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SUMMARY 

This brief note describes an attempt to test the validity and provide corroborative 
evidence of the Transient Capsize Diagram concept, a methodology proposed by Rainey 
and Thompson, for developing stability criteria based on chaotic dynamics. This entails 
the undertaking of a series of capsizing experiments in beam seas in the manoeuvring 
basin of the National Research institute of Fisheries Engineering in Japan, using a 1/17.5 
scale model of a purse-seiner. 

1. BACKGROUND 

In simple terms, Thompson and his colleagues, [I]-[3], have studied the problem of a 
driven mechanical oscillator given by 

This equation is assumed to represent the roll motion of a ship subjected to a beam seas 
excitation moment M at frequency o (E in their studies was taken fixed at 180' with 
linear damping j3 at 0.1). The only non-linearity of parabolic restoring implies a 
sofiening spring with an underlying total potential energy that has a minimum in the 
upright state and a maximum at the vanishing angle beyond which the ship can capsize. 
In this respect, and in the relevant jargon, the problem of ship capsize is a straightforward 
example of an escape from a potential well. 

Considering the above, the four-dimensional phase-control space spanned by 
{ &o), 4(0), M, w ) defines the ensuing roll motion. 

In a slowly evolving sea state, implying steady-state behaviour, the ship motion may be 
summarised using a steady-state bzfircatzon diagram, Figure 1, which can be derived by 
tracing the steady states as one of the control parameters, say M, is slowly varied. Steady 
states can invariably undergo various complicated bifurcations, including jumps to 
resonance, subharmonic oscillations, chaotic behaviour and ultimately capsize. 
Repeating this procedure at different o values, a capsizal boundary can, therefore, be 



determined, Figure 2. It is conjectured that all of these can add to the overall 
understanding of ship behaviour and stability. 

In assessing the engineering significance of such investigations the team at UCL 
concluded that it is too cumbersome and time consuming and, much more to the point, 
unnecessary and irrelevant. Instead, they rightly propose that in a noisy environment, it 
is more relevant and simpler to focus attention on transieitt behaviour. This would 
correspond to a short pulse of regular waves, such as a wave group, impinging upon the 
ship in otherwise relatively calm weather conditions. This is thought to be a worst-case 
scenario and a more realistic representation of a sea state than a long train of regular 
waves. In this case, a transient safe basin is defined, containing the set of points in the 
phase-control space referred to above that do not escape (lead to capsize) within a 
number of forcing cycles, typically 8. At each case, defined fully by the initial conditions 
in the {$(0),4(0) ) plane under specified controls (M,o), all interest is focused on the 
binary outcome of capsize-non-capsize, making no note of the steady states onto which 
the non-capsizing motions might settle. 

In exploring transient safe basiits, an important finding offered a platform for the team to 
propose what they termed a transieitt capsize diagram, Figure 3, as a possible means for 
developing ship stability criteria. It was observed that, for a given frequency, the erosion 
of the safe basin is sudden, dramatic and from the centre when a critical level of 
excitation (wave height) is reached, Figure 4. It was concluded, therefore, that a critical 
wave height could be determined through either a physical or a numerical experiment by 
examining transient motions from anv initial condition and by implication non other more 
convenient that the upright equilibrium position. In essence, therefore, the system 
behaviour was studied'by taking all possible initial conditions, in order to ensure that any 
sensitivity of the non-linear system to such conditions will be catered for, only to find out 
that ship capsizal resistance is essentially independent of which position the vessel found 
herself when an extreme critical wave hit her, 

Such a wave, determined in turn for a range of relevant frequencies, could be used as an 
index of capsizal resistance for the vessel in question. By linking, finally, the (steepness, 
wave period) loci in the transient capsize diagram to a weather data for a given area of 
operation, capsizal probabilities can be established, Figure 5. 

Summarising the work at UCL concerning the above, the following points are considered 
to be noteworthy in relation to the problem of ship capsize: 

As a concept, the trmsieizt capsize diagram is very simple and powerful, and could 
find application in addressing more practical ship stability problems. Ship stability in 
beam seas is a problem only for small vessels, which could simply be overturned by 
large breaking waves, Dahle [ 5 ] .  The majority of capsizings occur in astern seas, Kan 
[4], as a result of pure loss of stability, parametric resonance and broaching-to, all of 
which require a different level of conceptual, mathematical and physical description. 



e The reason for the above known fact derives from the favourable phasing between 
heave and roll motions with most ship hulls. This natural attribute of a ship hull is 
indeed a serious omission in the mathematical model considered and a similar claim 
can be made on behalf of sway. Considering a coupled non-linear three degrees of 
freedom model, however, would mean that a 6D phase-space would have to be 
considered. A crude reminder of how difficult it is to represent reality realistically! 

2. VESSELIMODEL PARTICULARS 

The design condition considered in these tests corresponds to the loaded departure 
condition, the details for which are given in Table 1. The vessel in question is fitted with 
bilge keels having the following pqticulars: 

The bilge keels are positioned between frames 17-45 (constant frame spacing of 0.52m). 

Table 1 : ModeVVessel Particulars 

4. MODEL EXPERIMENTS 

A(fresh water) 
LCG 
v s  
KG 
GM 

To 

Capsizing experiments were undertaken in beam seas for the following reasons: 

The manoeuvring basin at NEUFE is not equipped with model position tracking 
system which is considered to be essential for capsizing tests in astern seas to be used 
effectively to validate computer simulation programs. 
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Capsizing tests in beam seas are easier to perform (or so it was thought) and could fit 
within the limited period available. 

As it turned out, it was necessary to change plans more than once, to produce something 
meaninghl, even with regular wave testing in beam seas. More specifically, the 
following capsizing experiments were carried out. 

Model with bulwark 
Observation of a limited number of tests and ensuing model capsizings have led to the 
conclusion that the principal cause of capsize of the test model was due to the progressive 
accumulation of water on deck. This phenomenon is particularly difficult to model, on 
the one hand and, on the other, it is not taken into account in the theoretical work these 
model tests were aimed to corroborate. 

Model without bulwark 
As a consequence of the above, the bulwark was subsequently removed from the test 
model and sample tests performed. In this case, as a result of deck edge submergence, 
the roll damping of the model was increased substantially beyond the normal level for 
ships and no capsize was possible, even in the most extreme waves that could be 
generated by the manoeuvring basin, which in realistic terms were far too severe for the 
model in question. 

Model without bzilwark and reduced GM 
Following the above, a number of options were discussed in order to progress further, 
before deciding that the most suitable option, still allowing for corroborative evidence to 
be produced, was to reduce the metacentric height (GM) of the model. Indeed, following 
a 30% reduction in GM, successfL1 capsize experiments were undertaken and capsize 
boundaries in terms of wave heights established in representative wave lengths. As 
shown below: 

Capsizing Model Tests in Beam Seas 

No307 : Capsizing of model with bulwark at H / A =1/20; 60.968 Hz. 

No321 : Capsizing of model without bulwark and reduced GM 
at H / A =1/12; 60.527 Hz. 

5. CONCLUDING REMARKS 

Deriving from the above, and taking into consideration the scarcity of experimental 
evidence linking chaotic dynamics with ship motion dynamics, it could be said that work 
in this area has not advanced to the point where material of substance could be offered to 
the practising Naval Architect to enhance or ensure ship safety. Some innovative 
concepts, however, appear to hold promise for achieving further advances in the field of 
ship stability but substantial development might be needed together with attempts to link 
these ideas to the practical ship stability problem. 
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Fig 1 :  Evolution of daijgllter attractors wit11 increasing have height: the 
horizontal axis is wave height; the vertical axis is the stroboscopically 
sampled horizontal coordinate of the attractors in phase space. The 
excitation frequency is 0.85 times the natural frequency of small roll motions, 
and the damping of such motions is 5 percent critical. 
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Fig 2: Fractal boundary of safe area in m-o control space. 

Fig 3: Typical transient capsize diaqram. - 



Fig 4: Loss of engineering integrity due to erosion of the safe basin of 
attraction. The normalized area of the safe basin, within a window, is plotted 
against the normalised forcing magnitude. Based on high-precision . 
computations by Yoshisuke Ueda. 
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Fig 5: Probabilistic transient capsize diagram. 




