cg — 52-) - Zaoagwg + aj = O (25)

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

2
25-T; > (/1 + in an unstable region (26)

(117? CZQTF 2 _ H _
258- < (/1 ,+ ( 2%) 1I1 a stable region (27)

. q 2 4 _

. Zfi = -// 1 + A at the critical condition (28)as a ,
Fig.5 shows the stable and unstable regions derived from Eqs.(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 cncles
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. . M _

A -37-
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4. Rolling Ampiitnde 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 Eqs.(18) and (19), A and B may be rewritten in
the following form

. B 2 1 2
A2 = %9- [1 + (/1 — (3%?) sin kfio :1: (3212) cos Info] (29)

$2 2 2 ‘2a
B2 = 5° [1 — V1 -— sin kfio IF (E9) cos M0] (30)

Eqs.(29) and (30) are derived from the energy balance Eq.(15). In order to specify A
and B, the value of qbg in Eqs.(29) and (30) has to be obtained from numerical solution of
Eq.(21) at the critical condition. In Eq.(21), the rolling angle <;5(t) vary with respect to the
initial position £0 at t=O when the ship inclined at 10deg. as shown in Fig.7.

Fig.8 shows the constant rolling amplitude qbo at the critical condition as a function of
the initial position £0. The constant rolling amplitude will take the maximum when the
ship inclined at the initial position §Q/ A=0.25 generally and take a minimum when the ship
inclined at the initial position £0/)\=0.825.

lt is furthermore possible to determine A and B in F/q.(12) at the critical condition by
make use of Eqs.(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 ¢(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 04;, the
amplitude of wave-induced metacentric height a1, Bertin coefficient N, the natural rolling
frequency wo and the initial position of the ship relative to wave, £0 at time t = 0, which

are, q5(t) = gvlvl —- (ga(%)2 cos(w0t - e) (31)

2 _ 1/2
6 : tan_1 [1 - (/1 — (2a0/a1) sm kfio IF (2a0/Hal) cos kég] p (32)

I 1 + (/1 — (2a0/a1)2 sin kfio :1: (2a0/a1) cos kfio

, GM(t) = GM [1 + an + a1 cos(2w0t — Ic§0)] (33)

Fig.1O shows the relationship between the variation of metacentric height and the critical
rolling of constant amplitude ¢0 in the time domain. In this figure, the roll angle increases
to the maximum at GM(1 + an) 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 I '
Let us next consider the rolling amplitude of Eq. (21) at the critical condition to satisfy
Eq.(28). Substituting Eq.(28) then into Eqs.(18) and (19), A and B may be rewritten in
the following form

A2 ,_ I? L1 + (/1 __ (ggzcrfdz Sin k§0 :1: Qéc?) cos k§0:l (29)

2 I , 2
. B2 = 522 I1 — (/1 - sin k§0 IF (-%-I-C21-Q) cos M0] (30)

Eqs.(29) and (30) are derived from the energy balance Eq.(15). In order to specify A
and B, the value of 450 in Eqs.(29) and (30) has to be obtained from numerical solution of
Eq.(21) at the critical condition. In Eq. (21), the rolling angle ¢(t) vary with respect to the
initial’ position £0 at t=-0 when the (ship inclined at 10deg. as shown in Fig.7. -~

Fig.8 shows the constant rolling amplitude Q50 at the critical condition as a function of
the initial position £0. The constant rolling amplitude will take the maximum when the
ship inclined at the initial position 50/ }\=0.25 generally and take a minimum when the ship
inclined at the initial position £0/A=0.825. 0

It is furthermore possible to determine A and B in Eq.(12) at the critical condition
by make use of Eqs.(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 position _§0/)\=0.25 where ship inclining at
appropriate angle. ' _

5. Energy Balance of G-Z curves during Critical Rolling Motion V
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 the
amplitude of wave-induced metacentric height a1 , Bertin coefficient N, the natural rolling
frequency w0 and the initial position of the ship relative to wave, £0 at time t = 0, which
are is

rra 20. 2
E gb(t) = Z]-v3\/1 —— (Z19) cos(w0t +- e) I (31)

_ -1 [1 - \/1 — (2%/a1>2 smka =|= (2%/a1>c<>s k§o]1/2 Ie - tan  . (32)
1 + ‘/1 — (2a0/a1)2 sin lc§0 :|: (2a0/a1) cos lc§0~ .

= + CZQ + (11 COS(2LUQt -

Fig.10 shows the relationship between the variation of metacentric height and the critical
rolling of constant amplitude Q50 in the time domain. In this figure, the roll angle increases
to the maximum at GM(1 + a0) 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



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

process is necessary in order to keep a constant amplitude during the critical rolling. In
this case, the waveinduced 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 I .

I _ +2aeqi + w3(1I+ a0)q5 = —wga1¢cos(2w0t — I250)

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
(15,. must be larger than the area up to the critical rolling angle Q50, 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 > Q50

where q50 is calculated from Eq.(21) and q5,. 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.

0 (35)

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/A =1/25 for unstable motion and H/A =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 rlmning 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 aninteresting problem to be considered next.

6. Concluding Remarks ' p
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.
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(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,

--i 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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snmmmy 1 .
The time history of encounter waves diifers fi'om 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
detennined as a function of V/ T , i.e. ship speed/wave period, in following and quartering seas.
The probability to encounter high run is shown as functions of V/ T and number of runs. It is
concluded that the groupiness or probability to encounter high run becomes higher in a range of
V/ T between 1.0 and 2.0 (kt/sec). T _ '

-

, .

, INTRODUCTION ' -

One of the dangerous situations for ships navigating in following and quartering seas is to

encounter occasionally a group of high waves, i.e. 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 "Guidan¢6 I0 the Master for

Avoiding Dangerous Situations in Following and Quarteting Seas“, which recently has been

adopted as the MSC/IMO Circular[2]. .

However, this V/T-diagram gives no quantitative infonnation on the degree of encountering
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high run. Then, the author has tried to derive 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 fiom the ocean wave spectrum, is used

to estimate the probability ofwave group length or high run to be appeared in encounter waves ofa

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 V/ T = 1.0~2.0 with the highest value at V/ T E 1.45. The influences of directional

distribution of wave energy, i.e. the efiects 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 ofwave energy becomes wider.

T

STATlSTl€AL ANALYSES OF WAVE GROUP

Longuet-Higgins’ Method _ .

The run is the number of successive wave train in a group, all of which exceed a levelp, as

shown in Fig.1. According to Longuet-1-figgins, the mean length ofwave group, 7 , the mean values

ofwave number and run in a group, O and 17 , are represented by» the following fonnulae as the

functions ofthe band-width parameter, v , ofthe wave spectrum.

 i={#1/<2rr>}"”</1,,/p>e"”"""’ <1)
6: (270.-1/2[(1_‘_ V2)1/2 /v]("u[r/2 /p)ep2/(Z/1°) . 1 (2)

F : (271,)-1/2[(1+ V2 )1/2 / vlué/2. / p (3)

‘where v is derived fi"om the n-th moment ofthe spectrum, as follows,

V = ,/mom, —m,2 /m, (4)

,UQ=mo, /11:0: /-‘2=m2"m12/mo

provided that the components of the spectrum in higher frequency range than 1.5fP as well as the

lower frequency range than 0.5fP are ignored, where fP is peak frequency ofthe spectrum.A
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" u

The probability density functions of l , G and H are represented by an exponential function,

respectively, as follows. " . .

p<1>=i"‘e""’ <6)
 p<G>=@"e"“"§ <1)

T  p<H>= F"‘e'”’” <8)
The probability that the run exceeds H is calculated by equation (9).

P<H>= J§p<H>dH=e*”’” (<9)
Applicafion to Encounter Wave _

The encounter wave spectrum is obtained by transfonnation of wave spectrum in wave
0

fiequency domain a) into encounter wave fiequency domain we , i.e.
1

-v

, S(aJ.,>/1.’) = S(a))/|1 —2c0V cos);/g| _ (10)

where V is ship speed, 1 is encounter angle, and

w,=co—w2Vcos1/g (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. p at s - ‘

2 s . _  ,-S'(a>') = l_§‘_;’l = 0.11m’ 5 e><p{- 0.44m 4} (12)T HQl 1/3 ,

where am’ = w / mo, coo = 21z'/ T8,, 7;, mean wave period, Hm the significant wave height.

The short-crested Wave spectrum is shown by equation (13),
' - \

 S(a>, 49,) = S(a>) ~ 0(6), aj) (13)

with the energy distribution frmction D(co, 6) , as equation (14).

lg I"(1+n/2) f 14

Dw) ,/Zr(1/2+n/2)°°S”6 ()

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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where

. we]. = a>— aJ2Vcos(1-6].)/g 1 (16)
-

The band-width parameters of encounter wave spectra have been calculated for navigation

conditions as shown in Fig. 3, where V/ T (kt/sec) 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 fiinction, n = co , 10 and 4, respectively. Figures

7(a),(b) and (c) show the band-width parameter versus V / T .

Then, the characteristic values of encounter wave groupiness such as I , G , and H are

derived by using equations (1), (2) and (3) for the significant wave height, i.e. p/mg” = 2 or

p = HI,3 /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 = .1.0~ 2.0 and it becomes

highest at V/ T = 1.45. ‘

Statistical Analysis ofEncounter Waves Obtained by Simulation .

The (time series of encounter wave in short-crested sea can be obtained by tirne-domain

simulation as double summation ofelemental waves as equation (17), - ' 1

i _ I J

p 17(x,t) = Zia’). cos(aJ,.t — klj -x + ail.)  (17)
1 i=1 j=l

where-

a,. = \/2S(cu,,6’j)Aw,A6lj
kg. -x = k,(x(t) cos 6]. +y(t) sin 6].) (18)

’ (x(z‘),y(t)) = (xo +Vcos 1 - t, yo +V sin 1- 2‘) '

The time series ofencounter waves in long-crested sea are shown in Fig. 10 for various V/ T

values. The envelopes ofwave amplitudes are drawn on the figure.
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STASTSTT€AL PROPERTTES OF EN€@TJNTER WAVE GROUP i
. ' AW EFFEOTS OF PETERS T '

The envelopes of time series ofencounter waves have been analysed by statistical manner and

the probability that number ofrun exceeds H has been obtained as shown in Figures 11, 12 as well

as Table 1.

Table ~l Probability ofruns greater than H obtained by simulation

5 ,gN',=15571, N'= as Mj= 0 __u'= _,, u'= 17 _ui= 9 N’: 3.=2. >

"U 7%I \J as
W

“U I-\I \-I

O

“U l'\I \l bIO i

U

‘U f'\I \-I O)Q

ITI

T f§I \J -hCD

“I1

‘U f\I LI 45 \l

@

‘U f\I \I

(D@~lO)U\-b(vJl\J-~

385
68
17
21

caca--

0.
0
0.
0.
0.
0.
0.
0.

24727
04367
01092
00129
00064
00064
00000
00000

365 0.33517
57 0.05234
10 0.00918

COO

1 0.00092
0.00000
0.00000
0.00000

0 0.00000
0.00000 0.00000

= ' N= 1267 0 81374 N= 945 0.86777 N= 580 0.92064 N= 378 0 89786 N= 340 0.87855 1
331 0.
142 0.

0.
O.
0.
0.
0.
0.

0 0.
caascaonZ;53

52540
22540
07619
02381
01270
00476
00318
00000
00000

233 0.
154 0
81 0.
4210.

0.
0.
0.
0.

1,0.

IO

lOOl\|-4

55344
36580
19240
09976
04988
01663
01188
00475
00238

174 0.
101 0
63 0.
47 0.
32 0.
23 0.
14 0.
8 0
6.0.

44961
26098
16279
12145
08269
05943
03618
02067
01550

N= 344 0.
161 0.
77 0.
36 0.
22 0.

aazzz;

0

0
0

. 5 0.

0.

84108
39354
18826
08802
05379
03423
02690
02201
02201
01223

N: ass 0. arsov
139 0

O-‘Q3035;

0

.29387
55 0.

0.03383
‘0.01269

.00634
0.00211
0.00000

11020

010.00000
0 0.0000010 0 g 0

M0 [m2SEC] 0.0010929 0. 0014062
H”;/2 [ml 0. 064003 0. 013212

0. 10299 0. 16304H .

0 00 826 0 001. 13 . 43
0.073196 0.0746493

098

0.11256 0.0859457

0.0013334
0.072582
0.10074

0.0011938 0.00113237 I
0.068045 0.065601.
0.11791 0.15733 '

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

linesinthe figures. 4 _ ~ . _

From these results the qualitative features of encounter wave grouping are concluded .a_s

follows. ‘

(1) Theoretical calculation and numerical simulation give ahnost the same tendency that the

encounter wave groupiness increases remarkably in the speed range of V / T between 1.0 and

2.0, see Fig. ll. . 1

(2) The probability of exceedance, P(H) , that the number ofwaves in a run is greater than H can

be represented by a straight line on Fig. 12. Therefore, by using Fig. 11 and 12, we can estimate

P(H) for any conditions of V/ T. and H . _ . i 9

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

greater, as the value of H increases. '

(4) The increment ofencounter wave groupiness in the above-mentioned range of V/ T is less, as

the directional distribution ofwave energy becomes wider. . '
\

. -
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»

CONQLUSTONS A .
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.

. ACT@@W"LEUGER/TENT

Thetheoretical calculations, numerical simulations and analyses as well as making illustrations
‘ .

of this work have been performed by Mr. K. Watanabe, Yachiyo Engineering Corporation, as his

master's thesis at the Nihon University. And this work is originally presented at the autumn meeting

of SNAJ, November 14-15, 1996, Hiroshima[4]. .
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STUDY GN THE TRANSVERSE TNSTABHJTY
0F A HIGH-SPEED CRAFT

\

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

r U 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 sufiiciently. 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. p " A '

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 monohull 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 which 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 importance 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 therelation 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

- -53- .
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numerical calculations. ~ J
However it will be impossible to apply the theory that is appliedto 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 veryslender and the
breadth and draft are relatively small to length, and which is based on the asymptotic 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 mechanism of the transverse instability. '

2. THEQRY AND NUMERICAL CALCULATIQN l\/[ETHQD

U
We consider a uniform ‘flow of inviscid and in- \
compressive fluid with velocity U in the posi- 0
tive direction of :2: axis with the origin on the y
undisturbed free surface and take the y axis 9 x
in the horizontal plane and the z axis verti- Q(xiy;iz9
ca.lly downwards, as shown in Fig.1. Assum-
ing a Kelvin-source at point :2: = :0’ , 3,1 = y’ , Z
z = z’ > O, it is expressed by the formula Fig.1 Coordhatci system

1 1 K0 co exp(—\/0:2 + 522 +1Idi': + i,8§)
G:-_-+-,+-ff >dad[3  (1)1', , r 1r -00 0,2 _K0 /Q2 + 52 _.

where _ '
' ' l \ |

T = we - we +'<y - W + (z - z'>2 . 1~'= Je — war + (y - 2/)’ + (z + 2/>2
K0=g/U2 . a=:v—:1=’. t=y-y’. §=z+,z’

The first term in equation (1) is the Rankine U\. E
source and the second term is its image with
respect to the free surface. Then we consider &
a slender ship fixed in the uniform stream of Y S , (x§y§z9
velocity U. The coordinate system is taken _

1..
as shown in Fig.2. S

HQ -

‘ii P(xry2Z)iZ p .

Fig.2 Coordinate system
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in order to express the velocity potential of the fluid rnotionaround the hull, we assume a
Green function G’(.r, 3;, 2; :c’,y’, z’) and apply Green’s theorem in the :c’,y’, z’ space bounded by
the hull surface below the still water line. Accordingly, the velocity potential due to a source
density distribution 0' on the hull is as follows. , . - H

<b= / @‘($’,y’,Z’)@(rv,y,Z;w’,y’iz’)d5(1v’,y’,Z’) (2)
- 1

I I

Now we consider a portion of the velocity potential defined by (—_~l/r + 1/r’ On account of the
assumption of slender body, the expression for the velocity potential near the null surface can
be simplified. Ornitting higher order terms, one can write the near field expression for $1 as

- i __ I 2 Z ___ 1 2

~ $1 T jaw) dz’ yi’ Z’) in +- Z32 jl_—iz+;l2d5 J A -(3)
where C is the contour of the hull surface on each transverse section at :2: = st’. The potential
as, is obtained by subtracting the equation (3) from equation _ - " .

 . ¢z=/d=v’Lwv'($’,y’,z')G'(r1=,y,Z;fi=’,y',z’)ds  <4>
There are the asymptotic expression for the function G’, which is given by e

G,($1y7Zi$,: y’! Z’) ' 2 TTKOHI — mil.) l

2
+ {WKQY1(KQ|$ -- £6") "l' {1 -l- 28QTL($~-— £l7’)}_- 2K0

' "4\/EEW - iv’; U —~ y’, Z + Z’) {1'+ 2-$9r1(1'i - $')} T J (5)
O0 .

E(:'rI', 7], 2) = fo exp (-1122) cos (uzgi) sin (u,/K@:'z§)du p (6)

where H, is the Struve function and K 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 , - -

<5 = ¢1~ + C152 (7)

The boundarycondition on the hull surface is i

3gb _
5; "' “Una

where n is the outward normal on the hull surface and u is the outward normal to the contour of
the hull surface in the transverse plane. Replacing n with 1/, and considering equation (7) and
equation (8), the boundary condition is written as follows.

at Q aa _ aa, + aa (9)
 8n 32/ _ 51/ 31/

The derivatives of the velocity potential shown in the equation (3) and the equation (4) are

 at _ a <y-y'>*+<z-at . . d ,0
-6; — 27TU+.L*(@) 81/ {1n(y-y')2+(z+z')2 J($’y’z) 5  ( )

-—55- \
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8962 1 - - - I / IA E -¢—- -8,/K0/dzL(1,)E..<1=.y.z>@-<:@.y.z>d$ (11)
A unit source distribution 0'1 is determined from the following normal-derivative boundary con-
dition. 69¢

5-U-' = ‘-1/3;

where
0' = UU1

The boundary condition on the hull surface given by the equation (12) is written as follows.

5<r31 54152  _ a; - "”== " at  <14)
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 velocity potential. Then the pressure distribution is obtained
by 'Bernoulli’s theorem. ~

: - : - ----- -—- —- -|-gg

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

‘ r R,,e-//SP1/,ds,R,=-//sPv,ds,Rze-//SP1/,ds (16)

A/1,, P(1/yz -1/,y)dS' , M, 2 P(z/zy -1/ya:)dS (17)

3. EXA}/[PLES OF COMPUTER Sl1\/IULATION

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 efiect
of wetted surface that is above still water surface, spray and the equilibrium between dynamic
forces and static forces. i

The principal of high-speed craft and the body plan are shown in Table l_ 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 And the effect of dynamic pressure acting on craft’s hull is considered
by comparing the calculated hydrodynamic forces with the measured hydrodynamic forca, pro-
vided that the GM value -is taken when the transverse instability was remarkable by the model

iiP ' .
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1

test. As an example, the measured heeling angle is shown in Fig.5. In thistest, only sway and
yaw motion of the model was fixed, and A<I> 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 Git/I‘ value is quite smaller than that of normal operation. Numerical
calculations are carried out by using 120 >< 40 panels for the hull surface.

3 Table 1 Principal particulars of model
ship and GM

Hull-type Hard-chine .
L i i _

Length  3.80 11-
"Breadth 0.63 (m) L.w.L.

. Draft . 0.14 (m)_
Scale I 1/12.3 “I B.L.

I _u
1-iii

g GM g 0.06 (m) .
' Fig.3 Hard-chine type hull form

. ‘ Mi _ _ xH
y p x I i9 -

<2 V. ZH

I

 

Z
ZH . _ .

Z . y_..

0-x,y,z I Coordinate system fixed on the surf-ace M2 '
- .

\ na

G-xH,y&zH I Coordinate system fixed on the hull \
I G I Center of gravity _ g XH

' CD: Heeling angle x '1 G -'
6: T1'l111.8.ngl6 _. v Z

MXI I-Ieelmg moment " .
M2 I Yawing moment V

' YH
Fig.4 Coordinate systems and symbols
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l MX(kgf-ml

-12 - >< 4 12 -12 -s - 4 8 12
XX

I

A <D(deg)i

Q GM=6Qmm
O GM:-63mm

°<>
O A El

Q El
U El

.4 0.6 0.8 1.
W Fn

Fig.5 Measured heel angle (sway and yaw fixed)

,1~  MX<kam> 1-  
0. O. ><><
0. O. I >< X

CD (deg) ' (D (deg)
-O. -O.

0- -O.

-1. -1.

MZ(kgf-ml MZ(kgf-ml ,

-12 -s 4 2 -12 -s. -4 u X4 8 .12

X IMBQSI-Wed’ " ’ 2 X :Measured
l ‘-“'1 C31¢"~lat¢d | . -—': Calculated

I

><
 ><

@(<1@s) r G <D(<1@e)
- __ X p

X

Fig.6 Heeling moment and yavring mgrnent Fig? Heeling moment and yawing moment
at Pn=O.72 (1,,/<1=o.03, 6 =1.9 ) t at Fr1=O.96 (ZH/Cl=-0.10, 6 =2.0° )

-0
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N

3.1. COMIPARISON OF MEASURED AND CALCULATED MOMENT

Themeasured and the calculated heeling moment ll/IX and yawing moment MZ are shown in
Fig.6 and Fig.7, respectively at Froude number Fn = 0.72 and Fn = 0.96, under the condition
that the motion of the craft is fully fixed.

In Fig.6, the measured heeling moment ll/[X against heeling angle_@ is nearly zero inthe 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 ll/IX takes larger value at the heeling angle is larger than ‘8 degree. In Fig.7
the measured ll/IX against <I> has positive incline. Then this means when some disturbance make
the craft heel, .<I> 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. r '

And in Fig.6, the calculated yawing moment Mfg against the heeling angle (P takes small value
~

relatively at least 0.5kgf.m. However the measured yawing moment at Fn = 0.72 doesn’t be
obtained. In Fig.7, the measured Mg against <I> has negative incline. Then this means. when the
craft heels to starboard side (<I> > 0), the hydrodynamic force acts to turn to the port side. As <I>
takes larger value, ll/IZ 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.

- - _c,,><102 16
3.2 DYNAMIC PRESSURE DISTRIBUTION  . .

Fig.8 shows the dynamic pressure distribu- l 8
tion on the hull at Fn = 0.4 and Fn = l.0,- 2 Fn=O'4 ,
and 2,,/d =_ 0.0, 0 = 0.0°, o = 3.0°. In ’ ‘
this figure, the normal component of the dy- /-~

“ht,fit
a“"Inamic pressure projected on the r — y plane I \

at the square station 1, 3, 5, 7 and 9 are in- ' -8
dicated. The dynamic pressure near the keel
is indicated by a broken line. The pressure , _16
coefficient C’? is written as follows. - Stgm

,JJli
if

I" P  -. <7, _ T/7/)7, (18)
8

When Fn is equal to 0.4, the broken line Fn=1'O
shows that the dynamic pressure contains

\\ /I’ CPX 102

at
\l\~. i‘~"=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 i G ‘ -16
at low speed, the fiuiddynamic force doesn’t 515111 A
have ‘=1 13186 efie¢t- . Fig.8 Pressure distribution in x-y plane
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\/Vhen Fn is equal to 1.0, the broken line
shows that the positive dynamic pressure dis-
tributes on the ‘fore hull and the negative
pressure distributes on the aft hull. And
it shows that the positive pressure has un-

C,,><102 4

2

even distribution to starboard side for fore <D=0 -
hull, and the negative pressure distribution A
to port side for aft hull. Moreover at high- —
speed, the fiuid dynamic force has a large '2
effect.

Secondly, in order to see the effect of heel- -4itit:\
ing angle, Fig.9 shows the dynamic pres-
sure distribution on the hull at heeling an-
gle @ = 0° and ‘I3 = 12°, and Fn = 0.96,
zH/d.= -0.10, 9 = 2.0°. In comparison of
these two results, at <P = 12° we can see that
the positive dynamic pressure acts unevenly (D=12°
to the starboard side on fore hull and the 0
negative dynamic pressure acts unevenly to Bow
the port side on aft hull. Then taking into -2
consideration that a high-speed craft has a

X102 4

‘ 2

large deadrise angle for fore hull and a small _4
deadrise angle for aft hull, such uneven pres-
sure distribution is thought to make a craft
heel easily as the K3‘ is large. Like this, the

Stern

increase of the heeling angle have the uneven- _ _ _ _ _ _
Fig.9 Pressure distribution 111 x-y planeness of the dynamic pressure distribution be-

come large, then we consider this leads to the .
increase of the heeling moment. '

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

i

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 instability, we compare the two models, the model whose midship is
extended to stern as shown in Fig.10 and’ the original model. Fig.ll shows the heeling moment
M’; and the yawing moment ll/{Z 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

__5Q_
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L.W.L.

B.L.

Fig.l0 Hufl form (no Warp at aft hull)

Mx(k8f-111) 1-1

l //'

0. ' '
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- -3 __ gf 12
1.: d/ _O_ es)

/' -0.

-1. 1

MZ(kg.m) .

,
-12 -8 -4 n 4 8 12

‘D(d=g) \
I'M}at aft hull - 3‘

-——— : Ofiginal

Fig.1l Heeling moment and yawing moment
at Fn=0.96 (zH/d=-0.10, <9 =2.0° ),

S with no warp at aft hull

Fig.1?» Heeling moment and yawing moment

_.61._.

I >< :Measured

I

n

1

' §>

Fig.12 Section of Flap Chine
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at Fn=0.96 (ZH/d=-0.10, 6 =2.0° ),  
with Flap Chine
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3.4 EFFECT OF FLAP CH]NE

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 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 = O and the incline of
the hull surface. The measured and the calculated heeling moments ll/IX and yawing moments
A/IZ are shown in Fig.1?» at Fn = 0.96. The measured 11/IX against <1) 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 <1? > 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
onthe 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 difierence
of the deadrise angle between fore and aft hull. L .

2. 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. '

REFFERENCES

[1] Washio, Y., Nagamatsu, T. and Kijima, K. :On the Improvement of Transverse .Stabil_ity for High-
Speed Craft, Transactions of the ‘West-Japan Society of Naval Architects, No.86, (1993), pp.77-85

[2] Werenskiold, P. :Methods for Regulatory and Design Assessment of Planing Craft Dynamic Stability,
Fast’9-3, (1994), pp.883-894 .

[3] Maruo, H. :New Approach to the Theory of Slender Ships with Forward Velocity, Bulletin of the
Faculty of Engineering, Yokohama National Unit/., Vol.31, (1982), pp.85-100

[4] Song, W., Tkehata, t\/I. and Suzuki, K. :Computation of Wave Resistance and Ship Wave Pattern
by the Slender Body Approximation, Journal of the Kansai Society of Naval Architects, Japan ,
Vol.209, (1988), pp.25-36 9  * r

1

t

—-62-



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

Sensitivity of Capsize to a Symmetry Breaking Bias

by
B. Cotton,

r S.R. Bishop
and

J.M.T. Thompson
University College London

0

pp119 - 128 in Supplementary Volume

m63__



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

~

- \

NONLINEAR ROLL MOTION OF A SHIP, WITH WATER-ON-DECK
IN REGULAR WAVES ' -

Sunao Murashige‘, Kazuyuki Aiharai, and Taiji Yamadai
I Ship Research Institute, Ministry of Transport, Japan
‘ Department of Mathematical Engineering, The University of Tokyo, Japan

AIHARA Electrical Engineering Co., Ltd., Japan4.4.....-

SUMMARY

This paper describes nonlinear motion of a R0-R0 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

because 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 compliclated. Nonlinear dynamics approach may be one of promising

methods to elucidate this challenging problem [5—1l]. '

_64__.
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It is well known that fluid with a free surface, ‘free water’, inside a ship has some

influences on the ship motion [12,13]. The static effect decreases the metacentric height
I ' _

GM’ by —p— - % where p and p’ denote the densities of sea water and fluid in a ship, i thep .
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 paper 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 itusing model equations.

EXPERII\/IENTS

Model and experimental method '

Experiments were performed using a Ro-R0 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
Side view

1:.“ V ’ H D g

;»___rv ._____ |\)i—' ,,,____. ,,_.__ H.___.. ,-,,_ \,_._ ,,,___ “—"...rr‘" rnQ_.._I tv
]_ woo in ‘ _]

Fig.1 R0-R0 model
(unitzmm. The shaded area represents the vehicle deck.)
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Table 1. Principal particulars of the R0-Ro model
[scale ratiozl /23.5, without water-on-deck)

Length LP, I 4.3 m ' Vehicle deck height h
I Breadth B ; 0.681 m * Displacement W

0.206 m
,  272.69 kg I
I Depth D I 0.236 m I Height of center of gravity It? 0.25 m 1
I Draft d ; 0.186 m , Metacentric height GA! _ 0.069 mi 1

p Freeboard f I 0.0-50 m L Natural period of roll motion T, p 1.94 sec. I

Experimental results " 1

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 themeasured roll angle <;5(t) when the amount of water-on-deck w was 20%

of the displacement of the model W and the height H; and the period T} of incident

waves were 13.0cm and l.44sec., respectively. In this case, the static equilibrium angle is

:l:I9.0deg.. The roll angle ¢(t) is defined to be positive when the model heels to the lee

side.

3° I I— ‘I I ] I ] I I I 30 F I i

-1 1
1 1

41)d<=s -'IIT 1-1_ ‘Ei-::*.-——=----1- 1C; 41!)dfia
I I

IIII , II -'______.]_..___

1
1 I

,__,2g _ _ . _ _ -4. ,.'_ _ ,._,2g _ _ . _ _ _ + . . _ . _ --1 .. I

H 5W - — — — — — — -— , ‘
% ' M
M , I

. _ . . -- p Q ------

ange a I I I I I I
4.-_ J... I I I I I I I1- I I I I I I

_.,_
I I I I I I ange a I I I I I I -I.- I I I I I I J.. I I I I I I I

_,___
I I I I I I .,---1 , 1_ --- ------

¢-I -_
M M

Ro
I I I I I I I -,--_ I I I I I I

-*1-u

I I I I I I
Ro ItO I I I I I I +-- I I I I I I 1___

1
Q9 - _ - - - - - --4 _ _ . . _ --

1 1 1 1
I I I I I

I I I I I I I

» - r - 9 ~ + ~ ~ I — ~ ~ I I — 1 + ——+ I I t I 1 m - I 1 1 I + . J 9

Q N w @ 1% D K

"T

1 I 1 1 1 1

-nu-i-¢

1 1 I 1 1 1

a s gr 8.- §
I Time I [sec-1 Time 1 [sec.]

(a) q5(t = 0) = ——l9.0deg.(Weather side) (b) ¢(t = 0) = +19.0deg.(lee side)

Fig.2 Time history of the measured roll angle c_z5(t) '
(The height of incident waves H,-=13.0cm, the period of incident waves T1-=1.44sec.,
and the ratio of the amount of water-on-deck w to the displacement of the model
IV is w/W=0.2. In the case (b), the model was lightly impinged by a stick at
t ':65sec..) I

From these figures, We can see the followings:

0 Case (a)

— At t=0, the model is balanced in the Weather side, ¢'>(t=0)=-—19.0deg..
I

__66m
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— For t <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 225sec., the roll motion is changedfrom the weather side to ‘the lee side.
— For t >30sec., the model rolls inthe lee side with the average amplitude of about

9deg. and the average period nearly equal to twice that of the incident waves.

0 Case (b)

— At t-=0, the model is balanced in the lee side, _a6(t=0)=+19.0deg..
— For t <6-5sec, 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 :65sec., the roll motion is

changed to the other mode of large amplitude. I

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 motion 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. ' _

61
!!> , Li’

‘Incident waves \ :1)  
I9 ____¢_ . __ - 1 1,-gr?-11;;

" V
, . _ . . ._._.v

‘I I, G0, _B   -
O*-

1<..  1>,,_1]
.'T
/I

Fig.3 Roll motion of a box-shaped floating body in beam sea
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. 1 We assume that 1) the ‘coupling of roll motion and water-on-deck is dominant, and
Q

sway and heave modes can be neglected, 2) the surface of Water-on-deck is flat with the

slope X, the motion of water-on-deck can be approximated by that of a material particle

located at the center of gravity G1, 4) the exciting roll moment varies sinusoidally with

the same angular frequency as the incident waves Q, 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 G0 and take the coordinates asshown 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(c9L) 6L ED 0.d1 19¢ <'9¢+0¢ ,1)
d at "at an

= Q ,41 (ax) ax + ag ~
where the Lagrangian L = K — P. The kinetic energy K and the potential energy P are

given by sums of them of each system, namely K = KQ + K1 and P = P0 + P1 + Pe where

the subscripts 0, 1, and e denote the floating body, the water-on-deck, and the exciting

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

, 1 ; 1 3 » 1 - -
A0 Z Z 5.0/1l‘§2(,D2 , A1 Z 5771 (IIGIZ + £1612) 1

P0 = _pVgyBo : + mlgyB0 1 Pl : mgyG1 1 Pe(¢1tl : + 1

’ 1 Io 1 .
D +4 550917 "I" :2'$1X2 7

where I and 6.7 denote the moment and the added moment of inertia about the axis

of roll, III and m the masses of the body and of the water-on-deck, K3 the radius-of

gyration, mg, = (:::G,,yG,) the position of the center of gravity of the water-on-deck G1,

2:5,, = (:cB,,,y1;,,) the position of the center of buoyancy of the floating body B11, Am the

amplitude of the exciting roll moment, 1/5 the phase difference between the incident waves

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

of G1 and B0 can be geometrically obtained as follows:
1

___68m
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lm__ 2
I50 = GQII/IQ S111 Q) + 5.80049 l§8.Il Q5 Sill _ .

" V for ]q>| < Q51
1____ m__ m__
_ ,, . 1g5, = 9 BQJIQ tan cp S1Il o (B1111/I11 G11iII11) cos qfi .

I b 2 2a , . (3)$5, = Sgn(a)_-f cos <1 - s@(¢)§1/b0d0 - A Gosinqb
- S111 <0

I for > @151
.' % ° I 2 ' I 7 IyB,, = —sgn(,o)-5 sin Q + §\/bod“/sin 2|<p] -— RG11 cos qn

2:9, = B111/I1 tan X cos <15 + (GQB1 + gt-B1lVI1 tanz X) sin qb

1 I for < X1

3,/G, = —B1M'1 tan X sin Q3 + (GQB1 + §B1M1 tan? X) cos qb I

$61 == San-(x)% cos <15 — sa'11(x)-31/b1d19—i6—+—X—)
1/s'1n2|X|  1 (4)

+(d@+f—:KG@)sin¢ ' f I l
. 91' X >X1

. 2 <15-1- Iyg, = —sgn(X)%_s1n <15 + sgn(X)§1/.b1d1§m(M<I
 1/s1n2|X]

-I-(do -1- f KGQ) cos 125

¢

where do denotes the draft, d1 the depth of water-on-deck, bo the width of the floating

body, b1 the width of the vehicle deck, and f the freeboard of the floating body as shown

in fig.3, and B11./I/I0 = bg/(12d0), B11)/I1 = bf/(12d1), tan $1 = 2110/ho, and tan X1 = 2011/b1,

respectively. The center of buoyancy of free water B1 is located at the same position

as G1. Substitution of eqs.(2)~(4) into eq.(1) produces model equations. They can be

rewritten in the form of the autonomous system I I

‘f,—‘f = Fem) . 15>

where :1: = [_o",X,¢i,X,19]T, F = ],d,X,F3(:c),F.1(:n),Q]T, 19 = $215+ rb, and T denotes the

transpose.
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Numerical solutions of the model equations I

The model equations were numerically solved using the 4th order Runge-Kutta

method. Figs.4.(a),(b), and (c) represent some examples of the computed results under the

conditions 01 T,-=l.4‘4sec., b11=0.68lm, d0=0.l86m, 1<.:=0.253m, W=0.069m, b1/b11=0.7'2,
m/./l/I:-0.19, A.,,/(M1<2)=O.0‘2, so/(II/I/£2)=0.03, $1/(_'I/‘1rK.2)=0.08, and 1./1=0.0, and with the
different initial conditions (¢_i>(0),X(0),qi(0), The time history and the phase portrait

of the roll angle qz5(t) 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 This nonlinear phenomenon is similar to theexperimental result

very well.
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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 difierent modes

of roll motion even in regular waves of moderate amplitude. Since there are some modes

of large amplitude motion which may lead to capsizing, We need further studies on it and

development of a technique to control it. _
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A Study on Capsizing Phenomena of a Ship in Waves

S. Y. I-long, C. G. Kang and S.W. Hong
Korea Research Institute of Ships and Ocean Engineering

P.O. Box 101, Yusong, Taejon, 305-600, Korea

SUMMARY
After the disastrous accident of Seohae Feny at Korean West Sea in 1993, a
nmnerical 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
perfonned 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 K
Capsizing of I 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
Fen'y[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 value when the

wave crest is at middle of the ship, while maximum value is obtained when the
wave trough approaches the same location of the ship. Vt/hich can be explained by
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the geometrical property of ships; it has noticeable change of sectional shapes at stem
and stem 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. e
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. l, while GZ is usually approximated 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 Paltinsen) 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
perfonned using Runge-Kutta fourth-order scheme with the hydrodynamic coefficients
and the righting moment. .

' i MODEL EXPERIMENTS I .
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 : l/12
-heading : following sea
—.ship type : ferry
-ship speed : 10 knots
-draft : 106 condition(departure condition)
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-Wave height : O, l, 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 Pig. 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.

u

0

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 A
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

r 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 D

(departure condition on Oct. l0, 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 gravel 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 assmned 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(l06)

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. ll 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

-. \

explained 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 the 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 I
-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 stem quartering waves could be used to
examines capsizing situation of ship in waves. .

3. Measurements of restoring moment in following waves show that numerical
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
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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‘ sliip became a stationary
condition, with constant mean values of heel angle ¢,, and water volume on deck wo. 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 ¢O, wo and some other data often had peaks in regular waves near the
resonant frequency. I I I

The mean height of water on deck above the calm sea surface H4, 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 ofH4.

’ I INTRODUCTION I '
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, I.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 flee 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) tloodingfrom 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.2’,
Dand” and Vassalos‘), but flooding, accumulationof 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 . . . I
the model ship and damage. -—-———-+1‘?-Ill-E 1—”¢PnnclBalPa"mE-uiars
The damage reaches two l --——Sll'P -. - Model —
compartments and follows the - . - . - -_-Int- ctD ed imz-i-ct---lDam ed
SOLAS Regulation 8.4. A _I_~2£l_l _1°I-°. .._ _ 4.-3_ ,. . _ .
vertically movable vehicle deck I 16-O .._ . ._ _.. O-681 "~ _
is provided. There is some O-E36 lr
space between the vehicle deck 1 l I 4-§Z Q 5_-22 W O,-135 1 O-ZZZ
andthe hull, so this model A 3321f F 1272-7 k 1 -
simulates a ship with side w KG m I 5.872 1 e 0.25
casing. It should be noted ,1 GM§d,(m) 1.62 _ _3.12 0.069 0.133
that G11/Id (GM in damaged I Tr(sec_) 9,40_ L _8_4_3 '9‘_ ‘L2,;
condition) is far larger than the ; fgml 1_17 _ ()'_33_ I 9250 I ()_()14
intact value because of the flare. I H (E) A 4_34 1 1‘ 0106
FQUT Wave 839865.31 the Center f : fieeboard, H : RO—RO deck height
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 (H113) was 4.0m
and peak period (TP) was 8.0sec., but varied keeping the condition of TP [sec] =4,/H”, [m] .

Q-U00
£5555,

LII kt

The test was. also carried out in some regular waves. The main parameters were GMd 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 GMd=1.27m. I p , _

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
in Fig.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.

. ‘ ‘

‘ RESULT IN IRREGULAR WAVES '
Figs.4 and 5 show the time history examples of roll angle ¢ and w. Positive roll angle

_._84___
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means heeling to lee side. At the last stage of experiment ¢ and w had constant mean
values, ¢,, and W9 respectively, in the stationary condition. The efiect of experimental
parameters on ¢,, , wa and water ingress rate at the beginning of experiment v was investigated
as follows.
(1) Efiect of GMd (see Fig.6) T
i When GMd gets smaller ¢0 becomes greater, but wo and vbecome smaller because
T 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) _
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 variation of wo 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 wo is opposite to Fig.6 because heeling to
weather side (lowering the damage opening) keeps flowing in and out ofwater. It can be
seen that with the standard GM,1 (3.l2m) this ship almost keeps upright condition even if
w/W gets as much as 40% and that it capsizes with the smallest GMJ.

(3) Effect ofFreeboard (height of the vehicle deck) (see Fig.8)
¢,, and wo gets smaller when the freeboard in damaged condition j} becomes larger

even if some loss of GM‘; happens. -
(4) Efiect of Initial Heel K

When the ship has an initial heel angle of 4 degrees by a shifi 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 GMJ (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. T

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 a2, 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. co, / cu, is called a tuning factor. '

It can be seen that not only rolling amplitude and relative water amplitude but also water
on deck wo 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 960 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 a>,,m- seems
to shift to low frequency side with CC and to high frequency side without CC in some cases.
The factors of shifting wm\', characteristic to the damaged RO—RO passenger ships, are listed
below. i _

(1) Large damping . . . a _
(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 wmx shift
to the low fiequency side. But a calculation, modeling the ship and water on deck like a
double pendulum, shows an opposite results), which could explain the tendency of the shift of
mm, 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. I

R The mean heel angle ¢,, and the mean water volume on deck wo 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 fi'om the stability curves in
Fig.3 for a given w/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 fi'om the exact one. So quasi-equilibrium angles, the crossing points of
the stability curves with the lines of gz= ;."'0.0624m (2% of GM4 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 GM4 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 H4, the mean height of the water
surface on deck from the calm sea surface. IfH4 has a large positive value at a moment the
water on deck will flow out and vice versa, so H4 must be within a certain range. Fig.l1
shows experimental results of H4 vs. GM4. It can be seen that H4 have a value between -
0.26m ~ 0.78m in ship scale when the freeboard height in damaged conditionfli is standard
(O.33m).

It should be necessary to investigate the variation ofH4 as a function of ¢ and w before
proceeding with the discussion on the experimental results. The calculated H4 in calm water
is shows in Fig.12- As long as ¢. is small the water surface on deckis a little higher than the
freeboard (O.33m) and is almost constant regardless of w because the flooded water spreads
over the whole deck. On the other hand when ¢0 becomes large H4 tends to vary widely
according to w because flooded water concentrates at the corner of the deck. So, when H4
keeps a certain positive value in waves afier the ship heels, that inevitably leads to a large value
ofw and to a less stable condition. - -

~ Returning back to Fig.11, the black and single marks show low H4 values when GM4 is
small because the ship heels to lee side and the flooding stops in a short time. As long as

‘T-"7=‘F"‘
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wave height is small H4 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, H4 keeps a high values in a small range between
0.4 and 0.8m, regardless of wave height. So if GM4 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 H4 = 0. This ordinary calculation
underestimates the amount of water on deck and the loss of stability in waves. ‘

 RISK ESTIJVIATION FOR CAPSIZE
The figure whose ordinate is I

changed to H4 fi'om Fig.1O is shown in
Fig.l3. It can be seen that when GM4
becomes greater the tendency of the t=o lequmbfium Z°"é
equilibrium zones change from -right side _ / _
down to right side up. From Figs.13 U " - Hg
and the idea sketch in the right, We can see I -s ;
the process of the change of ship condition »-’
in waves and can estimate the risk for W///
capsizing.

When the first flooding occurs the
ship condition locates on the point of ( ¢ ,
H4)‘ = ( ¢, , f4), where ¢,. is the initial heel
angle. If the ship heels H4 becomes 4
small, but that encourages flooding. So  
the chain of “flooding”, “increase of H4”,
“heel (flow out of some water at the same ‘C3 ' 4 ' --- I. ////////,time)”, “decrease of H4” 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, 95
keeping H4 constant and increasing w. 4 -
Finally if the point comes across the I
equilibrium zone like a figure of GM4 = 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.l3, there is nothing to stop themovement of the point and the ship will
capsize with much water on deck. l ‘ _

So the risk for capsizing can be roughly estimated from the tendency of the equilibrium
zones without knowing exact H4 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 side up. It can
be concluded for this ship that the minimum required GM4 is 1.79m-

s (sh

N CONCLUSIONS - -
1) The effect of GM4 (GM in damaged condition) etc. on the mean heel angle and the mean

water on deck in the stationary condition, qlo and wo respectively, is investigated.
When GM4 gets larger wa also becomes larger, but the ship is stable with smaller ¢0 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
GM4 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 ¢0 and wa have some
peaks near the resonant frequency of rolling, so the waves for stability 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, H4, has a value in a small range in various conditions. ' i
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
H4”, “heel”, “decrease ofH4” and “flooding”. Finally if the rolling energy overtake the
dynamic stability she capsizes.
Bycalculating the equilibrium zone and drawing it on H4- ¢ diagram the risk of capsize
can be roughly estimated without knowing the exact value ofH4.
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CHARACTERISTICS OF ROLL MOTION FOR SMALL FISHING BOATS

Kiyoshi AMAGAI*, Kimihiko UENO** and Nobuo KIMURA* e
* Hokkaido University, 3-1-1, Minato, Hakodate, O42, Japan

** Tokyo University of Tokyo, 4-5-7, 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 experiments, we reconfirmed the above efi‘ect 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 fiee water was enough, yaw was increased.
This paper describes those cases from a view point of resonance. A

’ I 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 the nonlinear equation of free rolling, because
damping coefiicient were dif1°erent[3].

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

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 experiment of forced rolling motion in regular beam waves, the angles of roll and
angle ofyaw were measured without restriction.

TABLE 1 PRINCIPLE DIMENSIONS OF MODEL SHIP
1 i I in ' I i I F 1 i I R i i i 

MODEL FULL SCALE
 i__0

9 A-maru B-maru A-maru B-mam
Lpp (m) 2.000 1.291 15.20 14.20
B (m) 0.500 0.330 3.80 3.63
D (in) 0.195 0.181 1.48 1.25
Disp. (ton) 0.137 0.066 60.14 ' 8.78
GT (ton) 19.9 7.9
GM (m) 0.067 0.031. 0.509 0.341

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

CHARACTERISTICS OF ROLL DAl\/[PING 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 ship's rolling period ( water depth h=1cm, 2cm ). On one hand side,
whennatural period is shorter than ship's rolling period ( h=4, 5, 6 cm ), ship's rolling
period tends to get longer. It is similar that in the case free water does not exist on deck
( h=O cm).

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

__Q4._._

‘T

_p
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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
<5 / qb o is less than 1.0, the effect of damping due to free water can be seen and when <,b/
<0 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 05/
qb 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, fiirious shock wave was
decreased and then the efiect of damping due to free water was controlled.

Fig. 7 shows the roll response by existence of free water on deck. Mark Qsymbolizes
the result in the case of empty tank and mark E symbolizes the result in the case of
existence of free water in tank- The roll response without fiee water is resonant at
natural fiequency 4.13 rad/sec. The roll response with free water is greater than it
without free water at two frequency ( 0); 2.85 rad/sec, 5.86 rad/sec). When fiequency of
forced waved cu is 2.85 rad/sec, first resonance occurred because natural fiequency of
roll to n was changed into 2.85 rad/sec from 4.13 rad/sec by free water in tank. When 0)
is 5.86 rad/sec, this phenomenon is called one of subharmonic resonance and in this case
it is second resonance ( 05 / <0 n=2.05) .Fig. 8 shows this eifect. It was confirmed that
there were two components of natural period ofroll and double the period of forced
waves. As seen fi'om these example, the existence of free water is sometimes dangerous
for the stability of ship. S

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 fiee water. When
fi'ee 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

——95——
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existence of free water and its location and its behavior.

i ruzstnzrs t
(1) When natural period of free water is shorter than ship's rolling period, ship's rolling
period tends to be longer. W
(2) It was confirmed that the roll response with fiee water is greater than it without fi'ee
water at the first and the second resonant period 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

A 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 intemal 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 development 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. y
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ABOUT SAFETY ASSESSMENT OF
A DAMAGED SHIPS  A

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

SUMMARY .
In this paper, ya 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. ' I l

Notations

L, = maximum lengthon or below subdivision waterline.
t

 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
Required safety of a ship should be related to the (equivalent - financial — value) “loss

that can be caused by the sinkingof 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 therstrength
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. I

DEFECTS on PROBABILISTIC RULES [2] [3] [4]
Minor damage

Figs. 2 and 3 show the probabilities of collision damages of a ship with different
depths[l]. All non-survivable cases of damages (s,~ = O) 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. Variationiof damage penetration with the damage opening lengthis given
in Fig. 4 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 Damage
penetration significantly depends on the structural strength of struck ship.

F

Survivability criteria I
Present stability criteriae is based onicalm water righting ability curve and without

considering the additional loading due to free water in damaged spaces. [2]

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[1]. 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. '

——l lO—
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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. ' _

I 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 This is because if the ship heels then thewater 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 .O77L,. The second one can survive a largest damage
opening of size .45L, and the smallest damageopening size it cannot survive is .2OL,.
The second subdivision is safer against any damage caused by damage openings of size
upto O.20L, where as the first one can be sunk by an opening of size .O77L,. 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.

—-11l——
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Figure 7: Flow chart to find the smallest non-survivable damage opening length

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,,,,d) which can cause a damage as

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

The Flow chart in Fig. 7. will give the smallest damage opening length (L,,,,,._,_,1),
some of the damages caused by which cannot be survived by the ship.

If L,,,,,,,_d is 0.1m then’ the ship is non-survivable for at least one damage in which
no bulkhead is involved. If L,,,,n,_d 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
Lm,,,,_d > 0.5m then the maximum damage opening length survivable over the hull will
be little less than L,,,,,,_,_,1. 3 .

>

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

—-I13-—
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have significant effect on the required safety level. Therefore it depends on ship 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 suflicient 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], (Persons on board)/(L =1= B =1= d)1/3 is assumed to give the safety

level. The following relation maps the safety level and damage opening size.

Persons on board I
i(L=1=B=1<d)1/3 (1)

Percentage damage opening size = K *

1

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 l, assuming a maximum possible damage opening size of O.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 0.3-5L, - 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

—-114-
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P is the number of passengers.

Table 1: Trial relations for safety level

E

0.8?" /\ -
- ‘

‘Safety
safety vs\ I
damage 3
CU 9 I

» 0.4- :-11

.__p'rEb. distr. 1 ;;
_l

0 0 4 0.8* 1 * 1 I 1 ~ I ~
_> -

CD
in 1

1 .

‘damage opening -l-> length/Ls if

1-

11-

in

in

-1‘

0

Figure 8: Required survivable damage opening length (model 2

—-115-

0.4 1 0.8

nu

-->ofdamage

c5 prob.dstr



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

f <1

nacost--or-->Loss

\\\
\

// 7Loss /
§\ Z

------------------ ---/1/~___

1 additional E ' .- Required Il  cost ' -. 7- survivable A
damage it

- opening 1
; size 7Add't'0

0 damage _--> opening size/Ls

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 p 1
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 y

~

1 The salient features of the present rules and the new approach is given in Table 2
for cornparision and better understanding. -

CONCLUSION 1

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
no. 1 compared

1 1 '

Deterministic
Rule

Probabilistic
_ Rule 7

Present Conceptual
proposal

1 Safety
i 1 ‘ parameter

Factor of
subdivision,

F

Required subdivision
Inde:r:

R 4

Survivable
damage opening

size ‘
Safety

parameter
depends on

;2I
Length of ship,

No. of passengers
Length of ship,

No. of passengers,
Life boat capacity

Probable loss
or risk due to
capsize of ship

Damage
space

L‘ considered
a3‘

all damages whose
length not greater

than floodable length

all damages caused by
damage openings of
upto 5% but i 0.24

all damages caused
by damage openings
of a certain size

Damage opening
4 size based

S on

I Floodable
length

(in effect)

Collision _
damage

statistics

Probable loss
due to capsize

of the ship
Damage

‘ 5 survivability
all damages should
meet after damage

stability requirements

only a percentage of
the above damages
need be survived

all the above
damages to meet
survival criteria

I Ship
6 structure

1

not
considered

. not
considered

survivable damage
opening size to

depend on structure
l)efect
of the

approach
7.

for same damage
opening, survivability

decreases with increase
of required safety

minor damage
non — survivability

' could be present
?

,_ Survivability
8 Criteria

based on calm water
GZ curve

based on calm water
GZ curve

based on restoring
ability in Sea and

Capsizing Probability
9 Loading due

g to flood water
not

considered
not

considered
to be

included
10 Survivable

» sea state
not not i sea state

specified specified to be specified

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

parameter that should define the safety level. "All the damages‘ caused by openings upto
this size is to be survived by a ship. Three models to determine the damage opening size
that should be survived by a ship is also shown in this paper.
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