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Comparative Model Tests on Capsizing of Ships in Quartering Seas

M.Kan, T.Saruta and H.Taguchi
Ship Research Institute, Ministry of Transport
6-38~-1, Shinkawa, Mitaka, Tokyo 181, Japan

Abstract

Comparative model tests on capsizing of container ships were
performed in quartering waves by using two different hull forms. One
had a large stability variation in waves and another had a small one.
The model tests were carried out for both irregular and regular waves
in the 80m sguare basin of the Ship Resesarch Institute. The encounter
angle was varied precisely every 10 degrees by using the autopilot
steering device in order to specify the dangerous range. Among the
total 1643 runs, 490 capsizings were observed. From these results the
following three characteristic features were confirmed to be common
for the two different hull forms. Firstly, the most dangerous
encounter angle is 20~40 or 50deg, and the dangerous range extends to
0~60deg as the ship speed increases. Secon&ly, as the ship speed
decreases, the capsizing also decreases, and there exists a critical
ship speed below which the capsizing never occurs. Thirdly, the
direction of capsizing is always to the leeside. Although these
results are almost the same as the authors' previous model tests, the
model used in that previous tests proved to have an extracordinary
tendency of inward heel in turning motion. Therefore it has been
considered necessary to reconfirm the above features by supplementary
tasts for more general hull forms. A previously proposed hypothetical
explanation on the mechanism of capsizing in guartering waves can also
explain the present results. The capsizing due to the parametric
rolling, which has been considered to be one of the typical modes of
dynamical capsizing, were not observed for both hull forms. Instead,
a new mode of dynamical capsizing accompanied with the period
bifurcation phenomenon, which is regarded as a precursor of the chaos,
was also reconfirmed.

1. Introduction )

The danger of capsizing of a ship running in quartering seas has
been internationally recognized through the experimental studies, for
instance, the pioneering experiments in San Francisco Bay by Paulling
and his colleagues [1], and also other laborious experiments by
vamakoshi et al. [21, crochowalski [3], and authors [4]. The gsafety
measures to avoid the capsizing in quartering seas, such as a revision
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of stability regulations [5] or an establishment of operational
guidance [6] have been discussed in IMO. However it doesn't seem that
the mechanism of capsizing in quartering seas has been clarified
completely.

At the last Stability Conference (STAB'90), the authors reported
the results of the model tests on capsizing of a container ship
running in quartering waves, and clarified the £following
characteristic features {4]. That is, the most dangerous encounter
angle was 207~40deg, and extended to 0~50deg in high speed running.
Capsizing never occured at lower speed, and the direction of capsizing
was always to the leeside. A hypothetical explanation for such
capsizing was also proposed. However the hull form of the container
ship model (model G) of that experiment was designed to have the
minimum stability variations in waves, and had the V-shaped cross
sections even at the midship. This kind of hull form proved to have an
extraordinary tendency of inward heel during the steady turning
motion, while an ordinary ship usually has the outward heel. Since it
is not appropriate to draw the general conclusion from the experiment
for only such an extreme hull form, it has been considered necessary
to perform the similar capsizing experiment for more general hull
forms. Therefore the capsizing tests for another container ship model
(model ¥) was planned.on.almost'the same scale as for the model G. The
present hull form (model F) was designed to have the maximum stability
variations in waves, and had the U-shaped cross sections at and near
the midship and the usual outward heel during the turning motion, and
therefore could be regarded as an ordinary hull form.

From the present supplementary experiment for the model F, it
seems that the characteristic features on capsizing in quartering
waves described in the previous paper [4] can be generalized as common
features to any hull forms.

In the preGious experiment, a new type of capsizing accompanied
with the period hifurcation phenomenon, which is regarded as a
precursoxr of the chaos, was often observed, while the capsizing due to
the parametric rolling was not observed [4]. These were also
reconfirmed again with the present experiment.

Although in this paper the results for the model F should be mainly
described, the previous results for the model G are reproduced and
refered for the purpose of convenient comparison.

2. Description of medels and experimental method
2.1 Models and heel in turning
The model used in the present supplemantary.experiment was
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designed to have the large stability variations between the wave crest
and the wave trough amidship and named “model F", while the model used
in the previous experiment was designed to have the small stability
variations and named "model G". Both models were imaginary container
ships designed by HSVA (Hamburgische Schiffbau-Versuchsanstalt) [9].
Fig.l shows the body plans, shapes of bow and stern, and principal
particulars of both models. The model F has an ordinary U-shaped cross
section with the vertical side at the midship, while the model G has
a V-shaped cross section with the inclined side upto the upper deck
even at the midship. Fig.2 shows the stability curves of both models
for tested 4 cases of GM, at the wavé, crest amidship for the wave
length to ship length ratio A/L=1.0, the wave height to wave length
ratio h/A=1/15, and the encounter angle X=0, as well as in the still
water.

The GM values for both models were selected by trial runs so that
the capsizing occurred in the given irregular sea state, which was
equivalent to the experiments in HSVA [9]. Therefore the GM values for
both models had not any exact corresponding meaning. The C value of
the Japanese stability criterion, which means the ratio of the
residual dynamic stability to the work by beam sea and wind and is
almost equivalent to the IMO weather criterion A.562, was calculated
as C=1.9 for GM=3.87cm of the model F, and C=2.2 for the GM=1.98cm of
the model G, by taking the vanishing angle as the flooding angle. This
is an example to show that even if the ships have similar stability
qualities, the GM values are sometimes largely different according to
the hull form.

Although the models had the watertight hatches on the upper deck
and the watertight superstructure aft on the upper deck to install the
steering gear, these hatches and superstructure were not taken into
congideration in stability calculations in Fig.2. The models had also
the watertight box high above the upper deck to house a directional
gyro as a sensor for the autopilot device. This box was mounted on so
high position that it did not prevent capsizing. However, after the
model capsized, this box acted very successfully as an automatic
restoring device by the successive wave attack, especially for the
model G (see Photo 1). "

The natural roll period T¢ was obtained by the free roll test as
Té=2.6sec for GM=3.87cm of the model F, and T¢=3.4sec for GM=1.98cm
of the model G.

Fig.3 shows the experimetal results of the heel in turning motion
as well as the steady turning ability (L/R, where R is the radius of
steady turing circle) together with the drift angle B. Although the
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both models F and G have the same tendency of the initial inward heel
just after the steering action and the model F has the outward heel in
the following turning motion, which is typical for an ordinary ship,
the model G has the peculiar tendency of the inward heel at a large
rudder angle. As a matter fact, the model G for the minimum GM
(GM=1.98cm) did not capsize even at full speed (Fn=0.34) with large
rudder angle (0=%35deg), while the model F for the minimum GM
(GM=3.87cm) capsized at the same running condition (Fn=0.34 and
§=%35deg). This is the reason why the results of the model F are shown
for lower speed (Fn=0.30) in Fig.3. Since the similar tendencies for
both models were also obtained for largexr GM values, the extraordinary
inward heel in steady turning of the model G was confirmed to be

independent on the GM value.

2.2 Experimental method o

" The capsizing model tests for the model F were carried out by the
same method as the previous tests for the model G by using the radio
controlled free running model in the 80m square basin of the Ship
Research Institute. The encounter angle to wave (X) was varied
precisely every 10 degrees from X =0 (pure following wave) to ¥ =90deg
(pure beam wave)} by using an autopilot steering device, and the number
of propeller revolution was varied every lxrps by the motor controller,
so that the critical running condition for capsizing was obtained. The
gain of the autopilot device was set as a=1.25 and b=0, which means the
rudder responds by 1.25deg against to the deviation of heading angle
of ldeg, but doesn't respond to the yaw rate. However for +the model F,
which had a usual outward heel in turning, some supplementary runs
with a=2.5 (double rudder response angle) were added, because the
effect of steering on capsizing could be expected.

The items of measurement were roll angle, pitch angle, yaw angle,
vaw rate, rudder angle, number of propeller revolution, and trajectory
of model (model speed and course angle).

In case of the tests in irregular waves, runs were repeated 10 to
20 times at most under the same condition to obtain the capsizing
rate. However, the timing to encounter the wave train was not random,
but was handled to meet the almost same wave group, which was:the
recent practice in HSVA [7]1~[9]. Therefore the obtained capsizing
rate does not mean the probability of capsizing, but only means a
certain index of danger of capsizing. The Pierson-Moskowitz type wave
spectrum used in the tests for both models is shown in Fig.4. This wave
corresponds to very rough sea with the significant wave height of 10m
and the peak period of 13.6sec in full scale. In order- to obtain the
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critical value of GM for this wave, the height of center of gravity was
also varied. The number of propeller revolution was varied lrps at
most depending on the encounter angle to Kkeep approximately the
average speed refered in the related figures.

In case of the experiments in regular waves, runs were limited to
once for the same condition in principle. However, sometimes runs were
repeated twice or three times in the marginal cases to the critical
condition of capsizing. The value of GM for both models was
respectively fixed to one case through the experiment in regular
waves, namely GM=3.87cm for the model F and GM=1.98cm for the model G.
The wave length to ship length ratio A /L was varied from 0.5 to 2.25
at an interval of 0.25, and the wave height to wave length ratio was
selected from 1/20, 1/15, 1/12, 1/10. The number of propeller
revolution was not varied depending on the encounter angle, but kept
constant equal to the still water value.

3. Results of Experiments
3.1 Capsizing in irregular waves N

Fig.5 shows the results of all experiments in irregular waves as
the total capsizing rate versus the encounter angle. The occurrence
of capsizing is confined to ¥ =10~60deg for the model F and 10~50deg
for the model G. Although there is no exact corresponding relation
between the tested GM condition of both models, the most dangerous
range can be regarded as ¥ =20~40deg. The number of runs for the beam
wave ranges X =80"~90deg was limited to a small number, because the
firm conviction was obtained intuitively from the observation that the
capsizing would never occur no matter how many times runs were
repeated.

Fig.6 shows the effect of the ship speed on the capsizing rate in
case of the minimum GM value. It is shown that the range of dangerous
encounter angle extends to ¥=107~50 or 60deg in higher ship speed, and
that the capsizing decreases as the ship speed decreases until the
capsizing vanishes at slower speed than some eritical value, in this
case Fn=0.26. Although the corresponding GM values are largely
different between both models, the t+endencies of capsizing rate are
very similar. In the same figure, the non-capsizing cases with large
roll angle { P rax=40deg for the model F, Prax=50deg for the model G) are
added.

Fig.7 shows the effect of the GM value on the capsizing. From this
figure the critical ship condition for this wave can be estimated as
GM=4.6cm (1.77m in full scale) for the model F, and GM=2.7cm (1.04m in
full scale) for the model G.



The total number of capsizing in the irregular waves are 130 cases
among 483 runs for the model F, and 126 cases among 418 runs for the
model G. All these capsizings occurred to the leeside only without
exception. Although most runs were perfomed in the waves from the
starboard side, some runs were supplemented in the waves from the port
side ( X=-30deg for the model F, and X=-20deg for the model G), but
there was no meaningful difference between the results in the waves
from the starboard side and the port side for both models,

3.2 Capsizing in regular waves

From the experiments in irregular waves for the model ¥, the
characteristic features of capsizing in quartering waves, which were
obtained by the the previous experiments for the model G [4], seems to
be common for any type of ships. However, in order to examine this in
more detail, the experiments in regular waves were also performed. The
results are summarized in Table 1 for the model F, together with Table
2 for the model G. In these tables, O means the non-capsizing case, X
means the capsizing case, A means the non-capsizing case with the
maximum roll angle over 40deg , and [J (only for the model F) means the
non-capsizing case with the maximum roll angle of 30~40deg. The
meaning of the abbreviation marks in these tables are as follows. L
means the capsizing due to the pure loss of stability at the wave
crest, P means the capsizing accompanied with the period bifurcation
phenomenon, B means the capsizing due to the broaching-to, and BT
means broaching-to tendency. P, B and BT are annotated for the non-
capsizing <cases where such phenomena were observed. The
characteritics of each classified capsizing mode and their typical
time histories and course trajectories of the model were described and
exemplified in the previous paper [4].

Although the detailed comparison between the model F and G is not
significant bécause there is not any exact corresponding relation
between the conditions of both models, some tendencies can be drawn
from these tables. For short waves such as A /1=0.5, any danger was not
observed for the present model F, while some danger was observed at
X =40deg for the previous model G. For A /L=0.75 the range of dangerous
encounter angle of the model F seems to be somewhat larger than that
of the model G, while the critical speed for capsizing of the model F
seems to be higher than that of the model G. For longer waves than
A/L=1.0, it is clear that the range of dangerous encounter angle of
the model F is wider than that of the model G, and the capsizing at
X =50~60deg was observed frequently for the model F, which was
scarecely observed for the model G. This tendency is not so
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significant, because the capsizing occurs easily as the center of
gravity goes up higher and there is not any exact corresponding
relation between the GM values of both models, but consistent with the
difference of C values of the tested conditions (C=1.9 for the model
F, and c=2.2 for the model G), and also with the difference of the
atability decrease at the wave crest amidship (the stability decrease
of the model F is larger than that of the model G, see Fig.2).

It has been said that the most dangerous wave length is A/L=1.0.
However it is obvious from these tables that many capsizings were
observed in longer waves such as R/L=l.25~l.75 for both models as
pointed out previously for the model G [4]. Therefore we should
recognize that the most dangerous wave length is not restricted to
A/1=1.0, but extended to longer waves like A/L=1.0~1.75. ‘

For much longer waves such as A/L=2,0~2,25, the capsizing seems
to decrease for both models, and therefore it may be considered that
the capsizing decreases for longer waves than A/L>2.0. In case of the
capsizing in irregular waves, much difference was not recognized
between both models (see Fig.5). This may be explained by the fact
that the irregular waves used in the experiment has peak period
Te=2,1l6sec, which corresponds to A /L=2 of the regular wave where much
difference between the model F and G was not observed (see
corresponding parts of Table 1 and Table 2).

For the experiments of the model F, some supplementary runs were
added to examine the effect of steering on capsizing by doubling the
gain of autopilot device (a=2.5, b=0). From the results, which are
shown in the lower columns of Table 1 for A/L= 1.7572.25, it is
obvious that the range of capsizing extends. This suggests that the
steering will have a bad influence on the capsizing for the ordinary
ship which has the outward heel in turning.

In the regular waves, total capsizings amount to 135 cases among
397 runs for the model F, and 99 cases among 345 runs for the model G.
The distribution of the capsizing rate and the classification of the
capsizing mode versus encounter angle are shown in Fig. 8. Although the
range of capsizing of the model F extends more widely than that of the
model G as described above, the following common features are drawn
from this figure for both models. Namely the most dangerous encounter
angle is regarded as 30deg, the capsizing due to broaching-to is
restricted to X =20deg, and the capsizing is not observed in beam
waves. As for the capsizing mede, the capsizing due to the pure loss
of stability is 77% for the model F and 64% for the model G, the
capsizing accompanied with the period bifurcation phenomenon is 13%
for the model F, and 26% for the model G, and the capsizing due to the
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broaching-to is 10% for the both models.

The period doubling phenomenon in roll motion is such a phenomencn
that the ship does not respond regularly to every one encounter wave,
in spite of running in the regular wave, but repeats the large and
small roll responses to every two encounter waves by turns, or to
every n waves. Fig.9 exemplifies some time histories, with (a) and (b)
for the period doubling bifurcation, and (c¢) for the period tripling
bifurcation. However, this new mode of capsizing accompanied with the
period bifurcation phenomenon should be supposed to be caused
fundamentally by the pure loss of stability in waves, and to be
observed when the conditions such as the wave condition, the running
condition or the ship condition, are close to the critical condition
of capsizing. This supposition has been confirmed by a series of
numerical studies [11]1~[12], as the fact that the occurrence of the
capsizing through the chaos including a successive cascade of the
period bifurcations is limited very small range of parameters, and
that beyond the small range only a simple mode of capsizing is
observed. In other words, The period bifurcation is not a cause of
capsizing but a mode of rolling as a waring sign of capsizing.
Therefore as for the cause of capsizing, it should be correct that the
capsizing due to the pure loss of stability is 90% and the capsizing
due to the broaching-to is 10%. Namely it can be said that most
capsizings in quartering waves are caused by the pure loss of
stability.

The capsizing due to the parametric rolling was not observed at
all for both models. The possible reason for this will be described
later in 4.2.

The direction of capsizing is almost to the leeside with only one
exception among 135 capsizings for the model F and also one exception
among 99 capsizings for the model G.

4. Discussions on experimental results
4.1 On mechanism of capsizing

Judging from above experiments in irregular and regular waves for
two hull forms having extremely different characteristics on
stability variations, the following three features seem to be common
for any hull forms on capsizing in quartering waves.
(a) The dangerous encounter angle is X =20740 or 50deg, and extends
to X¥=0~60deg at higher ship speed.
(b) The danger of capsizing increases as the ship speed increases,
while it decreases as the ship speed decreases until it vanishes at
slower speed than some critical one. )
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(c) The capsizing occurs to the leeside.,

As for the existence of the dangerous encounter angle ¥ =20~40, or
50deg, the following qualitative explanation described in the
previous paper [4] seems to be still valid. That is to say, in the
range of dangerous encounter angle, the maximum value of the capsizing
moment by waves (or amplitude of roll exciting moment) M: is greater
than the maximum value of the reduced restoring moment at the wave
crest W*GZnax(crest) as shown in Fig.l10. This figure is calculated for the
same wave condition and for the tested ship condition, and shows that
the dangerous zone of the model F is wider and thicker than that of the
model G. This is consistent with the experimental results described
in 3.2. Although this explanation is not accurate, because the maximum
capsizing moment is calculated at the point of maximum wave slope
amidship, while the restoring moment is calculated at the wave crest
amidship, it seems to give an intuitively understandable explanation.
In order to give a complete explanation, more accurate numerical
gimulations such as attempted by de Kat [13], and Hamamoto [14],
should be pursued. .

As regards the danger at high speed running and the capsizing to
the leeside, the previous explanations [4] are also considered valid.
Namely, when the ship speed approaches the wave speed, an asymmetric
large surging motion with the longer encounter period developes and
the dangerous condition of staying at the upper down slope near the
wavecrest,wherethecapsizingmomentovercomesthereducedrestoring
moment, continues for longer duration. If this duration is long enough
to cause the capsizing, the ship will capsize to the leeside, because
the capsizing moment acts to the direction of leeside down as proved

in [4].

4.2 On parametric rolling

Although the capsizing due to the parametric rolling has been
regarded as one of the main causes or modes of capsizing, such a
capsizing mode was not observed at all in our experiments for both
models. The parametric rolling here is defined as the rolling motion
which occurs in the Mathieu's first unstable region where the
encounter frequency nondimensionalized by the natural rolling
frequency § is approximately 2, and performs one cycle of roll motion
for every two encounter waves. Figure 1l shows the distribution of
capsizings as well as the total runs against Q. As suggested by this
figure, the possible reason why the parametric rolling was not
observed may be a very small number of experimental runs in the
Mathieu's first unstable region Q=1.6~2.,0. However, although some
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additional runs for the model F, which had large stability variation,
were tested by selecting 2=1.6~2.0, which was realized only in
combination of short wave, low speed and near beam wave, such
parametric rolling was not observed too. These additional runs are not

listed in Table 1.

4.3 Comparison with German results on critical GM

The same hulls with larger 5m length were tested at HSVA by Blume
[9] to determine the critical GM values between safe and unsafe for
the same irregular wave concerning the form factor which modifies the
IMO stability criterion A.168 f93 . The Blume 's method to determine the
critical GM utilizes the residual dynamic stability E:r over the
maximum rolling angle during a noncapsizing run, and repeats 10720
runs with the same condition to get the mean value Er and the standard
variation 0 of the residual dynamic stabllity Er. By repeating the
similar experiments for several GM values, the critical GMis obtained
by interpolation as a value corresponding to Er~-30=0, The critical
value by the present experiments was obtained by more direct capsized
runs and was estimated from Fig.7 as described in 3.1l. Fig.1l2 shows
the comparison of the critical GM obtained by such different methods
of HSVA and SRI for the scale of 3.5m model. The agreement for the
model F is fairly good after some possible correction to the HSVA's
results, and very good for the model G without any correction. It can
be said that the Blume's method to determine the critical GM is
largely timesaving and effective, and also that the selection of
X =30deg as a basis of the proposed criterion is appropriate, because
¥ =30deg has been confirmed to be most dangerous and should be adopted
as a representative case for the criterion.

5. Concluding Remarks

The capsiiing experiments were performed in both irregular and
regular gquartering waves using the free running models of extremely
different two container ships. Among the total 1643 runs, 490
capsizings were observed. From these results the following three
characteristic features can be considered to be common for any hull
forms. '

(a) The dangerous encounter angle is X=20~40 or 50deg, and extends
to X¥=0~60deg in higher ship speed.

(b) The danger of capsizing increases as the ship speed increases,
while it decreases as the ship speed decreases until it vanishes at
slower speed than some critical one.

(c) The capsizing occurs to the leeside.
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Most of the observed capsizings were caused by the pure loss of
stability at wave crest (90%), and the remainders were caused by the
broaching-to (10%). The capsizing due to the parametric rolling was
not observed, probably because only a few runs were tested in the
Mathieu's first unstable region.

Although a new mode of capsizing accompanied with the period
bifurcation phenomenon was reconfirmed to exist, it should be noted
that such phenomenon appea'rs as a mode of rolling and that the cause
of such capsizing is fundamentally the pure loss of stability at wave
crest.

Principal mechanism of capsizing in quartering waves has been
proposed that the capsizing moment by waves approaches or overcomes
the reduced restoring moment in waves at the range of encounter angle
¥ =20~40 or 50deg, and that the capsizing occurs if this dangerous
situation continues for a long time enough to cause the capsizing. The
inevitable leeside capsizing is explained by the fact that the
capsizing moment acts to the leeside at the downslope of wave, where
the ship stays for a longer duration when running with high speed
comparable to the wave speed. Although these explanations were already
proposed in the previous paper [4], they were reconfirmed by the

present experiments.
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SOME OBSERVATIONS ON EXPERIMENTAL
TECHNIQUES FOR MODELING SHIP STABILITY
"IN WIND AND WAVES

James Shaughnessy !
Bruce C. Nehrling ?
Roger H. Compton 3

ABSTRACT

A series of experiments for measuring the intact and damaged stability
characteristics of scale ship models in wind and waves have recently been
conducted at the United States Naval Acadeny's Hydromechanics Laboratory. The
equipment which was developed for these experiments, the pros and cons of the
various modeling techniques which were investigated, and some general
conclusions and observations about these experiments are described in this
paper.

The generation, measurement, and behavior of the wind field is
discussed. The wind field was generated by sets of centrifugal fans spanning
the width of the Academy's larger towing tank. The wind field was mapped by
using electro-mechanical anemometers. The behavior of a wind field in an
enclosed towing tank places special requirements on the size and position of
the ship model, its restraint system, and on the subseguent analysis of the
acquired data. Model tethering considerations are addressed. The influence
of a simplified 2D superstructure versus a more realistic but ceostly 3D

superstructure is discussed.

Experiences gained with the use of a non-intrusive system to video tape
the model's motions and the subsequent computex analysis of this time history
are described. The relative influences that wind only, waves only, and wind
and waves have on a model's behavior are compared.

INTRODUCTION

This paper addresses some of
the pragmatic aspects associated
with subjecting a scale model hull,
tethered in a traditional towing
tank, to relatively severe wind and
wave action. The intent, of such a
set of experiments, is to help
devise better ways to predict a
ship's stability characteristics,

Stability testing in wind and
waves is relatively uncommon.
Consequently, appropriate apparatus,
instrumentation, and software need

1 Naval Architect, NAHL, U.S. Naval
Academy

2 professor of Naval Architecture,
U.8. Naval Academy

3 professor of Naval Architecture,
NAHL Director, U.S. Naval Academy

to be developed. In addition,
significant questions exist
concerning the physical phenomena
inveolved, interpreting the
experimental results, and making
rational full scale performance
predictions. These questions must
be carefully resolved.

ENVIRONMENTAL SIMULATION

WAVES

All of the experiments
described in this report were
conducted in the 380 foot towing
tank at the Naval Academy
Hydromechanics Laboratory (NAHL) . A
sketch showing the major dimensions
of this towing tank is given in
Figure 1. Waves were generated
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FIGURE 1: 380 FOOT TOWING TANK AT NAHL

was used as feedback to adjust

hydraulically activated wavemaker. the wavemaker drive signal to

only long crested waves can be match the desired wave

generated, but either regular or spectrum more closely. Thus,

irregulatr {pseudo-random) wave the wavemaker control transfer

systems are possible. For these function was developed through

tests, irregular waves described by an lterative process.

a particular energy spectrum which, Normally, three to four

in turn, was specified by a iterations were necessary to

significant wave height and modal achieve a reasonable agreement

period, were developed. These wave with the desired wave system.

systems were generated and their (3) To create a composite non-

energy content measured in calm air repeating irregular wave

without any model being present. system which would represent a
Each wave system was developed reasonable full scale time

in the following way: period, a series of

(1) Given the agreed upon spectral independent wave systems,
shape, significant wave height having the same H,,, and modal
(H,,3), and modal pericd, a periecd, but with different
relatively brief initial stationary time histories,
wavemaker drive signal was were strung together. This
developed consisting of concatenation was accomplished
several sinusoidal components by changing the relative
having random relative phases. phasing among component

(2} The wave time history, as sinusoidal waves for each
acquired by a stationary subsequent independent wave
resistance wire wave probe, system,




Table I 1s a summary of the
model wave conditions used in the

various test programs discussed in
this report.

Ship Model A B Cc D
Wave Type irregular irregular irregqular irregular
Spectral Form Modified. Bretschneider JONSWAP JONSWAP
ITTC

» Sea State 8 6 7 6 7 6 7
Hy/3 (ft) # 1.05 0.45 | 0.67 | 0.99j1,14§1.36 | 0,891 1.07
Modal Frequency (Hz) 0.37 0. 0.40 | 0.33 | 0.42{0.301}0.48 | 0.34
Typical Wave Duration 600 600 480 420

{sec)

¥ significant peak-to-trough wave heights are based on an assumed
Rayleigh distribution of the wave's energy spectrum.

TABLE I:

WIND

Figures 2 and 3 show the basic
wind generation and measurement
system which was developed for the
380 foot towing tank at the NAHL.
The wind generation system consists
of four fan assemblies. Each fan
assembly, which is 8 feet long and
contains three centrifugal fans
operating on a common shaft, is
driven by a separately controlled 15
horsepower AC motor. Each fan
assembly has a maximum rated output
velocity of 4,100 ft/min and a
maximum rated capacity of 23,800
f£3/min. The vertical discharge of
each fan is vectored by means of
adjustable vanes. The discharge is
throttled using adjustable internal
baffles. Pairs of fan assemblies
are attached to sets of trusses
resting on the walls of the tank.
The fan assemblies can be butted
together at the tank's centerline or
spread apart. If desired, three
fans can be mounted on one set of
trusses, While the trusses can be
positioned anywhere along the length
of the tank, a nominal distance of
85 feet from the wavemaker has been
adopted in order to allow the
wavemaker's waves to fully develop
before entering the wind field. The
fan assemblies are usually

REPRESENTATIVE WAVE SYSTEMS

positioned with their discharge
openings approximately 30 inches
above the calm water level,

The wind velocity is measured
by using miniature electro-
mechanical vane anemometers. Priox
to being used, each anemometer is
calibrated individually in a small
wind tunnel. The towing tank's wind
field is calibrated longitudinally,
vertically, and transvexrsely by
systematically relocating an array
of anemometers. Thus a matrix of
discrete wind velocities, for a
given fan configuration, is
developed. Plots of the wind field
are developed and interpolated to
obtain the nominal distance, from
the front set of fans, at which the
model should be tethered. Figure 4
contains typical wind gradient plots
for the fan configuration depicted
in Figure 2. This figure shows a
plot of the wind profile measured on
the tank's centerline and
approximately 24 feet down wind from
the face of the front fan assembly
with no waves or ship model present.
The raw data for this plot were
obtained by positioning anemometers
in a vertical array configured to
measure the wind at various heights
above the calm water level. This
vertical array was then positioned
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at several locations away from the
tank's centerline. Data obtained in
this fashion enable a plan view of
the wind distribution at a given
vertical location to be plotted. By
cross plotting the acquired data, a
three dimensional map of the wind
field can be created. Interpolating
within this map permits the
experimenter to select a nominal
tethering leocation which will have
the required wind velocity occurring
at a stipulated elevation.

OBSERVATIONS

The wind system responded very
quickly. Probes placed roughly 10

NAHL WIND SYSTEM - TYPICAL CONFIGURATION

feet from the fans indicated that a
wind velocity in excess of 1,800
ft/min could be achieved in less
than 2 seconds. The anemometers,
however, had a response time of
about 5 seconds. Consequently, to
measure and observe the initial
development of the wind’'s gradient
more accurately, an analog tap was
installed to count blade pulses.
The fans also stopped very quickly:
By rapidly ecycling the fans on and
off, it was possible to generate
severe wind gusts which were capable
of capsizing some of the models
tested. To date, no quantitative
analysils of these wind gusts has
been made.




FIGURE 3: NAHL WIND GENERATION AND MEASUREMENT SYSTEM - PHOTO
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FIGURE 4: TYPICAL WIND DISTRIBUTION WITHIN THE 380 FOOT TOWING TANK AT NAHL



After the wind generation
system was turned on, capillary
waves quickly formed in a fan like
shape on the water's surface. These
wind generated waves became fully
developed about 30 feet from the
fans. The length of the "footprint"
for reascnably consistent wind
generated waves was about 40 feet.
OF course, wind and water motion
immediately adjacent to the tank's
walls was adversely influenced by
these boundaries.

Representative steady state
wind fields were developed by
allowing the fans to run for 30

seconds and then measuring the wind
field for 120 seconds. Takle II
shows some typical wind statistics
gathered during testing by a single
probe mounted 2 feet off of the
tank's centerline and 24 inches
above the calm water level. It can
be seen from these data that the
wind field weakens and becomes
confused as it moves away from the
fans. Thus, a finite usable length
exists to the wind field which
limits the positioning of a model
relative to the fans for a specific
wind velocity and wind quality.

Nominal Distance from Fans (ft})
35 45 50 55 60
Average Wind ft/min 1519 1458 1362 1161 1048 613
Velocity
Standard Deviation ft/min 52.8 59.9 69,8 80.2 95.3 | 227.8

Note: 2' off of the tank's centerline and 24" above the calm water level

TABLE II:

Table III shows the influence
of steady state wind conditions on
both calm water and wavebocard
generated waves, In this table, the
relative energy spectra for the
"wave only", "wind only'", and
"ocombined wind and wave' conditions
were computed from wave time
histories acquired using a
stationary resistance wave wire
without a model being present.

REPRESENTATIVE WIND MEASUREMENTS

Relative energy is based on the
ratio of the areas under the
respective spectral curves. These
spectra were normalized using the
"wave only" energy spectrum as the
reference value. In the "combined
wind and wave"” condition, it was
apparent to observers that the wind
caused some wave energy to be
dissipated through wave breaking and
spray formation.

Wind Waves ¥Wind and
: Only Only Waves
Hy/3 (in) F 2,43 10.21 10.12
Modal Frequency {Hz) 1.95 0.42 0.39
Relative Energy Spectra 0.05 1.00 0.95
Typical ¥Wind Duration {sec) 120 NA 120

* Significant peak-to-trough wave heights are based on an

assumed Rayleigh distribution of the wave's energy spectrum.

TABLE III:

REPRESENTATIVE INFLUENCE CF WIND ON WAVES




MODEL CONSIDERATIONS

MODELS

The experimental testing and
observations described in this paper
pertain to four different models.,
Selected characteristics of these
four models are listed in Table IV.
All four models were "“fully

appended" (i.e., geometrically
scaled bilge keels, sonar domes,
exposed shafts and struts, and
rudders, as appropriate, were
fitted). Scaled plexiglas disks
were used to represent the ship's
propellers. The models were
modified slightly at the bow and
stern to accept the tethers that
were necessary to keep the models
properly positioned during testing.

PARAMETER UNITS MODEIL, HULL

A B C D
LBP ft 11.33 8.27 17.66 18.99
Beam @ waterline ft 1.27 1.57 2,63 2.28
Displacement 1bs 191.6 177.0 1320.2 1108.1
Mean Draft (reference} in 5.37 4,98 11.49 9.82
Trim (+ stern) in 0.0 0.73 0.37 0.38
Heel (+ port) deg 0.0 0.0 0.0 0.0
KG in 6.34 -7.56 14.06 11.48
GMy in 1.04 2.47 2.39 1.83
Roll Period secs 1.85 1.61 2.83 2.71
Pitch gyradius as a % 26.4 NA 24.0 23.8
percent of LBP
Projected sall area in? 1,553 1,185 5,251 4,609
Center of Pressure in 12.52 11.95 26.29 21.64
{above BL) :

TABLE IV:

SCALE CONSIDERATIONS

The scale factor associated
with any towing tank model being
considered for wind and wave testing
should be carefully selected. If

the selected scale factor (A),
defined as {I%hip/Lmodel)’ is too
small, then the model, when
positioned for beam winds, will
experience strong and consistent
winds near amidships but weak and
erratic winds near the bow and
stern. This towing tank related
phenomenen 1s shown graphically in
Figure 5. In a head or following
orientation, a long model will
experience rapldly diminishing wind
velocities along its length. A
shorter model, which would tend to
avoid these two problems, might need

SELECTED MODEL CHARACTERISTICS

to be tethered far away from the
fans where the wind field tends teo
be very inconsistent with eddies,
pockets of stagnant air, and
reversals in the direction of air
flow. At this stage, wWe are
assuming that Froude scaling would
provide for a corresponding wind
velocity between the model and the
full scale ship.

BALLASTING CONSIDERATIONS

In order to do an effective
job of model testing in wind and
waves, the model must be pballasted
to the required displacement (or
draft), trim, vertical center of
gravity {KG}, natural roll period,
and pitch gyradius. A conventional
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FIGURE 5: RELATIONSHIP BETWEEN WIND FIELD WIDTH AND MODEL LENGTH

inclining experiment, in conjunction
with vertical weight adjustments,
can be performed in order to set the
required KG. The desired roll
period can be achieved by shifting
appropriate ballast weights
equidistantly port and starboard
and/or up and down and then sallying
the model. On the assumption that
the pitch gyradius.is approximately
equal to the yaw gyradius, the model
can be hung and swung in bifilar
suspension in oxder to determine the
yaw gyradius. BEqual onboard weights
can be shifted equidistantly from
the longitudinal center of gravity
until the desired value for the
pitch gyradius, typically about 25%
of LBP, is obtained.

TETHERING CONSIDERATIONS

The model must be tethered in
order to conduct these wind and wave

experiments. Otherwise, it will
quickly re-position itself and be
blown out of the usable wind field.
For wind and wave experiments on
relatively large models, a bungee
chord arrangement appears to be a
satisfactory method for gently
constraining the medel. Therefore,
a "soft" restraint system was
devised to keep the model at a
specific distance from the fans and
to maintain its desired nominal
heading relative to the wind and
wave direction while minimizing the
influence of the restraint system on
the environmentally induced motions
of the model. This was accomplished
by using an appropriate length of
elastic chord in each mooring line,
and by keeping the forces applied by
the restraint system at or near the
waterline and as horizontal as
possible. The shore end of each
tether was either secured in place
or held by an experimenter, The
other end was secured at elther the
model's current waterline or at a




height equal to one half of the
draft. At times, the forces in
these lines became fairly large.

For oblique headings, the
experimenter would need to make
periodic adjustments in order to
maintain the model's nominal
heading. Assorted trials were
conducted to investigate the
influence of these various tethering
techniques. The results of some of
these trials are summarized in Table
V. Schematic drawings of typical
tethering configurations are shown
in Figures 6 and 7. It appears that
the tethering scheme does not have a
significant impact on the motions of
a relatively large model.

SUPERSTRUCTURE CONSIDERATIONS

Both two dimensicnal and three
dimensional superstructures were
modeled., Two dimensional centerline
profiles representing superstructure
shapes were fabricated out of both
braced aluminum sheet and stiffened
2" thick closed cell form. In
addition, three dimensional high-
density closed cell foam
superstructures were also
constructed. These superstructure
configurations were intended to
adequately represent the general
characteristics of the ship’'s
superstructure without dwelling on

CONFIGURATION NATURAL RCLL PERIOD
Attachment Point Tethering Lines ) {seconds)
@ LWL Slack 2.99
@ LWL Normal 3.00
@ LWL Taught 2,99

Notes:

Nominal total length of the unloaded tether: 3k ft
3 inch diameter bungee chord formed into a loop
Nominal length of the slack bungee chord loop: 2 ft

Model D (A = 1034.9 lbs, GM, = 1,50" Tpoy = 3.00 secs)

TABLE V! INFLUENCE OF TETHERING ON ROLL PERIOD

1/8" dia. parachute cord bridie

1/4" dia. bungee cord

/

Z 1/8" dia. parachute cord

Aluminum tubular sleeve

FIGURE 6: TYPICAL TETHERING SCHEMATIC
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The goal was to
the

excessive detail.
model, with reascnable accuracy,
desired center of pressure and
projected lateral area. Table VI
contains a summary of the
performance of one model in the same
beam winds with both a two
dimensional and a three dimensional
superstructure. It would seem that
modeling the superstructure two
dimensionally is sufficient for beam
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REPRESENTATIVE TETHERING RELATIONSHIPS

conditions and low angles cf heel.
However, for head, following, or
obligue orientations, as well as
large angles of heel, a three
dimensional configuration is
necessary. It should be noted that
the three dimensional configuration
was approximately six times more
expensive to fabricate then the two
dimension version.




Super- Sample Time Average std. Dev. Min. Roll Max. Roll
structure {minutes) Heel of Roll Amplitude Amplitude
(deg) {deg) (deg) (deq)
2-D 3 ~7.84 2.34 +0.88 13.95
3-D 3 -6.07 2.172 -3.48 14.27
Notes! 1. Model A, intact, tethered @ LWL, bow and stern
2. Extreme beam winds
3. - angle indicates roll to leeward
TABLE VI: ROLL STATISTICS FOR THO SUPERSTRUCTURE CONFIGURATIONS

DATA ACQUISITION

MOTION ANALYSIS SYSTEM

Tn most cases, the wind and
wave induced motions of the model in
a transverse plane were measured in
an innovative and non-intrusive way.
pPairs of small circular targets made
of retro-reflective tape wWere
attached, a known distance apart and
on a common plane, to the
superstructure of the model and also
to a parallel reference plane on
some convenient but stationary tank
structure. To record the model's
roll motions during beam wind and
waves, a video camera, mounted on
the side wall of the towing tank and
pointing perpendicular to the
targets on the model's
superstructure, was used. During an
experiment, the motions of these
targets relative to each other
provided the necessary spatial data
for the Motion Analysis System (MAS)
to calculate the model's inplane
motions. The fixed targets provided
a stationary reference to true
vertical in order to make any
corrections for the camera not being
pecfectly level. Other wind and
wave induced motions such as heave,
sway, or pitch could be determined
by attaching targets to a different
set of parallel reference planes,
re-positioning, if necessary, the
video camera, and recording data.

The MAS provided an integrated
method for acquiring and analyzing
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the wind and wave induced motions of
the model. As shown in Figure 8,
the MAS system itself is made up of
five essential subsystems:

Video camera
. Video recorder and monitor
Video processor

Desktop computer with a hard
drive, and

Printer

During a given experiment, for
instance, beam wind and waves, the
roll motions of the model (more
precisely, the relative bearing
changes of the two targets) wexe
captured by the video camera which
relayed these images to the video
recorder. As the motions of the
targets were being recorded, it was
essential to ensure that the
targets' images were kept within the
viewing window on the monitor and
t+hat the resolution of the targets
was not diminished by extranecus
light sources, reflections,
parallax, or lens distortion. This
was accomplished by keeping the test
area as dark as possible, painting
the upper surfaces of the model with
non-reflective paint, and locating
the center focus of the camera near
the expected position that the
restrained model would drift to
under the influence of the beam wind
and waves. The target motions,
which were recorded on tape by the
video recorder, were processed after
the completion of each test run.
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FIGURE 8:

In processing the data, the
tape was played back and the raw
images were converted by the video
processor into digital outlines
which were saved on the computer's
hard drive. The conversion of the
images to outlines helped to reduce
the considerable amount of disk
space taken up by the data. Using
the MAS software, the centroids of
these outlines were calculated and
stored, The path-traced by the
movement of these centroids was then
analyzed to obtain the necessary
relative bearings and, using the
established reflective target
geometry, the model's rell time
history. .

The MAS software could only
accept 3000 frames at a time; at a
frame rate of 15Hz, this corresponds
to only 3 minutes and 20 seconds of
test data. A frame rate of 15Hz was
chosen because it provided the best
resolution while keeping the
processing time and computer memory
size requirements to reasonable
levels. Since data acquisition
periods of up to 12 minutes were
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MOTION ANALYSIS SYSTEM (MAS) COMPONENTS

desired, the software was modified
to automatically generated the
necessary sequential roll time
history files required for each test
condition. These time history files
were stored as ASCII files and
imported into Quattro Pro in order
to perform the required statistical
analysis. Since the MAS is a non-
intrusive and sensitive way of
obtaining roll time histories, it
was also used to acquire data during
some of the tethered and untethered
sallying experiments, inclining
experiments, and roll gyradius
trials.

To investigate the effect of
windowing and frame size on the
analysis of the MAS data, a power
spectral analysis was conducted on:
the acquired roll time histories.
Windowing results in smoother
spectral curves {intuitively more
representative of the real physical
phenomena). This smoothing effect
can be seen by comparing the spectra
shown in Figures 9 and 10, which are
based on a common frame size of 512,
with Figure 10 having a Hanning
window with a 50% taper. As can be




seen in Figures 11 and 12, the roll
spectra becomes increasingly more
jagged as frame size is increased.
Although the graphical appearance of
the distribution of roll energy, as
a function of both windowing and
frame size, varies greatly, the
total energy, -as measured by the’
area under the spectral curves, is
amazingly consistent, Table VII
summarizes the relatively small
effects that frame size and
windowing have on the calculated
roll spectral energy while also
showing that severe beam winds
strongly dampen roll motion.

Test Frame No Hanning %
Size | window | Window | Diff.
{50%
taper)
Waves 512 98,59 99.25 0.67
Oonly 1024 99.19 104,34 5.18
409¢ 99.20 105.14 5.98
Wind 512 51.48 48.45| -5.87
and 1024 51.63 55.77 8.01
Waves 4096 51.68 49,33 -4.55
TABLE VII: SPECTRAL ENERGY
COMPARISONS (MODEL A}
TRANSDUCERS

The need to actively handle
the soft tethers in oblique
headings, meant that it was only
possible to maintain a nominal
orientation. Thus, it was difficult
to use the MAS since this system
requires that the video camera be as
perpendicular as peossible to the
parallel planes of the active and
reference targets. Consequently, an
intrusive system consisting of
duplicate transducers was mounted in
two of the models to measure their
pitch and roll motions. These
small, light weight, two-axis
transducers were mounted on the
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centerline plane at the approximate
location of the model's center of
gravity. Signal wires were passed
through the top of the
superstructure. In order to keep
the wires slack, so as not to affect
the model's motions, the signal wire
bundle had to be supported from
above and its position, relative to
the model, actively monitored during
testing.

MODEL BEHAVIOR

HEADINGS

Selected experimental data
obtained for model D is listed in
Table VIII and shown in Figure 13.
To properly position the model, an
average wind velocity, which was
required to occur at a prescribed
height above the water (i.e., at the
vertical center of pressure of the
ship's projected lateral area), was
chosen. The corresponding
experimental wind velocity at the
vertical center of pressure of the
model's projected lateral area {(h}
was computed using Froude scaling
and the standard meteorological
assumption that the wind velocity
(U,) at a distance h above the still
water level equals the nominal wind
velocity at 10 meters {Uyg) times
{h/10) raised to the 1/7th power.

Uri=Uw* (%0)%

Using this value of U, and faired
wind calibration plots derived from
the measured wind distribution data
as represented by Figure 4, a
nominal tethering location for the
model, with respect to the fans, was
determined. During testing, the
tethering lines had to be
periodically tended in order to keep
the model's center of gravity at
approximately this locatien.
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NOMINAL AVERAGE WIND ONLY
HEADING HEADING Roll Pitch
standard deviation
= 5 oAbt B
BOW 45
BEAM 90
QUARTERING 135
FOLLOWING e S
S WAVES ONLY
Roll Pitch
e mean standard deviation std dev
HEAD 0 -0.030 0.559 1.841
BOW 45 -0.496 4.540 1.582
BEAM 80 -0.,222 5.669 0.163
QUARTERING 135 -0.357 5.064 1.582
FOLLOWING 180 +0.027 0.405 1.853
WIND AND WAVES
Roll Pitch
mean std dev max to max to std dev
lee wind
HEAD 0 ~0,.364 0.850 ~2.73 2.29 1.850
BOW 45 -1.139 4,230 -12.16 9.98 1,510
BEAM 90 ~1,593 4,607 ~14.35 10.39 0.117
QUARTERING 135 -1,102 4,739 ~14.95 10.86 1.530
FOLLOWING 180 +0.378 0.834 -2,22 2.59 1,784
Notes: Model D (Table IV)in sea state 7 (Table I)
Average wind velocity at center of pressure: = 1305 ft/min
Average sampling time for wind and waves: x= 8.6 minutes
All angles are in degrees
Roll angles are negative to leeward
Mean pitch angles are negligibly small (< 0.1 deg)
TABLE VIII: REPRESENTATIVE MODEL BEHAVIOR
LESSONS LEARNED {1} Tethering is necessary.

The physical testing of scale
ship models in wind and waves
remains an evolving developmental
effort. As techniques are
developed, exercised, and refined, (2)
observations of the physical
phenomena often reinforce
engineering intuition, but sometimes
raise troublesome gquestions
regarding experimental equipment and
procedures., Several general non- -
ship specific conclusions can be
drawn from the experimental programs
already undertaken.

15

Fortunately, softly tethering
the model at the waterline
during wind and wave
experiments appears to have
only a negligible effect on
damping.

The sensitive and non-
intrusive Motion Analysis
System (MAS) has proven to be
an extremely viable method for
developing time histories of
model motions (in any one
plane, at present} without
requiring mechanical or
electrical connections to the
model. For stability studies
invelving damaged hulls, this



(3)

(5)

(6)

Mean Roll Angle (degrees)

system promises to be very
useful.

Considering the current state-
of-the-art of medel testing in
winds, it is not considered
cost-effective to require
three-dimensicnal modeling of
the superstructure for just
beam winds. If other headings
are to be investigated, then
the added effort and expense
of developing a nominal three-
dimensional superstructure is
warranted.

(4)

The shape of the three
dimensional wind field
developed in an enclosed
towing tank does not
correspond very well with the
wind pattern that a ship in
the open ocean would
experience. Consequently, it
is important to carefully
select the model size relative
to both the width of the tank
and the three-dimensional
shape of the mechanically
produced wind field.

Hoce > R A % ? n Roll ,
4 i::d S;Ot\;:es % Z Z Std Dev ’g
’ Z 7 / 3 8
e
2 o
== ;
T r / % / '8

Froude scaling of wind speed
appears to be reascnable and
practical.

The strong damping influence a
beam wind has on a model's
wave induced roll metions has
been demonstrated and
partially quantified.
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(7}

The mathematical analyses
performed routinely on time
series data to generate wave
or wave-induced response
spectra produce widely varying
graphical images.
Nevertheless, statistical
predictions of spectral energy




{8}

(9)

(10)

are very consistent
lrrespectlve of the windowing
or frame size selected,

The influence of the duration
and fetch of the mechanically
produced wind on the wavemaker
produced waves needs to be"
further quantified.

The amount of wave reflection
which will develop over time
must be considered when
establishing the duration of
each test run.

There are several inherent
differences between the model
testing environment and the
real world. These differences
{i.e., wind field pattern,
tethering, etc.) are difficult
to quantify in an absolute
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sense. Consequently, the
statistical interpretation of
the experimental data is most
applicable to comparative
testing. For example,
comparing model wvariations or
model to ship behavior
patterns.
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ABSTRACT

This paper presents an approach adopted to assess the damage survivability of a ship which
derives from an examination of a number of realisable damage scenarios chosen from accident
statistics and IMO recommendations, on the basis of maximising the danger of potential
capsize. Damage scenarios analysis refers to the procedure of identifying the "worst damage
scenario” by studying the dynamic behaviour of the damaged vessel in a realistic environment
using time simulation. The practical applicability of the proposed approach is demonstrated by
presenting the results of a case study for a modern car/passenger ferry on the basis of which
some revealing conclusions on the damage survivability of passenger ships are drawn and

recommendations made,

1. INTRODUCTION

The survivability of ships is, in general, related to both intact and damage stability
requirements. For passenger vessels, this is normally assessed by their stability in a damaged |
condition, i.e. by their residual stability. However, in spite of the long history of Naval
Architecture and the plethora of accidents at sea that have darkened the history pages, the first
specific quantitative standard of residual stability has been introduced for the first time as
recently as the 1960 Safety of Life at Sea (SOLAS) Convention addressing, in spite of better
judgement, only the metacentric height (0.05m GM).

Despite a late start, considerable progress has been achieved since then. Indeed, we are living
now through the very exciting transitional phase in the history of standard development. The
profession is at the brink of abandoning the traditional "one compartment standard" and
deterministic procedures, specified by existing codes and conventions, adopting instead a
probabilistic approach to address damage that could occur at any location throughout the ship,
the extent and location of which are based on statistics of actual ship damage. The
probabilistic approach is much less arbitrary and offers a means of calculating the relative
safety of ships of all types exposed to collision damage, regardless of the type of

compartmentation.



Whilst this development represents a major change and indeed real success, the probabilistic
approach does not go anywhere near enough in providing a satisfactory solution to the
problem of meaningfully assessing a ship's survivability. The main reason for this is twofold:

Firstly, limiting understanding of the particularly complex dynamics involved and, secondly,
lack of availability of suitable tools for evaluating designs. More specifically, in both
approaches, the dynamic behaviour of the vessel and the progression of flood water through
the damaged ship in a random sea state are altogether ignored. In other words, both are still

water approaches.

The tragic accident of the Herald of Free Enterprise was the strongest indicator of yet another
gap in assessing the damage survivability of ships with large undivided deck spaces. In view of
the above, it would appear that the only approach to assessing realistically the damage
survivability of ships, perhaps within the logical framework of the probabilistic approach, must
of necessity offer the means of taking into consideration meaningfully both the operating
environment and the hazards specific to the vessel in question, To this end, the need to
develop suitable tools pertaining to the required analysis is becoming progressively more

critical.

This paper presents an attempt towards satisfying this need. The work presented is based on
research undertaken at the University of Strathclyde over a number of years, two of these in
association with the UK's Department of Transport Ro-Ro Research Programme.

2. PROBABILISTIC ASSESSMENT OF DAMAGE STABILITY

At about the same \t‘ime as the 1974 SOLAS Convention was introduced, the International
Maritime Organisatfbn (IMO) published Resolution A265 (VIII), [1]. These regulations used a
probabilistic approach to assessing damage location and extent drawing upon statistical data to
derive estimates for the likelihood of particular damage cases. The method consists of the
calculation of an Attained Index of Subdivision, A, for the ship which must be greater than or
equal to a Required Subdivision Index, R, which is a function of ship length, passenger/crew .

numbers and lifeboat capacity. "A" is in turn a function of three different probabilities, "a", "p

and "s".

Factor "a" accounts for the probability of damage as related to the position of the compartment
in the ship's length; "p" reflects the effect of variation on the longitudinal extent of damage; "s"
represents the probability of survival given the damage under consideration. The total attained
index is the sum of the products of "a", "p" and "s" for each of the compartments and

compartment groups within the ship.



However, it is only the factor "s” where attention is focused in the present study. It is true to
state that the ship damage stability problem has not received much attention in the past mainly
because a meaningful treatment of it, particularly one involving progressive flooding in a
random seaway, was perceived to be too difficult an undertaking by theoretical/numerical
means. For this reason an experimental approach was adopted aiming to establish a simplified
relationship between environmental and stability-related parameters for a damaged ship and
hence determine capsizal resistance in a given sea. On the basis of limited model tests carried
out separately in the United Kingdom, [2], and the USA, [3] such a relationship was
established between critical GM's (limit of capsizal resistance) and vessel freeboard in a given
sea state, characterised by the significant wave height, (Hg). From the results of these tests it
was decided to use flooded metacentric height (GMp) and effective freeboard (F) rather than
the GZ curve and GZ curve characteristics to judge capsizal resistance. Supplementary model
tests have shown that for a given freeboard in any given sea state the critical GM is
proportional to the beam of the vessel, (B). Consequently, the following relationship was

invoked:
(Hg)eritical = f(GMf*F/B) (1)

Deriving from the above, the probability "s" that a ship with a given value of (GM#*F/B) will
survive damage in a given sea state will be equal to the probability of not exceeding (Hg)eritical:
Tl\1erefore, the probability "s" can be derived from the significant wave height distribution
relevant to the area of the particular accident in conjunction with the relationship indicated in

(1), ie.:
s = P (Hy (GMf*F/B)] @

Hence, provided the damage stability parameter (GM¢*F/B) was determinate for each group of
compartments in any loéding condition, vertical extent of damage and permeability, the
calculation of the factor "s" would be very simple. This, however, requires knowledge of the
joint probability distribution of all the relevant parameters, taking also into consideration vessel
type and area of operation. This, in practice, is virtually impossible to derive on the basis of
statistical data alone. The need for a realistic theoretical model of damaged vessel behaviour

cannot, therefore, be over-emphasised.

The UK Ro-Ro Research Programme provided the impetus for such a model to be developed
at the University of Strathclyde as explained briefly in the following two sections.



3. UK RO-RO RESEARCH PROGRAMME

The need to evaluate the adequacy of the various standards in terms of providing sufficient
residual stability to allow enough time for the orderly evacuation of passengers and crew in
realistic sea states has prompted the Department of Transport to set up the Ro-Ro Research
programme comprising two phases. Phase I addressed the residual stability of existing vessels
and the key reasons behind capsizes. To this end theoretical studies were undertaken into the
practical benefits and penalties of introducing a number of devices, [4], for improving the
residual stability of existing Ro-Ro's. In addition, model experiments were carried out by the
British Maritime Technology Ltd, [5] and the Danish Maritime Institute, {6] in order to gain an
insight into the dynamic behaviour of a damaged vessel in realistic environmental conditions
and of the progression of flood water through the ship. Phase II was set up with the following

objectives in mind:

«  To confirm the findings of Phase I in respect of the ability of a damaged vessel to resist

capsize in a given sea state.

+ To carry out damaged model tests, in which the enhancing devices assessed in Phase I
would be modelled to determine the improvements in survivability achieved in realistic

sea-going conditions.

« To confirm that damage in the region amidships is likely to lead to the most onerous
situation in respect of the probability of capsize.

«  To undertake theoretical studies into the nature of the capsize phenomenon, with a view
to extrapolating the model test results to Ro-Ro passenger ships of different sizes and

proportions.
The Department of Ship and Marine Technology at the University of Strathclyde was one of
three organisations that received a contract to develop and validate a theoretical capsize model
which could predict the minimum stability needed to prevent capsizing in a given sea state.
This was subsequently to be used to establish limiting stability parameters that might form the
basis for developing realistic survival criteria. Full details are given in {7]. .



4. STRATHCLYDE APPROACH

4.1 General

Simply stated the Strathclyde approach is an attempt to assess damage stability and
survivability requirements on the basis of the worst realisable damage scenario' (as
determined from actual accident records) by taking into account the dynamic behaviour of the
damaged vessel in a realistic environment. The technique used is time simulation. The

mathematical model, described in detail in [7], comprises the following:

« Coupled non-linear sway-heave-roll motions together with instantaneous sinkage.and trim
« wind and wave excitation

o+ regular or random waves

« experimentally derived coupling and large angle roll coeflicients

« progressive flooding

« water accumulation and sloshing

On the basis of the above, the dynamic behaviour of a damaged vessel is investigated in
selected scenarios - chosen to maximise the danger of potential capsize - during and after
flooding, in the presence of realistic environmental conditions, The results are presented in the
form of boundary stability curves involving relationships between ship design and
environmental parameters (e.g. freeboard, F, and significant wave height, Hg,) and stability-

related parameters (e.g. GM).
4.2 Effects of Water Accumulation

The dynamic effect deriving from this is due to water sloshing. Treating flood water on the
vehicle deck as a free surface tank, water sloshing is likely to be important when the excitation
frequency is close to the natural frequency of the water in the tank. This, however, is unlikely
to be the case in ferries because of their low natural roll frequency, unless the amount of water
is small in which case the ensuing dynamic effect will also be small. In addition, water
accumulated on a deck corner would result in a system with a small effective breadth and large
water depth, thus having a high natural frequency and hence unlikely to be excited in sloshing.
As a result, the more likely effect of water accumulation will be a static one giving rise to static

heel when asymmetric flooding takes place.



4.3 Modelling of Progressive Flooding

This is a very difficult phenomenon to model as it involves very complex hydrodynamic flows.
Some degree of approximation is, therefore, necessary in order to derive engineering solutions.
In the model presently considered, water ingress is modelled as an intermittent probabilistic
event based on the calculation of the relative position between wave elevation and damaged
location as shown in Figure 1. The emphasis here is placed on hydrostatic effects, including
edge effect, wave direction and damage location and extent. Formulations for different
damage cases are shown in Figure 2 whereby, using this approximation, the whole problem of
progressive flooding reduces to evaluating the flow coefficient K which can be done

experimentally.
4.4 Validation of the Theoretical Capsize Model
Following the development of the numerical model, the experimental results from the physical

model tests, conducted during the Ro-Ro Research Programme, were reproduced by
undertaking a series of "numerical experiments" using the same data for the vessel and the

environment as in {5]. This involves the following:

a) Selection of Ship

The main particulars of the vessel chosen for the parametric investigation are given in Table ],
with general arrangement plans shown in Figure 3. This ship sails mainly between UK and the
Continent and is similar to the Herald of Free Enterprise.

Table 1: Main Particulars of Vessel A

Length Between Perpendiculars (LRp) 126.10 m
Breadth (Byld) 22.70 m
Depth (Dhhd) 7.3 Om
Draught (Ty14) 570 m
Displacement (D) , 8,807 tonnes
KG (Design) 10,10 m
GM (Intact) 1.72m

b) Particulars of Damage

The damage compartment is situated amidships such that there is sinkage only, with no
significant trim. The length of the compartment used in the investigation is 27.7m and extends
from -19.0m to 8.7m, providing a 7.12m draught. Following given specifications, the form of



the opening is trapezoidal. [t starts at the double bottom and extends to the top, Figure 4. Its
sides slope at 150 to the vertical and its width at the waterline, Wp, is given as follows:

Wp = (0.03Lg + 3.0) metres or 11 metres, whichever is less.

c) Sea States

The random sea states used are generated on the basis of the JONSWAP spectrum with repeat
period of twenty minutes, defined according to the North Sea wave statistics provided in [5].
The zero crossing periods and significant wave heights presently used, are given in Table 2

below:

Table 2: North Sea Wave Statistics

Significant Wave Height, Hg Zero Crossing Period, T,
(metres) (seconds)
0.00 - 0,99 4.50
1.00- 199 5.50
2.00 - 2.99 6.00
3.00-3.99 6.25
4.00 - 4.99 6.50

d) Capsize Scenario

Before the start of the simulation the damaged compartment below the bulkhead deck is
flooded up to the level of the external waterline, as was the case in the physical model tests,
with a damage hole at the side and above the bulkhead deck, Figure 4. As simulation begins
and the damaged ship starts to move under the effect of random waves, the instantaneous
water ingress is modelled by taking into account the wave height and ship motions which are
also estimated at each time step. Simulations are carried out for different loading conditions
and freeboards while the sea state used is progressively increased to a limit at which the ship

capsizes systematically.

¢) Loading Conditions and Freeboards

Three freeboards were used, simply by modifying the depth to the bulkhead deck, in order to
investigate the influence of freeboard on the damage survivability of the vessel. These are
0.18m, 0.75m and 1.0 m. The associated loading conditions (KG's) and damaged GM's are
given in Table 3 next.



Table 3: KG and GM Values Used in the Validation

KG GM GM factor
(metres) {metres)
12.15 0.10 0.0058
11,75 0.50 0.0293
10.50 1.75 0.1026
8.90 3.35 0.1960

The GM factor is a non-dimensionalised GM which was used in [5], to present their model
experiment results and is calculated by using the following expression:

GM factor = 10 GMCp T2

fy Comparison Between Theoretical and Experimental Results

Figure 5 shows the results from the numerical experiments for all the freeboards considered
with a mean boundary curve drawn through the results, in accordance with the presentation of
the experimental results. A comparison between the mean boundary curve derived from the
simulation results and the corresponding curve derived from physical model experiments,
shows an exceptionally good agreement as illustrated in Figure 6.

On the basis of such boundary curves, survival criteria could now be developed. For example,
the probability of ship survival could be derived directly from the weather statistics pertaining

to the area of operation.

5. PRACTICAL APPLICATION OF THE NEW APPROACH

5.1 General

To demonstrate the practical applicability of the developed procedure, the influence of damage
location and extent of flooding on the damage survivability of a modern car/passenger ferry in
the presence of random waves is presently investigated. To this end, the dynamic behaviour of
the vessel is assessed in a number of scenarios selected on the basis of maximising the danger
of potential capsize (or sinkage) while taking into account actual accident records. The
influence of different loading conditions is also examined by changing the vessel's KG.




5,2 Selection of Ship

The main particulars of the vessel chosen for this investigation are given in Table 4, with the
general and subdivision arrangements shown in Figure 7. This ship sails in international
waters. There are two car decks above the bulkhead deck and another half car-deck below it.
It is interesting to note that compartmentation and damage stability calculations were carried
out according to the probabilities approach. In this respect, with the vessel having side tanks
at B/5 depth and the double bottom at B/10 depth, a large inner compartment is allowed, the
length of which is limited by the requirement A>R. This particular ship has a 60m long inner

compartment,
Table 4: Main Particulars of Vessel B
Length Between Perpendiculars (Lpp) 169.50m
Breadth (By)d) 25.08m
Depth (Dhhd) 7.85m
Draught (Tm1d) 6.12m
Displacement (D} 18,883 tonnes
KG (Design) 11.84m
GM (Intact) 1.80m

5.3 Description of Damage Scenarios

The UK Ro-Ro Research Programme has identified that damage near amidships is likely to
tead to the most onerous situation in respect of the probability of capsize. The most critical
location of damage in this case is shown by the shaded area in Figure 8. Relevant information
regarding the particulars of damage and sea states is as described in Section 4. With reference
to Figure 8, a brief description of each of the damage scenarios considered is given here. Inall
the scenarios, simulation starts with the vessel at the intact upright condition in beam seas.



Table 5: Damage Scenarios

Scenario

Description

DS1

Side tank at B/5 depth damaged with cross-
flooding in operation. The same damage with
cross- flooding disabled is also considered.
The capacity of the side tank is approximately
500 tonnes.

DS2

Side tank and vehicle deck damaged with
cross-flooding in operation.

DS3

Side tank and inner compartment damaged
with cross-flooding disabled.

DS4 (Herald of Free Enterprise)

Damaged vehicle deck above the bulkhead
deck.

DS5

DS#Awith cross-flooding disabled.

DS6 (Enropean Gateway)

Combination of DS3 and DS4.

6. RESULTS AND DISCUSSION

In accordance with an earlier publication, [6], the vessel is judged to be safe, critical or unsafe

depending on the roll angle attained. In this respect, a roll angle >200 is considered safe,

between 200 and 400 critical and >40° unsafe. Based on this, the capsizal resistance of the
.

vessel was examined in each of the scenarios described above for a range of KG's (givenin

Table 6) and sea states. In the light of the derived results a number of noteworthy comments

are presented next.

Table 6: KG's and GM's Used in the Scenario Analyses

KG GM GM factor
(metres) (meters)

13.34 0.30 0.021

12,59 1.05 0.072

11.84 1.80 0.124

11.04 2.60 0.179

10.29 3.35 , 0.231




a) Damage Scenario | (Figures 9 and 10)

With the cross-flooding arrangement disabled, the static heel varies from 79 to 17.59,
depending on the KG, with the vessel capsizing at the highest KG. It will be noted from Figure
9b that the maximum roll angles occur at the intermediate stages of flooding. With the cross-
flooding arrangement in operation and the vessel KG at 12.59m (GM factor 0.072) a sudden
increase in the roll oscillation occurs which is believed to be the result of parametric excitation
due to heave, the heave period being half the roll period for this case. This is shown in Figures
10b and 10¢ and reflected in Figure 9a which also provides a clear iflustration of the
importance of dynamics in assessing the damage survivability of ships. The damage
survivability diagrams of Figures 9a and 10a suggest that the vessel could survive this damage,
with or without a cross-flooding arrangement, at even extreme sea states and higher than

design KG's.

b) Damage Scenario 2 (Figure 11)

When the vehicle deck is damaged, the capsizal resistance of the vessel reduces substantially
with the vessel capsizing very rapidly at extreme sea states irrespective of KG and at moderate
sea states with high KG's. The dominant nature of the flood water on the vehicle deck on the

vessel behaviour can be seen clearly in Figures 11b and 11c.

¢) Damage Scenario 3 (Figure 12)

This scenario aims to address the danger in using large inner compartments beyond the B/S
depth at side. If this compartment is to be flooded, the margin line will immerse below the
waterplane by nearly a metre at the design KG. In addition, transient and parametrically
excited roll motion in the presence of waves will exacerbate the ensuing problems. Itis
interesting also to note that the parametrically excited roll motion, which appears to be absent
at 1m Hs, becomes evident at the higher sea states as shown in Figures 12b and 12¢. The
damage survivability diagram of Figure 11a suggests that this damage scenario could cause a

great threat to the vessel's survivability.

d) Damage Scenario 4 (Figure 13)

This scenario has been dealt with previously, [8], where it has been clearly demonstrated that
flooding of the vehicle deck is very dangerous with vessels capsizing very rapidly when
progressive flooding taking place, the rate dictated by the KG. In addition, the flood water on
the vehicle deck governs the vessel behaviour which in the majority of cases tends to be quasi-



static, and hence predictable. In this respect, the roll motion and flood water follow identical

trends as shown in Figures 13b and 13c.

e) Damage Scenario 5 and 6 (Figures 14 and 15)

These scenarios depict progressive flooding of the vehicle deck with some degree of
asymmetry and sinkage both of which reduce the effective freeboard and hence exacerbate
flooding of the vehicle deck. As a result the vessel under examination could not survive either
of these scenarios even at the lowest of sea states and KG's. Again the dominant influence of

the water on deck in both cases is evident.

7.

CONCLUDING REMARKS

On the basis of the foregoing investigations the following points are worth noting

¢

A realistic theoretical model has been developed capable of assessing the survivability of a
damaged ship in a random sea while allowing for water ingress. Applications so far have
focused on Ro-Ro's but the approach adopted and the developed numerical simulation
model could be applied widely to other hull forms and ship types and sizes. This, in turn,
offers a unique "tool” to re-examine the damage stability of ships, perhaps within the
logical framework of the probabilistic method.

In assessing the damage survivability of ships, the analyses of realisable damage scenarios
that a vessel may have to survive offers substantial insights on the vulnerability of a vessel
type as well as an invaluable aid to the designer to evaluate alternative designs or

subdivision arrangements.

In relation to Ro-Ro vessels, research so far has clearly demonstrated the need for
improving their capsizal resistance when flooding of the vehicle deck takes place. Inall
cases considered this appears to be the determining factor affecting vessel capsize.

The only meaningful approach to improving the survivability of a damaged ship is by

taking full account of her dynamic behaviour in a realistic environment.
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use in a First Principles Methodology (FPM) approach to ship design. The establishment of seaway cn
employing Operability and Survivability envelopes for Northern and Southern hemispheres is describe
together with three parameter approximations to the measured wave spectra used in defining the envels
The nonlinearity of hurricane driven waves associated with the Seaways of Limiting Steepness segmer
the Survivability envelope is identified. Initial results of test tank and computer modeling of hurricane
seaway are described.

Thé necessity for identifying critical design conditions in an FPM approach to ship design is discuss
together with certain aspects of resolving this problem. Critical design conditions associated with ship
stability matters are discussed in the light of previous free-running model capsizing experiments and ci
testimony relating to the loss of the M/V TUXPAN in a severe winter storm. The role which analytical
methods should play in the near and long term are described. Response criteria are discussed consideri
several cases of practical importance to ship stability in Survivability seaways.

Recommendations are briefly summarized for furthering the development of FPM. An update of finc
regarding episodic wave characteristics is presented in an appendix.

INTRODUCTION

What is meant by First Principles Methodology? FPM employs operational and scaway critera whi
broadly define required ship performance, safety and durability characteristics. It employs analytical
methods by means of which required seakeeping and structural characteristics can be achieved. These
methods employ quantitative cause and effect relationships involving basic design variables thereby
facilitating design trade-offs and optimizations.

What benefits does it offer? FPM is most usefu! in the design of ships which (a) have unique
characteristics such that existing empirical criteria and analytical methods are not appropriate, or (b) h
failed to perform as required when designed using empirical methods. In the fong term it is expected tl
the as-designed safety and utility of all ships will also be improved.

This paper describes the major elements of FPM and the manner in which they interrelate. Recent
progress in the establishment of Seaway Criteria is summarized together with a recommended approac



simulating extreme seaways. Critical Design Condition Criteria as they relate to ship stability problems are
considered next together with examples of ship losses which have been examined in the light of recent
seaway criteria developments. This is followed by a brief discussion of the role of Analytical Methods and
Response Criteria. Recommendations are offered for further development of seaway criteria, scaway
simulations and methods for identifying critical design conditions as required by an FPM approach to ship
stability criteria. Definitions and an update of episodic wave information are appended.

ELEMENTS OF A FIRST PRINCIPLES METHODOLOGY
The elements are:
Operational Requirements which identify ocean areas and routes of operation, speeds in calm and rough
water, design displacements and operational life. :
Seaway Criteria which define both world-wide climatic (i.c. long- term average) wave conditions and
extreme storm wave conditions. The scope of each of these may be significantly reduced if the operating
areas are restricted. These criteria will generally involve wave spectrum formulations for linear response
analyses and time domain formulations for nonlinear analyses. In the case of the latter both random
wave and episodic wave conformations must be considered.
Critical Design Condition Criteria identify those particular wave and operating conditions which
a designer should consider in satisfying Response Criteria . When identifying critical wave
conditions the entire range of the Seaway Criteria should be considered. Critical Design Conditions are
likely to be different for each area of concern in seakeeping and structural design (e.g. severe rolling,
broaching, slamming, deck wetness, wave impact loads etc.).
Analvtical Methods which permit the establishment of ship design characteristics which satisfy Critical
Design Condition and Response Criteria. These methods must lead ultimately to deterministic
results for design purposes. Methods must be available for both preliminary and final design, and must
be suitable for analyzing linear and nonlinear responses and apply to local or global hull areas as the
problem at hand requires.
Response Criteria which define acceptable or unacceptable behavior of a ship under Critical
Design Conditions for seakeeping and structural design purposes.
With respect to these elements it is important to note that they are strongly interrelated. Seaway
Criteria for example must not only encompass world wide wave conditions, but it must be expressed in a

format that permits analytical methods to lead directly to design values of loads and motions. Similarly,
Response Criteria should relate in a straight forward manner to the output of Analytical Methods. 1t will
be noted that analytical methods are not suggested here as being design criteria so as to avoid impeding
state-of-the-art developments in this area.

SEAWAY CRITERIA

This section is a synopsis of ref.1 which contains details of the developments summarized here. In order
to clarify some of the unfamiliar concepts involved, the Definitions section of ref.1 is presented in ‘
Appendix A. Because of its importance to FPM development, the viability of simulations of the proposed
seaway criteria is considered here. '
A BASIS FOR SEAWAY CRITERIA DEVELOPMENT

The primary source for the seaway criteria presented here is a National Oceanic and Atmospheric

Administration (NOAA) data base of over 2 million wave spectrum measurements from buoys moored in a
wide variety of offshore wave climates. The wave spectra measured at each of the 13 buoy stations
considered were obtained over a period of more than12 years. Climatic Wave Spectra (CWS) have been
determined for significant wave height (Hmy) class intervals of one meter. In order to characterize the



wave climate at each buoy station, the modal period (Tp) for each CWS was plotted vs Hm,,  For those
groups of buoy stations which were found to have similar trend lines of Hmy, vs Tp, a Generalized Wave
Climate trend line was established as discussed below. For each generalized trend line three parameter
(closed form) wave spectrum approximations were determined which provided close approximations to the
measured CWS. The upper bound of each trend line was terminated at an averaged annual maximum Hm,
value corresponding to one occurrence per year. The curve formed by this upper bound and by the more
extreme wave climate trend lines serve to'define a baseline Operability envelope.

Using individual outlying values of Hm,, vs Tp from severe storms an empirical envelope of extreme
values was drawn. For wave spectra from very steep seas a parametric boundary was identified and
designated Seaways of Limiting Steepness. Using extreme spectra from seaways of lesser steepness, a

connecting boundary was drawn and labeled Seaways of Extreme Significant Wave Height. The resulting
envelope defined the baseline Survivability envelope. Based upon the associated measured wave spectra,
generic three parameter spectrum approximations were defined for both envelopes and associated trend
lines.

As a result of comparisons of NOAA buoy wave data and data from other sources for the same ocean
areas, it was concluded that the percentage occurrences of high values of significant wave height given in
ref. 2 appeared to be reliable for open ocean areas. Using this data source, the NOAA baseline envelopes
were expanded to establish Operability and Surivability envelopes for northern and southern hemispheres.
Using the measured wave spectra which defined the Baseline envelopes, closed form approximations were
defined for the hemispheric envelopes.

Inasmuch as time series wave height data for NOAA buoys have not been available for use in
approximating critical wave conformations, this initiative has not been developed with one important
exception.

NOAA BASELINE ENVELOPE DEVELOPMENT

The baseline Operability envelope which was derived from NOAA buoy data is defined by the dashed
lines in Figure 1. The Climatic Steep Seas modal period trend line was derived from East Coast and Gulf
of Mexico buoy data such that the steepness of this empirical trend line was approached but not exceeded
by either data set. The Climatic Long Period Seas trend line was based upon data from Pacific buoys
located between 40 and 50 deg N. Lat, The modal period of the empirical trend line was also approached
but not exceeded. The Climatic Northern High Latitude Seas trend line was determined using data from
Pacific buoys above 50 deg N. Lat. In this case the trend line was developed as an approximation to the
CWS data where some liberties were taken in matching the data in order to obtain a coherent trend
intermediate to the foregoing trend lines. It is noteworthy that when modal period data from other sources
(mostly from North Atlantic ocean weather ships) were plotted on Figure 1 they fell relatively close to this
trend line. In the case of Ochi's " most probable spectrum for mean North Atlantic ", the results fell close
to the NOAA buoy data in question except at low values of Hm,,

The upper bound of the Operability envelope was determined using the "average of annual maximums”
statistics presented in Table S of ref.1. A further average of maximums for the individual buoy stations in
each wave climate was taken which led to the "Defining Points" of Figure 1.

Satisfactory closed form approximations to those individual CWS which fell closest to the three trend
lines were found using Ochi's three parameter formulation which is defined in Appendix A. This
formulation perrnits matching Hm,, fp and peak energy density for each CWS, Figure 2, for example,
presents the results of approximating CWS from the Gulf of Mexico. Lambda is the shape parameter for
the spectrum approximation while "n" is the number of individual spectra averaged in obtaining the CWS.
In the case of data from the East Coast offshore buoys (which share the same Climatic Steep Seas trend
line) multiple Ochi 3p spectra were generally required to obtain good approximations. The Guif of Mexico

-2



CWS approximations were more peaked (i.e. had higher values of A ) than those for East Coast CWS
which reflected a more prevalent mix of sea and swell waves in the latter area. Single Ochi spectrum
approximations were satisfactory for those CWS from NOAA buoys which established the Climatic
Northern High Latitude Seas trend line. This was also true of CWS from the buoys which established the
Climatic Long Period Seas trend line except for the two lowest values of Hm,,. Figure 24 of ref.] provides
a comparison of the peakedness of the CWS approximations for the four data sets. It shows that the Gulf
of Mexico CWS are the most peaked while CWS for Pacific buoys from 40 to 50 deg N.Lat. are the least

peaked. Ochi shape parameters (4) for all single spectrum approximations for the Operability envelope are
summarized in Figures 26 and 27 of ref.1 while parameters for all multiple Ochi 3p approximations for the
Operability envelope are given in Table 15 of ref. 1. :

Statistics defining the percentage occurrence of Hmy, values are more difficult to generalize. For ,
reference purpose these statistics are given in Tables 16 thru 20 of ref. 1 for the thirteen NOAA buoy
stations considered in defining Generalized Wave Climates.

The baseline Survivability envelope which was derived from NOAA buoy data is shown by the solid
lines in Figure 1. It consists of two segments which are designated Seaways of Limiting Steepness and
Seaways of Extreme Significant Wave Height. The former resulted from an earlier search for wave spectra
from steep, storm driven seaways in the NOAA data base. These spectra led to an empirical boundary
corresponding to Hmy/Tp? = 0.00776 g. Confirmation of this boundary was subsequently obtained from
an independent (Canadian) data base of measured spectra as shown in Appendix A to ref.1. The upper end
of the boundary was terminated at values of Hm, and Tp using data obtained at an offshore platform
during hurricane Camille. As shown in Figure 3, with the exception of this point the connecting Seaways
of Extreme Significant Wave Height boundary was drawn with a small margin on measured values of Hm,,
vs Tp, i.e. roughly one-half meter for the points corresponding to maximum Hm,, and approximately one
second for points corresponding to maximum Tp. This was done to forestall the need for revising this
empirical boundary for small increases in Hm,, or Tp measured in subsequent storms. The establishment of
closed form approximations to extreme spectra was accomplished using the three parameter Modified
JONSWARP spectrum formulation defined in Appendix A. As in the case of the formulation used to
approximate CWS, this selection was based entirely on the quality of data fit which was achieved. The
identification of individual spectra which fell close to the Seaways of Limiting Steepness boundary
encountered several problems which lead to the scarcity of spectra evident in Figure 3. For values of Hm,
above about 8 meters, the rapidly developing winter storms which produce steep seas tended to shift to
significantly longer modal periods for increasing values of Hm,, as the scaway matured. Atlow values of
Hm, it is common to find swell wave energy mixed in with the steep wind driven seas. This resulted in
few acceptable spectra given that the selection criteria sought steep, wind driven seaways in which the
majority of the wave energy was wind driven. (The swell wave component of open-ocean secaway
development also produced occasional violations of the empirical Seaways of Limiting Steepness boundary
at low values of Hm, because a swell wave constituent generally increases Hm,, but not Tp with the result
that such a seaway can plot somewhat above it). Modified JONSWAP approximations to the selected

spectra are shown in Figure 4 with the associated values of the shape parameter y . Approximations to the
selected spectra from Seaways of Maximum Hmj, are shown in Figure 5. Ina marked contrast to the
spectra of Figure 4, the values of the shape parameter are nearly constant. Figure 6 presents the range of

values of y recommended for spectra associated with the entire Survivability envelope.



EXTRAPOLATION OF NOAA BASELINES
Inasmuch as the NOAA buoy locations involve only a fraction of the earth's ocean areas, extending th

baseline seaway criteria to provide world-wide, open-ocean area coverage presented a significant probl

Only three atlases were known to provide the wide area coverage necessary:

a) U.S. Navy SOWM Hindcast Wave Climatology Data for North Atlantic and North Pacific oceans.

This data base had previously been compared to NOAA buoy data for similar ocean areas and founc
have important differences in regard to probability distributions for significant wave height. (See
Appendix A of ref.1.) _

b) Long Term Visual Observation Data for both hemispheres. This milestone work of Hogben and Lu
which is contained in ref, 3 had previously been compared to NOAA buoy data in unpublished
studies and found to have important differences regarding probability distributions of significant wi
height. Wave period information based upon visual observations was also known to be unreliable.

¢) British Maritime Technology Global Wave Statistics (BMT-GWS) for both hemispheres. This rece
work of Hogben, Dacunha and Olliver employed long-term shipboard wind speed observation data
together with empirical correlations between wind speed and wave height and period for selected
ocean areas. Comparisons with NOAA buoy data in this case were encouraging.

Figures 4 thru 9 of ref.1 provide comparisons of NOAA buoy and BMT-GWS wave height probabilit:
distributions, long-term wind direction statistics and approximate modal periods which were favorable v
the exception of the Gulf of Mexico. For open ocean areas the Hm,, distributions were surprisingly gooc
especially for high values of Hm,,. The wave period information did not compare well but the basis for
comparison was tenuous at best, i.e. modal periods of long term CWS were compared to rough estimate
BMT-GWS modal period using an empirical factor of 1.4 times Tz (averaged zero upcrossing period).
Figure 10 of ref.1, however, revealed that good agreement existed with respect to the question of which
ocean areas were climatically steep and which were climatically long period. Given this finding, the
establishment of increments on Hm,, to provide for hemispheric extremes along each of these boundarie
could proceed. For example BMT-GWS Area 23 (see Figure 2 of ref.1), which was taken as a reference
arca, included the NOAA buoys that defined the Climatic Steep Seas boundary. A search of all Norther
hemisphere BMT-GWS areas which had a comparably steep wave climate and also high values of Hm,,
lead to BMT-GWS Area 11 (North Sea). No comparably steep wave climate experiencing high values o
Hmo was found in the Southern hemisphere. For the Climatic Long Period wave climate the analogous
BMT-GWS Areas were Area 13 (ref.) and combined Areas 8 and 9 in the Northern hemisphere. Area I
in the Southern hemisphere (Furious 50's west of Australia) contained more extreme values of Hm, that
Areas 8 and 9. Before determining the applicable increments on maximum Hm,, for the two wave
climates, a study was conducted to compare the high end (Hm,, greater than 5 meters) probability
distributions for NOAA buoy and BMT-GWS data. The results which are presented in Figure 13 of re!
showed generally good agreement out to an occurrence level of 0.1% (about 9 hrs./year). Beyond this, t
data sets tended to diverge with the buoy data suggesting less likelihood of occurrence of higher values
Hm,, than the BMT-GWS data. The one storm per year occurence level of the upper bound of the °
Operability envelope and 9 hours of exceedance per year of the BMT-GWS data are considered to be
comparable. The appropriate increments on Hmy, beyond the baseline envelope were determined as shos
in Figures14 a and b of ref. 1, namely, 1 meter for the Northern hemisphere along the SteepWave Clima
boundary and 1.5 meters along the Long Period Wave Climate boundary. In the Southern hemisphere ai
increment of 2.5 meters was added along the Long Period Wave Climate boundary. The resulting
extrapolations are incorporated in Figure 7 where it will be noted that the upper limit of the Steep Wave
Climate boundary for the Southern hemisphere has been made the same as that for the Northern
hemisphere to account for typhoon activity.



Gxtrapolation of the NOAA baseline Survivability envelope to cover hemispheric extremes presents
several problems beyond those discussed above. First of all, the Survivability envelope lies well beyond the
Operability envelope such that statistical extrapolations into this region would necessarily produce criteria
which could neither be proved or disproved. Moreover, long term measurements of extreme seaways ata
fixed buoy location tend to be applicable to design of a fixed offshore platform but not for a ship which
spends part of its total life (of say 20 years) in port and in transiting ocean areas where extreme seas do not
occur. Considering these matters the following steps were taken:

a) Since the upper end of the Seaways of Limiting Steepness boundary was determined by data from
hurricane Camille which produced an extreme combination of Hm, and Tp, extrapolation was
considered unnecessary to provide for hemispheric extremes. In this storm the steepness of the
seaway and wind strength were unusually severe. .

b) Along the extension of the Climatic Long Period Seas boundary the NOAA baseline Survivability
envelope was increased by the same increments used to extend the Operability envelope for
Northern and Southern hemispheres. These increments were also applied to the baseline Surviv-
ability envelope at Tp = 25 seconds. The resulting hemispheric envelopes are shown in Figure 7.

During the later stages of preparation of ref.1, an exceptional winter storm near NOAA buoy Station
46003 (south of Kodiak, Alaska) produced a substantially higher value of Hm,, (16.92 meters) than any
previously measured valtue (i.e. 15 meters). This measurement is plotted in Figure 8 where it will be seen
to lie just within the Northern Hemisphere Survivability envelope. Given that the measured spectrum was
available, two checks of the generic spectrum recommendations of Figure 6 were possible. Figure 9
illustrates that the Modified JONSWAP formulation and the recommended generic shape parameter

(v=1.3) result in a satisfactory approximation to the measured spectrum.
SEAWAY SIMULATIONS

The subject of simulations refers here to an ability to transition from a scaway characterized by a wave
spectrum or by a particular wave height time series to a simulated seaway of the same character. The
purpose of the simulation in this discussion is the establishment of a rational basis for determining load and
motion responses of a ship under specified seaway conditions. Two main avenues of approach are
available, i.e. analytical and experimental, Where seaway and ship responses are substantially linear in
character, an analytical approach employing input wave spectra, 1esponse amplitude operators and
statistical analyses of the resulting responses is believed appropriate. Where ship stability is at issue and
both the seaway and the ship responses to it tend to be substantially nonlinear, the experimental (model
scale) approach is believed to be the more reliable at the present time. The characterization "more reliable”,
however, raises the question of whether it is in fact realistic, i.e. whether potentially critical wave
conformations of the full scale seaway will be generated and whether a model can be made to encounter
these waves if a spectrum defined seaway is modeled. The latter requires repeatability in time and location.

Reference 4 in a preliminary fashion attempted to answer these questions. The investigation was
facilitated by the existance of the time series wave height data gathered during hurricane Camille which
produced the wave spectrum defining the upper end of the Seaways of Limiting Steepness boundary. A
prior assessment of nonlinearity of this wave height data had been made by the HACYM (half-cycle
matrix) method of analysis which had limited validation at this time. A study was conducted (Task 1) using
the existing results of a nonlinear analytical simulation using a third degree functional polynomial model
previously generated by Dalzell, ref.5. The linear constitutent employed constants so as to make it similar
to a relatively heavily damped ship roll response to wave slope.

The results of HACYM analysis of the individual and combined constituent outputs showed that a
previously undefined statistic (the mean value distribution of amplitude events, MVDAE) provided a clear
indication of the influence of each of the polynomial constituents on the output, i.e. the linear constituent



resulted in a linear MVDAE distribution, the quadratic led to a curved (symmetrical about the null
diagonal) MYDAE distribution, while the cubic produced an orthogonal nonlinear elongation along the
Reference Level Diagonal (see definitions of Appendix B of ref.1).

An MVDAE analysis of consecutive half hour segments of hurricane Camille wave height data
revealed that a significant degree of nonlinearity followed a final rapid increase in average wind
velocity with a lag of about 30 minutes. Those time series wave height events which exhibited the most
pronounced nonlinearity corresponded to large waves having considerable elevation above mean water
level and very steep forward faces. An additional feature of these waves was that their period was
substantially less than the modal period of the spectrum derived from the same half-hour of time series
data. Values of Tp vs Hm, for the Seaways of Limiting Steepness boundary imply an approximate
wave height to length ratio of 1720 for the largest waves in the time series,whereas the most nonlinear
waves in the Camille time series actually had a height to length ratio of about 1/7.

Having determined from HACYM analysis that substantial nonlinearity existed in the Camille wave
height data for the' 1500 to 1530 hours interval the associated wave spectrum was chosen for replication
two different towing tank facilities (Task 2). The purpose of the experiments was to determine if their b
replication of this spectrum produced a model-scale time series of wave height which exhibited the sam
nonlinearity as the full-scale data. One facility had a single flap and the other a dual flap wave maker, Ir
each case only long crested waves were produced. The scale of wave making was not stipulated except 1
request that it be maximized, consistant with the capabilities of the wave maker to replicate the wave
spectrum. Results of the experiment as summarized in ref.4 were as follows. The MVDAE curve for the
primary wave staff measurements was very simular to that from the Camille data out to a point where th
highest wave heights occurred. At that point the data suggest that the Camille waves were more nonline:
(i.e. more clevated and steeper). With respect to the parametric characteristics of the largest waves, Tabl
of the reference suggested that there may be less variability associated with the largest of the Camille
waves. In the case of the measured time series events shown in Figure 10 there was an apparent trend
toward steepness in the upper half of the forward face of the waves as the elevation/amplitude ratio
increased.

Because of the availability of time series wave height measurements from the breaking-wave model
capsizing experiments of Duncan, Wallendorf and Johnson (ref.6), further characterization of the wave.
Figure 10c is possible. In these experiments breaking waves of a plunging character were generated by
deterministic means as described in the reference. One such wave is shown in Figure 11. Using a scale
factor derived from the trough to crest height of this wave and the corresponding height of the Camille
wave, the former was scaled-up and plotted over the latter as shown in the figure. In this comparison, th
time scale of the tank wave was increased by the square root of the scale factor and the mean water feve
were made coincident . It is apparent that there is considerable similarity in the two time series wave ev
so that one may infer that the Camille wave was breaking and that it was replicated in this particular
experiment. This is in contrast to the tank waves recorded on video tape in the wave spectrum simulatio
where only spiling breakers were observed. While the limited data base at hand precludes drawing firm
conclusions, this finding is at least consistent with the trend toward greater nonlinearity in the largest of
Camille's waves as compared to those from either of the simulation experiments. This should not be
construed as an inherent limitation of tank wave making, however, since no consideration was given to
improving the state-of-the-art in this study.

Based on this study, ref.4 concluded that the nonlinearity of waves generated in two different towing
tanks approached those of the original hurricane seaway when the wave spectrum was replicated by a
mechanical wave maker. Differences in nonlinearity appeared to be related to difficulties involved in



attaining the same high frequency energy levels as the full-scale spectrum, High frequency energy was also
noted to decrease with distance down the tank from the primary wave probe.

The reference included an additional study (Task 3), conducted by Dalzell which resulted in a numerical
model of the Camille seaway for the same 1500-1530 hrs. spectrum employed in the tank wave simulations.
The conclusion drawn was that while the numerically modeled hurricane waves showed somewhat Jess
nonlinearity than the orginal data, the flattening of the wave troughs and elevation of crests due to
nonlinear wave-wave interaction was realistic. At the same time, however, the forward-face wave steepness
was greater than that of the largest hurricane waves apparently due to failure of the numerical waves to
become unstable and break. ( The interested reader is encouraged to read Appendix 3 of ref.4 for the
details of Mr. Dalzell's simulation and its results.) .

Although based upon constrained results (i.e. no state-of-the-art development ) the conclusion drawn
here from Tasks 2 and 3 of ref.4 is that test tank wave simulations are more appropriate for advancing FPM
development at this time. It should be noted that Figure 27 of ref.4 illustrated the necessary repeatability of
an extreme wave as to time and location in the test tank.

CRITICAL DESIGN CONDITION CRITERIA
The need for identifying conditions critical for ship responses to the various wave conditions of the
seaway criteria discussed here is almost entirely pragmatic. That is, considering the wide range of seaway
conditions of this criteria and the additional range of design variables associated with hull configuration,
speed, heading and displacement an enormous matrix exists for possibly critical conditions. When one also
considers the inherently random character of the seaway, it is obvious why an empirical rather than an
FPM approach to ship stability has been the norm for so long.

AN APPROACH

Several obstacles to the establishment of critical design condition criteria must be overcome. The first
is the heuristic nature of critical condition criteria. Given the nonlinear character of Seaways of Limiting
Steepness and the likelihood of highly nonlinear motion responses of ships to both segments of the
Survivability envelope, there seems little hope of an immediate formal approach to the identification of
critical stability design conditions. Instead we must in the near term proceed on an ad hoc basis until such
time as general principles become clear from experimental and/or analytical developments.

There are, nevertheless, some encouraging developments in the search for critical design conditions. The
wave making assessments discussed under Seaway Simulations are promising given the fact that closed
form approximations to all elements of the Survivalibity and Operability envelopes are available for wave
modeling purposes. Moreover, HACYM analysis is at least one means of identifying critical nonlinear
wave, motion and loading events. Nonlinearity, while seriously complicating analytical developments,
often helps to simplify the identification of critical seaway and operating conditions. Appendix B to ref.1
under "Critical Loads and Motions" provides some examples of this tendency.

CRITICAL DESIGN CONDITIONS FOR SHIP STABILITY INVESTIGATIONS .

With respect to ship stability, the free running model experiments of Oakley, et al (ref.7) are of interest
because of the three modes of capsizing which were identified and related qualitatively to the visual
character of the waves which produced them. It is useful to first characterize the wave spectra measured
during the peak of the afternoon thermal wind in San Francisco Bay. The representative spectra of Figures
5 {Seq.4}and 15 {Seq.3} of the reference are shown here in Figures 12 and 13. 1t is apparent that the
modified JONSWAP formulation used to model full scale Survivability boundary spectra also provides a
reasonable approximation to these spectra (for tank wave modeling purposes). The parametric steepness of
these spectra is characterized in Figure 8 at 1:1 and 35: 1 scales. The spectrum of Figure 12 ata 35:1 scale
corresponds approximately to that of a severe North Sea storm while that of Figure 13 at this scale
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corresponds approximately to an extreme northern high latitude (Notth Atlantic) storm. The results of
testing the 30:1 scale AMERICAN CHALLENGER model in these Bay seaways are clearly more
representative of measured full-scale seaways than the 55:1 scale model of the SL-7 container ship for
which equivalent full scale significant wave heights are 19.5 and 25 meters which are outside of the bou
of the Survivability envelope.

Despite such scaling problems, the results of the model tests are valuable from the point of view of
identifying critical wave conformations associated with three capsizing modes in following seas, namely

Mode 1; - - - a group of especially steep and regular waves,
Mode 2: - - - one or more very steep and higher waves - -
Mode 3: - - - three or four steep breaking seas in succession. :

The fact that the above wave characterizations apply in the encounter domain complicates the
identification of critical wave conformations but not severely since under extreme conditions normal shi
speeds are significantly reduced. HACYM analysis (then unavailable) of wave height and model motion
data would have helped to identify those seaway spectra corresponding to the onset of significant nonlin
behavior as well as those wave conformations which led to severe nonlinear motions. In any case it is
believed that continuous time series wave height measurements are essential for characterizing model te
seaways and associated critical wave conformations. With follow-up testing under controlled test tank
survivability wave conditions, free running model tests can be an asset to critical condition identificatior

Information relating to ship casualties which have occurred under severe seaway conditions is ofter
interest where testimony has been recorded. Such is the case with regard to the court testimony of ref, ¢
regarding the loss of the M/V TUXPAN. Those aspects of the testimony which are of primary interest h
relate to (a) meterological characterization of the storm, (b) the seaway which it produced and its
relationship to the Survivability envelope of Figure 8, (¢) the actions taken by the masters of vessels in f
vicinity of the M/V TUXPAN ,and (d) a photograph of a large breaking wave taken by the second offic
of the'M/V SELKIRK SETTLER (see Appendix B).

Ttem a. The testimony of ref. 8 classified this storm as a "meterological bomb"”, i.c. a severe winter
storm in which the central pressure dropped 24 millibars or more in 24 hours. Hurricane wind speeds w
in fact measured in the vicinity of the casualty.( A description of the meterological features of this type
maritime storm is presented in ref.9 while Section 5.2 of ref. 10 describes several major ship casualties
which have occurred in such storms.)

Item b. A variety of seaway height estimates during the worst of the storm are contained in the
testimony of ref. 8. These include:

(1) U.S. Navy (Fleet Numerical): Hm, = 51 ft. (15.5m)

(2.) M/V ALFRED NEDDLER: Hm, = 40 to 50 ft. (12.2 to 15.2m)

(3.) M/V EXPORT PATRIOT (from a radioed weather report to NOAA): Seas of 24.5 ft. plus sw
waves of 44 ft . Hm,, can be taken as approximately equal to the square root of the sum of the squares, i
50.4 ft. (15.3m). ' _

Estimates of individual maximum wave heights contained in the testimony of ref. 8 can be used to
obtain rough estimates of Hm,, by dividing them by an empirical factor of 1.63.

(1) Captain Perslow of the EXPORT PATRIOT: Hmax = 80 ft., hence Hm, roughly = 14.8m.

(2) Captain Matthew of the SELKIRK SETTLER: Hmax = 75 ft., hence Hm, roughly = 13.9 m.
Given that all but one of the above estimates are visual in nature and thus are approximate at best, there
surprising degree of consistency among them. Significant wave heights were apparently in/or near the
range 13.5 to 15.5 meters,

The court testimony provides no quantitative estimates of the steepness of the seaway but the slamm
bridge structural damage, and steering problems in following seas taken together with the measurement
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hurricane strength winds suggest exceptionally steep seas. This assessment is reinforced by Captain
Purslow's comment that "- - - this definitely was the most violent and severe storm that | have been in in
my 38 years at sea, is that the distance between the crests of the waves was very short but very high, which
I have never seen before."

Based upon these characterizations it is concluded here that the seaway at its peak probably
corresponded to conditions on or near the Survivability envelope in the range of significant wave heights
from about 13.5 to 15.5m as shown in Figure 8. The fact that the M/V TUXPAN was [ost with no
survivors and that the M/V BALSA 24 was lost due to capsize with one survivor, suggest that seaway
conditions associated with this segment of the envelope be investigated to determine the adequacy of
current ship stability criteria. :

ltem ¢. The actions taken by the several masters to survive the storm are of interest from the point of
view of identifying critical operating conditions. It is implicit from Captain Purslow's testimony that the
M/V EXPORT PATRIOT had no major difficulty in maintaining its heading into the seaway at least until
the bridge was flooded due to collapse of the bridge windows. Moreover, in view of his reluctance to turn
and run from the storm, the ships characteristics in beam and/or following scas must have been of some
concern to him, Captain Matthew of the M/V SELKIRK SETTLER was sufficiently "concerned with the
short distance between the waves" that he ran before the storm. At this heading he called for the ship's
speed to be held down otherwise "She would start to surf. Fall off the wind. Broach. Capsize." At the same
time he was concerned with loss of steerageway due to too slow a speed. His strategy was such that - -
when the wheelman usually says 'l am losing steerage way' you kick her up using your combinator from
8.5 or what you have and you kick her a burst to give her the extra momentum to get her out." Captain Jens
of the M/V WESTERHAM testified by deposition that he felt compelled to turn and run before the storm
"_ _ And the reason to turn the ship around was also from the engine, that they told me that they cannot
keep any more revolution or the speed, and because we had not enough speed, the ship couldn't keep her
course."

Tt is believed apparent from these comments that the subject of ship stability under survivability
conditions in an FPM approach cannot be divorced from consideration of a ship's ability to maintain its
heading in both head and following seas.

With regard to the matter of critical wave conformations, the current lack of time series wave height
data from winter storm wave conditions is unfortunate and especially so since there are a number of
offshore platforms in the stormy North Sea from which accurate measurements can be made and analyzed
to identify nonlinear and other wave characteristics. Somewhat the same can be said of model test results in
random seas and of the resulting loads and motions where nonlinear events could have been identified and

correlated with concurrent wave height data.

ANALYTICAL METHODS
This subject is addressed in the context of the anticipated role of analytical methods in facilitating FPM
development. Because of the concern for implementing and demonstrating the feasibility of FPM in the
near term, emphasis is placed on model testing in regard to three objectives, namely:
Realistic seaway simulations
Critical design condition identification
Analytical method validation
In all three regards it is presumed that because of the nonlinearities involved it is essential that carefully
controlled wave conditions be employed and that wave heights and all important response parameters be
measured and correlated with respect to time. As noted under the discussion of Seaway Simulations, while
tank wave making requires additional development, it is nevertheless believed to be the most viable



alternative for demonstrating the validity of FPM at the present time. The emphasis here on model testir
however, should not be construed as suggesting that it continue indefinitely to play a major role in FPM
applications. Computer based methods in the long term are less expensive and time consuming. Moreov
use of multi-level analysis codes has recently been found useful in critical condition identification. (ref..
It is important to note that in the early stages of FPM development analytical methods have a dual ¢
to play. The first is obvious, i.e. the prediction of full scale ship responses to given input wave conditior
The second is less obvious. Analytical methods are needed to provide a rational explanation for
experimentally determined critical wave and ship response conditions. Insights gained from such finding
need to be generalized to other hull forms and ship sizes so as to influence the development or revision (
the Conditions of Assignment contained in International Load Line regulations which have a significant

impact on commercial ship design.

RESPONSE CRITERIA

An FPM approach to ship stability requires criteria defining acceptable or unacceptable ship responst
to critical design conditions. In general, it is recommended that within the bounds of the Operability
envelope a ship should remain free of damage which would require repair or replacement and that all sh
systems should function normally. Because of the rarity of scaway conditions associated with the
Survivability envelope damage which does not lead to significant loss of water tight integrity is acceptat
Where stability is concerned one must obviously stipulate that the ship should not capsize. This might
appear to say it all; however, service experience suggests otherwise. For example in the case of bulk
carriers, substantial shifting of the cargo can lead to subsequent capsize so that rolling in extreme seas o
be related to the tendency of a given cargo to shift considering the effectiveness of any restraints involv
Obviously it would be logical to require that restraints to be effective up to roll angles at which capsize
would occur anyway. Given the lack of cargo restraint in ore carriers, for example, it would appear
necessary to require that such ships not roll beyond an angle which would cause the cargo to shift. But i
this practical? Are restraints essential? The answer lies in the realm of an FPM approach to ship design
the writer's opinion.

For ship types less subject to cargo shifting, inherent stability is the major consideration. Maintenanc
of steerageway, however, is a matter which bears heavily on the avoidance of capsize. In the case of shi|
which have steering problems in following seas, should the ability to maintain a headseas heading under
survivability conditions be required? In such a case freedom from heavy slamming and bridge window
damage would also appear to be essential. If this cannot be assured, the ability to maintain heading in
following seas so as to avoid broaching would appear to be vital.

In these and other potentially critical design conditions an FPM approach is believed to be appropria
for resolving such questions. Clearly, Response Criteria must be regarded as an element of FPM as
important as any other.

RECOMMENDATIONS :
In order to further the development of an FPM approach to ship stability problems the following
actions are recommended: ‘

1. The seaway criteria contained in ref.1 should be critiqued, modified as necessary and then adoptt
for use in the development of ship stability criteria.

2. Our limited knowledge of the linear and nonlinear time series characteristics of storm driven wav
should be improved. Deep water platforms in the North Sea are ideal facilities for this purpose.
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3. The ability of seakeeping tank facilities to replicate the generic wave spectra associated with the
Operability and Survivability envelopes should be investigated.

4. Conduct model tests to begin identifying critical design conditions for subsequent use in ship model
stability tests.

5. [ntegrate the model test results of 4. into ship load and motion computer code development so as to
(a) help obtain code validation and (b) direct such developments toward seaway and operating conditions
which are critical from a ship stability point of view.

6. Facilitate the use of the HAYCM or equivalent methods of random time series data analysis so as to
determine the onset of nonlinear behavior and the time series character those of waves and ship motions
associated with the extreme nonlinear behavior. :

7. Enlarge upon and summarize the seaway and storm development information now available. Using
this information, conduct interviews of ship masters to obtain first hand information on ship handling and
response characteristics in severe storm driven seaways.

8. Consider cooperative development of the above initiatives by interested parties,
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APPENDIX A: DEFINITIONS

Wave Spectrum: S(f) = a scalar plot of wave energy density versus wave frequency. The
energy density is expressed in terms of M*%/hz unless otherwise indicated.

Significant Wave Height; Hm, = 4 [area under wave spectrum =mJ"? It is expressed in
meters unless otherwise indicated.

Modal Period: T, = 1/f,. f, is the frequency corresponding to the peak energy density of a
wave spectrum,. .

Normalized Wave Sp;cctrum A wave spectrum in which the energy denmty ordinates have been
divided by the Hm,? of the wave spectrum. Its peak energy density is given by S(£)/Hm,?
(1/hz).

Climatic Wave Spectrum; A wave spectrum which resulrs from averaging the energy density
ordinates of a number of medsured wave spectra. It is determined for specified significant wave

height class intervals, typically 1 meter.

Extreme Wave Spectrum; A spectrum corresponding to the hxghest value of significant wave
height from a long term (approximately 10 year) collection of multi-site measured wave spectra.

Extreme wave spectra are identified over a range of modal frequencies so as to define an
empirical envelope of values of Hm, versus T,. They are also characterized by the peak energy
density parameter (S(f,)/Hm,?) for spectrum modeling purposes.

Wave Climate; A seaway characterization determined primarily from climatic wave spectra
obtained at a particular geographic location. It is characterized by parametric and other
properties of the local climatic wave spectra and by the associated probabmty density distribution
of Hm,.

Constituent Wave Spectra; Two or more wave spectra in a weighted combination which
approximates a particular individual or climatic wave spectrum.

Generalized Wave Climate; An estimate of the wave climate of a designated ocean, sea, lake
or bay area based upon characterizations of one or more families of climatic wave spectra.
Generalized wave climates are also inferred from wave statistics presented in reference 11.

Modal Penod Trend Line; A plot of Hm, versus T, supplemented by a separate plot of climatic
wave spectrum shape parameters versus T, which arc considered to best characterize a particular
generalized wave climate. The upper hrmt of the trend line corresponds to an average of the
highest annually measured values of significant wave height in the generalized wave climate.

Design Wave Climate: An envelope of Hm, versus T, which includes all applicable generalized
wave climates and associated modal period trend lines together with criteria defining acceptable
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or unacceptable ship or vessel behavior in the design wave climate. In this study world wide
wave climates are applicable. With respect to ship or vessel behavior, two levels of design wave
climates are defined which are expressed as an Operability Envelope and a Survivability

Envelope.

Overability Envelope: An assembly of design wave climates in which a ship or vessel is
required to operate without experiencing structural damage requiring repair or replacement. A
baseline envelope is established using NOAA buoy modal period trend line data and then
extrapolated to cover Northern and Southern Hemisphere wave climate extremes.

Survivability Envelope: An envelope of extreme wave spectrum parameters within which a ship
is required to operate without experiencing loss of water tight integrity, hull girder failure,
capsize, or loss of communication or survivability equipment. Structural or other local damage
which does not impair survivability is acceptable. A baseline envelope is established using
NOAA buoy extreme wave spectrum measurements and then extrapolated to cover Northern and
Southern Hemisphere wave climate extremes. The baseline envelope consists of two connected
segments: one corresponding to seaways of limiting steepness and one correspending to seaways
of extreme significant wave height.

Seaways of Limiting Steepness: An empirical boundary defined in terms of Hm, versus T,
which is derived from a large number of wave spectrum measurements which converge to an
apparent limiting parametric relationship, i.e. Hmy/T;? = 0.00776g (m/sec?). The highest value
of Hm, associated with this boundary was measured during hurricane Camille (Hm, = 13.7
meters). A range of spectrum shape parameters is determined from measured spectra which fall

on or near this boundary.

-

Seawavys of Extreme Significant Wave Height; An empirical boundary defined in terms of Hm,
versus T, which is based upon extreme wave spectra measured at a variety of NOAA buoy
stations during a period of approximately 12 years. A small margin is maintained between the
NOAA buoy spectrum measurements and the empirical boundary to absorb future small increases
in Hm, and/or T,. A constant value of spectrum shape parameter versus T, is found to
adequately model the extreme wave spectra associated with this segment of the Survivability
Envelope.

Formulation ) Parent Form Comment
Ochi (3P) sih) = W+14R (f,, $1 __ustmmt  Reduces to Bretschneider
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APPENDIX B: UPDATE OF EPISODIC WAVE INFORMATION

While conducting the study of ref. 10, the writer encountered circumstantial evidence of certain unusual
and dangerous types of storm waves, Because of their distinctive appearance they were termed "episodic"
waves, i.e, waves which clearly stood apart from the majority of other storm waves. Table B-1 which is
taken from ref. 10 is an initial categorization of these waves. The U.S. Coast Guard officers who had
called attention to the Steep Long-Crested Waves of Item 1la, when shown the wave photo of Figure B-1a
immediately identified it as the wave type they had previously described. Figure B-1b is an additional
photo of this same type of wave. _

Visual evidence of the remaining wave types had been lacking until a photo, taken by the second officei
of the M/V SELKIRK SETTLER, appeared in Prof. Pierson's paper, ref. 8. This wave, shown here in
Figure B-2, appears to correspond to the "Rogue" wave classification of Table B-1 for the following
reasons:

(a) the severely breaking character and size of the wave

(b) the wave impacting at a substantial angle to the other waves in the secaway

(c) the associated storm being classified as a meteorological "bomb" (ref.8)

The storm characterization given in Table B-1 for this type of wave is based upon the ref. 9 description
of the origin of a meterological bomb. Knowledge of the ability of such a storm to produce rogue waves
stems from the storm damage and meteorology correlations of ref. 10.

A review of the tank wave making experiments of Su, et al ( ref. 12), suggests that "Rogue” waves may
result from an instability associated with very steep two-dimensional (i.€. long crested) waves; see their
Figure 5. The localized nature of the instability results in a Vee shaped breaking crest in their experiment.
This geometry may be the origin of the aparent misalignment of the breaking crest with other waves in th
seaway, see their Figure 5 and Figure B-2 (above the aircraft ). Reference 12 may also have identified the
origin of the “Three Sisters". They found oblique wave groups radiating at 30 deg. from the decay of the
steep, long crested waves which they initially generated.

Those episodic wave types of Table B-1 which are of particular interest from a ship stability point of
view are: -

(a) Steep long-crested waves when encountered in following seas. These can result in
steering/broaching problems because of their size and steepness.

(b) The "Three Sisters" when encountered in head seas. Because of their oblique approach they lead t
heavy rolling and serious concern for cargo shifting. (ref. 10, pg. 26)

(c) "Rogue" waves are of indirect importance. Here loss of water tight integrity due to structural:
damage and subsequent flooding can result in capsize and foundering.
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igure B-2 "Rogue" Wave



Lech Kobylifiski

METHODOLOGY OF THE DEVELOPMENT OF STABILITY CRITERIA
ON THE BASIS OF RISK EVALUATION

Abstract

Present international stability criteria are considered as not being entirely satisfactory.
Therefore since 1974 IMQ initiated the programme aimed at development of rational criteria.
Several approaches to the development of such criteria were tried, however not much has
been achieved. Author proposes to apply risk analysis and estimation of probability of
capsizing as the basis for development of criteria. Definite methodology has been proposed
which allows to differentiate criteria depending on ship’s type, route and size, number of

passengers and other factors.
Introduction

In 1968 IMO adopted resolutions A.167 and A.168 containing the set of stability
criteria. Those criteria were developed by a semi-statistical méthod where stability parameters
of two group of ships - those which capsized and those which were considered as operated
safely - were compared.

The main drawback of the semi-statistical method used in the developing of IMO
criteria in the form of a set of critical values of stability parameters consist of the fact that
the population of ships investigated, and particularly ships which were capsized was rather

small. In addition those ships were of different types and sizes, of different age, the
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circumstances of casualty were widely different and in many cases additional effects, such
as shifting of cargo, icing etc. were of importance. The stability characteristics in many
cases were also uncertain. Moreover, when establishing critical values, it appeared that quite
large proportion of ships having stability parameters in excess of critical values capsized,
whereas many ships with stability parameters below critical were considered safe. The critical
remarks are well known and were pointed out at many occasions. Similar critics is applicable
to any existing criteria consisting of a set of critical values of stability parameters.

Because of these deficiencies IMO decided to develop stability criteria based on the
equalisation of restoring moments with the heeling moments acting on the ship. This was
eventually fulfilled in the form of the so called "weather criterion” included in the resolution
A.562 [1]. A.562 was based on earlier requirements included in the national regulations
of some countries.

Generally the physical model in this approach is highly simplified, moreover, wind
pressure and angle of rolling were choosen so that the criterion is satisfied for ships
considered safe. In IMO resolutions and in some national requirements there are also included
some other criteria based on calculation of heeling moments due to external forces, however
all of them include arbitrary assumptions and far reaching simplifications. Realizing, that
criteria contained in the above mentioned resolution have some deficiencies, IMO
Subcommittee decided that at some future date so called "rational" criteria should be
developed. The meaning of “rational” criteria was understood initially as criteria based on
the analysis of physics of capsizing and calculation of probability of non capsizing of the
ship in a seaway. At the later stage the differences in understanding of the essence of rational
criteria, however, caused lack of determination regarding future programme of work of
the Working Group on Intact Stability created at 17th Session of the STAB Sub-Committee
in 1975 on development of rational stability criteria.

The programme agreed in 1974 by the STAB Sub-Comumittee was subsequently many
times modified and the main task consisting of developing rational stability criteria \;as
showed away to the distant future whether long term programme of the group was
supplemented with current tasks. The programme agreed upon initially [2] included studies
of the physics of capsing and formulating suitable mathematical models of capsizing in order
to develop practical criteria on this basis.

The programme adopted could in fact eventually lead to development of rational
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stability criteria understood as criteria for safe operation in stormy sea. It was, however,
“unrealistic in view of lack of results of research work, execution of which would require
years of work o.f many scientific institutions. Due to this fact, consideration of various points
of the programme was delayed to the time when more research results are available. In the
context of work of the Working Group on Intact Stability attention should be drawn to the
document submitted in 1978 by Poland [3]. Poland stated in this document that in spite of
the lengthy discussion on the IMO forum there is still no concept how to develop "rational”
stability criteria. The need for application of probabilistic methods in development ofcriteria
was underlined, but it was stated that there are serious difficulties in application of such
methods. In spite of the great effort of the Working Group as well as of the establishing
of several comprehensive research programmes in some countries (e.g."Safeship" project
in UK, SiS project in Norway, HSVA project in Germany and others) and organisation of
four large International Conferences on Stability of Ships and Ocean Vehicles (STAB-
Conferences) the results achieved towards development of “rational” criteria were rather
meagre. Nevertheless much better understanding of dynamical behaviour of ships in a seaway

leading to capsizing was achieved.

Possibilities of establishing rational stability criteria

In the meaning which was adopted by the IMO Working Group, rational criteria
mean criteria taking into account all external forces acting on ship in a seaway and physics
of capsizing. However, broader understanding, as according to Oxford Dictionary where
“rational means "sensible, that can be tested by reasoning” does not exclude e.g. criteria
obtained by means of statistic or on the basis of model tests, or by any other sensible method.
Therefore, considering possibilities of developing rational criteria we should not exclude
all possible methods.

The philosophy behind methods of development of rational stability criteria was
discussed by many authors. It appears that this is the most difficult problem and apparently
no single methodology could be established and rather various approaches have to be pursued
which eventually may lead to satisfactory result. Works and ideas advanced by Krappinger,
Hormann, Morrall, Kuo, Caldwell, Sevastyanov, and others should be mentioned in this

context, Full review of those ideas was presented by the author, [4]
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Several possibilities of development of rational criteria were discussed in the above
mentioned papers. As the phenomena occuring in reality are basically of a random character
and data on accidents enable a posteriori risk assessment, therefore it seems logical to adopt
risk level as a basis for safety assessment, safety criteria and operational procedures. This
is particula\:rly applicable to the risk of capsizing, because majority of factors affecting
stability, such as wind and wave forces, sea currents, and centre of mass related to loading
condition are obviously of random character.

The probabilistic approach to safety against capsizing was advocated by several authors
[5,6,7,8] although all of them drew attention to the basic difficulties involved in this approach.
The basic philosophy of the probabilistic approach consists of calculation of the probability
of capsizing of the ship eithef during its whole life time or in certain selected situations
considered dangerous.

In many fields of technology methods based on comparison of demand and capability
of the system are used in order to develop safety criteria with a great succes. In this concept
failure of the system is estimated by the probability that the demand -D- of the system exceeds
its capability -C-. Safe condition would be then:

P, = 1-P{D>C] =P[D=C]
Demand and capability, being random quantities are defined by density functions. Comparison
of demand and capability of a system could be donealso in deterministic way. In deterministic
method mean or characteristic values of demand and capability are compared and safe
condition is determined as:
P, =C*'> D"

where C* and D° are characteristic values, arbitrarily choosen.

It is virtually impossible to apply the above described method to safety against
capsizing, because probability density functions for demand and capability are strongly
coupled. The comparison of the characteristic values of demand and capability (deterministic
method) constituted a basis for majority stability criteria in several requirements and
recommendations, national and international.

The most important external forces acting on ship are forces exerted by wind and
waves. Both are of random character. The majority of studies of the behaviour of a ship

in a seaway are limited to study ship motions under action of wind and waves. This is
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understandable because those are the most important factors which may cause capsizing.
Those are also most difficult factors to be dealt with because of their random character.
Other external forces could be more easily dealt with by deterministic approach.

In the above approach the problem of stability criteria is reduced to the problem
of evaluatlon of extreeme values of rofling angles. This is the problem of dynamics of a
ship rolling in a seaway. The concept of establishing of stability criteria on the basis of
predicting extreeme rolling angles was discussed by several authors e.g.[6,9,10] and it is
a direct consequence of the concept of comparing demand and capability probability density
distributions (f, and fo) of the system. Morral [11] presented definite proposal of the
methodology of developing stability criteria on this basis.

Another concept originating from the demand-capability idea is method developed
at Strathclyde University and reported in several papers (e.g.[12]). It developed in a way
of balancing of energy between exciting and restoring moments for a ship in following sea
including wind effect in quasi-dynamic mode.

There is also possibility to develop stability criteria on the basis of statistics. Criteria
based on the statistics were included in IMO resolutions A. 167 and A. 168, but more rigorous
discrimination analysis was used in more recent analysis by Krappinger and Sharma [13]
but due to the fact that the population of capsized ships available is rather small, especially
if ships are divided in groups according to type, and size, not much more could be expected
from the application of this method uniess much more data are available.

Further possibility of developing stability criteria are model tests of capsizing. Model
tests of capsizing which require long runs on realistic irregular sea were conducted in open
water. Work done in United States, Germany, Poland and Japan may be mentioned, the
results of those investigations being published in many articles. Review of those test is
included in [14] Basically, in this method an attempt was made to calculate probability of
capsizing for a model in certain wind and sea condition and in relation to ship parameters .
(GM,, freeboard etc.). T heoretically this method may provide reliable results but it requires
tremendous effort and is extreemely expensive.

Development of the su1table mathematical models of ship rolling in a seaway which
ultimately should lead to the probability of exceeding certain limiting angles of hee! altracted
many scientists and literature of the subject is immense.

The majority of studies concentrates on investigation in the time domain of the
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pecufiarities of the one-degree of freedom non-linear equation of rolling which may be written
in the form:
J(9,2) + D(@,t) + R(9,1) = K(¢,1)

where: ¢ is roll angle, ¢ is roll velocity, ¢ is roll acceleration, J is inertia term,
D damping term, R restoring term and K excitation term due to waves.
These studies did not, however, lead to the development of practical stability criteria. Only
in the most recent study a method of development of rational stability criteria based on
probabilistic approach has been proposed which includes also probability of capsizing

calculated with non-linear model of rolling.

Are rational_criteria really needed?

After the international stability criteria including weather criterion had been developed
the question arose whether further work on stability criteria is really needed. It is, however
obvious, that actually the existing criteria do not ensure hundred per cent safety. In the
opposite, analysis of the effectiveness of the criteria revealed that there were several ships
satisfying criteria which capsized and on the other hand several ships not satisfying criteria

were operated safely for the long time,
Result of such analysis performed by Sevastyanov [15] using criteria of Resolution

A.168 against vessels taken from casualty statistics collected by IMO is shown in Fig.1,

where the distribution of the deviation of the parameter e is plotted, where

= E@acr - Er:rt'.' .

€ — 1060
KGdCf
and Em - KG for the vessel at the time of casualty
KG . - KG for the same vessel required to meet A.168 criteria

crit

The distribution of ¢ is almost Gaussian displaced towards the positive direction of about
e = 6.6 %. Mean square deviation is equal o, = + 5,4% what means that the system of
criteria of Res.A. 168 requires decrease of KG with respect to the really dangerous value
of about 7% but is not perfectly safe because probability of capsizing when satisfying this

system of criteria is approximately at given € and o,
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In fact 3 of the 37 vessels considered in this exercise capsized in spite of the fact
that they fully satisfied criteria. Obviously this is to much and it may be concluded that
improvement of criteria is necessary.

The obvious measure of safety is probability of capsizing. There are several methods
of calculation of the probability of capsizing proposed. Calculations using method proposed
by Belenky [16] for 17 vessels in 3 Joading conditions which in each case just satisfied IMO
criteria of res.A.167 and A.562 revealed wide differences between computed probabilities
(see table 1).

Nothwithstanding the fact, the method of calculation may be not perfect, the relative
values of computed probabilities reveal that degree of safety for different ships when
satisfying existing criteria is widely different, the fact which should not be acceptable. This
is further proof that there is a need to improve criteria.

The existing criteria except weather criterion consist of the set of critical values of
stability parameters. Weather criterion, although taking into account environmental conditions
conditions i.e. wind and waves in fact also ultimately resolves into estimating critical value
of stability characteristics. This method of ensuring safety from capsizing is based on design
approach and consists of the motion that if the ship posesses inherrent stability characteristics
which satisfy certain criteria it is considered safe.

Most stability casualties are, however, the result of the chain of events where different
factors play their parts and rarely casualty could be attributed solely to the deficient stability
characteristics. Constructional deficiencies or operational errors are also important factors.
Human factor may contribute in 70 to 80 per cent of casualties. Takaishi [17] published
data on main causes of capsizing of Japanese vessels. From the data it may be seen that
in majority of cases the main cause of accident could be attributed to operational factors. |

The importance of operational aspects for safety against capsizing is obvious, although
work towards establishing stability requirements is concentrated on hardware development,
i.e. criteria of physical characteristics of ships. The view prevailed that safety against
capsizing is exclusive responsibility of ship’s master. This view, which caused that, in

principle, operational requirements were banned from safety requirements (e.g.SOLAS
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Convention), has to be revised. It is well known that in complex technical installations
operational procedures constitute main framework of safety requirements. Only quite recently
several authors pointed out of the necessity of including operational aspects in stability
requirements [18,19,20,21,22,23].

The obvious fact that the ship’s built - in stability characteristics satisfying design
criteria can not prevent loss of stability accident was indirectly confirmed by including at
least some operational and constructional provisions in stability requirements, for example
IMO recommendations concerning stability include provisions concering closures of openings
on deck and in superstructures, operational procedures during ice formation and require
information on stability to be available on board.

Consideration of safety against capsizing as a system which includes four basic
subsystems-environment, ship inherrent characteristics, operation and information service
was proposed for the first time by the author in [24,25]. This idea was supported by Dahle
and Nedrelid [22] and Kastner [23,26], who presented it in the form of Venn’s diagram
(Fig.2).

System safety approach to complex engineering problems was applied in many cases
including ship design [27]. This approach consists of looking at the problem as including
several subproblems mutually interreliated. Itis an approach where the process of achieving
main aspects (aims) of the problem are exactly defined and connected with the subprocesses
in accordance with adopted scheme,

The above considerations reveal that there is the need for development of "rational®

stability criteria and the reasons for this could be summarized as follows:

1. present criteria do not refer to probability of capsizing. Rational criteria should
be based on probabilistic approach; |

2. present criteria refer to built-in stability characteristics. Rational criteria should pe
based on system approach taking into consideration environment, operation incl.
human factor and information service;
present criteria do not safeguard sufficient safety level;

4. safety level achieved with present criteria could be widely different for different

ships,
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Application_of safety assessment methods,

System of safety against capsizing isa complex one because of multiple interrelations
between elements of its subsystems. Therefore its analysis is difficult. Nevertheness this
constitutes starting point to the modern approach to safety problems - safety assessment.
(SA) Application of SA methods may be useful in studying safety against capsizing as it
appeard to be in some other areas. ‘

Suppose there are k-situations consisting of loading conditions, sea states and wind
forces, headings and speeds in which a ship may find itself during a year. The total
probability of capsizing could be expressed as:

k
TPF=), CPF,
k=1 .

where: P F, = probability of capsizing accident in k-th situation, and
C, = probability of occurance of this situation.

Factors in each situation may be events such as shifting of cargo, crowding passengers
on one side, rudder action, excessive rolling, openings not closed, water trapped on deck,
human factor, considered separate or in groups.

In practical application of the above formula it would be necessary (o identify situations
which could include geographical area, weather force, ship’s heading relative to wind
direction and loading condition. Therefore

A

m P r
Cy = E Z 2 Z P;* Py Py Py

i=1 =1 k=1 =1

where: p = ! = probability that the ship is in the i-th geographical area

~ [~

T, = part of the voyage time (or ship’s lifetime) spent in the i-th
area;

T = total voyage time (or ship’s lifetime);

p; = probability of meeting j-th weather force in the i-th area;

p;, = probability of meeting m-th encounter angle relative to wind

in the i-th area;
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pi1 = probability of occuring 1-th loading condition in the i-th area.
The above circumstances could be estimated on the yearly basis of the analysis of
ships route, statistics of weather conditions and loading conditions. Discrete values for
all of the above five circumstances have to be choosen and then number of situations
identified. Probabilities of each situation occuring should be then estimated with the condition

that the sum of the probabilities has to be equal unity.
Considering the above mentioned factors such as crowding of passengers; rudder
action, etc., each of them may cause failure of the whole system, i.e. capsizing. The formula

for PF, taking into account these factors with n factors considered, takes the form:

PF, =1 - [ (1-PF,)
i=l

where symbol [] has the meaning as follows:

The above formulae have virtually the same meaning as formula developed by
Sevastyanov [28,29], but they provide possibility to include influence of various factors,

~ including operational and human factor,
Then factors for each situation have to be identified and probabilities attached to

them estimated. From them TPF could be calculated. TPF is interpreted as risk function
A, and knowing it, total probability of capsizing during ship’s lifetime is calculated as
LPF =1 - exp(-AT)

where: T = ship’s lifetime,.

Proposed method of development of stability standards

Probability of capsizing in a seaway during the time ¢ during which stationary
conditions K; exist is
PFIK, =1 - exp(~A, 1)
A, in this equation is so called risk function, i.e. probability of capsizing within a unit time

divided by the probability of safe operation up to that time. The application of this formula
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requires estimation of function A,.
"This, in principle, could be done by three different methods [31,32].

a. Formulation of the satisfactory mathematical model of ship’s behaviour in a

seaway,

b. Conducting model experiments in various sea states, observing frequency of

capsizings,

¢. Collecting statistical data on loss stability accidents,

As pointed out in [32] all three possibilities pose tremendous difficulties. But it seems that
mathematical models recently developed may provide acceptable tool for evaluation of risk
function in relative sense if not in absolute sense, One method of calculation of short term
prediction of capsizing or risk function was already mentioned [18], and results of calculations
for seventeen ships are shown in table 1.

The sample calculations of probability of capsizing revealed that the most important
parameter is damping coefficient in rolling motion. In the calculations rough estimate of
this coefficient was adopted, as accurate methods of its estimation do not exist. Itis essential,
however, that such method has to be developed and there exist the possibility that an
approximate method based on regression analysis with damping coefficient as one of the
main parameters could be developed.

Calculation of probabilities C, for each situation k although posing some difficulties,
could be performed if the particular route of ship operation is known. Using discretization
of this route and available data on weather conditions on a yearly basis allows establishment
of operating envelope of the ship. Loading conditi.ons should be included in this envelope
and for this purpose vector method as proposed by Sevastyanov may be used.

The difficulty may arise if the possibility to avoid heavy weather areas is introduced.
This depends on the availability of weather information and on the decision of the master,
i_e. on the human factor. However, possibly in this case it might be assumed that the master
will obey in all cases the directives given in the stability operational diagram which is under
consideration by SLF Subcommittee of IMO [33] and which will be recommended in near
future. Human factor could be taken into account separately.

Human factor is an important element in the scheme and in taking account of it
difficulties could be met. Human performance, first of all performance of the master who

is responsible for all decisions onboard ship depends on training and experience consciousness,

1
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physical conditions, performance under stress, ability to use information, etc. In no way
stability criteria could be related to all these characteristics, but on the basis of statistics
training and experience could be taken into account.

"This kind of analysis will certainly provide a very good sense of the relative
importance:of each circumstance in an assumed situation. However the application of above
method has not been tried yet and its efficacy is not known. For certain, several difficulties
must be overcome in order to achieve practical results.

The most important and most difficult to evaluate from the point of view of safety
against capsizing is probability of capsizing due to action of a seaway. Most other factors
could be handled in the deterministic way. .

In‘order to check the practical applicability of the method some test calculations were
performed. Details of the test calculation were presented in an Appendix to the paper [34]
and therefore are not repeated here. In the test calculation it the following results were
obtained:

TPF=A=0,07-10?
It is known from statistics, that rate of loss of ships due to capsizing is of the order of 0,06
to 0,1 + 10, which shows that the result obtained is reasonable.

The values of TPE calculated in the described above way are rather small, of the
order of 1 E-2 and bearing in mind assumptions made in the calculation model, must be
considered as stipulated values. The main point is, how to derive stability criteria on the
basis of calculation of TPF,

It is proposed that TPF be considered as attained safety index which is calculated
for each ship considered. Then the condition of safety should be

TPF < R

where: R = required safety index
Formally this proposal is in line with the method adopted in the probabilistic subdivi§ion
requirements included in IMO recommendations [35,36]. The physical background of the
method of calculation of the attained safety index is, however, totally different.

The evaluation of the required safety index is an important element in this scheme.
R could be choosen depending on ship's type (whether passenger, cargo or other), on ship |
size (possibly smaller R should be choosen for small ships), on number of passengers, on

type of cargo and on ship’s route,
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R = required f (type, L, N, cargo)

Obviously in this scheme the smaller R the greater safety level,

Critical values of R have to be evaluated on the basis of systematic calculations of
TPF for a population of existing ships considered safe in operation as well as for ships which
suffered casualties. For this purpose, at least partially, data bank on casualties collated by
IMO could be utilized especially that it was recently computerized [37]. It is extreemely
important that before work on calculations of TPF is started, the method of calculations
has to be agreed internationally because different methods obviously would lead to different
results, and in any case the calculated values of TPF have to be considered as relative values
only. It is suggested a simple method of calculation of the required safety index R

R =Kk -k,  f(L)
where: k, = f(L,N) - coefficient depending on the number of passengers
and length of the ship;
k, = - coefficient depending on the type of the ship and its cargo.

Both coefficients and also f(L) should be choosen in such a way that for increasing
number of passengers and decreasing L , R should be smaller. R should be smaller also
for ships’ types for which increased safety level is required,e.g. ships carrying dangerous
cargo. It is possible also to introduce additional coefficients which may take into account
operation in high risk zones (e.g. z;rctic zone) and human factor. The inclusion of the
coefficient refated to human factor by e.g. decreasing R when the master does not posess
required qualifications pose some legal problems, but this approach is widely used by
insurance companies which increase fees for certain age groups of drivers for example.
Why not to apply this approach to ships?

Obviously coefficients k,, k, and function {(L) would depend on the adopted method

of calculation of TPF, therefore at present it is impossible to suggest any definite values.

Conclusigns.

The proposed methodology of developing stability criteria is a realistic one. It is
based on the estimation operating envelope of the ship and on the calculation of the short
and long term prediction of the probability of capsizing. There are no basic difficulties in
both, although it is essential that standard method of calculation of short term pradiction

of probability of capsizing has to be agreed internationally. As one of the most important
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parameters in this prediction is damping coefficient of rolling motion reliable method of
calculation of this coefficient for various ship types has to be elaborated.

For estimation of required safety index R sample calculations for a number of ships
of various types and sizes which are considered safe in operation and preferably also for

those which capsized have to be performed.
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Table |

SHiP Dimensions Loading Prohability of capsizing
Name L*B*T Condition Damping
type nocmal l inittal
0 4.07.E-7
B 443 136.1 * 20.5 * 6.80 i 1.37.E-7 -
2 T.35.E-5 )
0 7.81.E-8
HEL 150.6 * 233+ 8.42 1 2.25.E-6
2 1.48.E-6
0 0
B-MAL 159.8 * 24,0 * 10.19 l 1.74.E-6
' 2 1.25.E-5
0 ’ 4.6 E-5
930 145.4 * 23.6 * 8.00 | 9.1 E-5°
2 1.75.E-5
0 2.43.E-5
B-68 143.0 * 20.6 * 7.40 1 7.70.E-5
2 4.40.E-5
0 2.32.E-6
CORST [89.07 * 24,4 * 10.69 [ 1.2 B3
2 $.82.8-4 0.019
0 1.27.E-}
B-431 79.59 * 13.6 * 5.29 1 8.2 E4
2 2.2 E3
0 0 3.71.E-5
B-446 125.34 * 17.69 % 6.78 1 0 1.40.E-4
2 1.74.E9 2.45.BE3
0 7.85.E-9
B-342 1616+ 23.17*9.75 1 7.61.E-6
2 7.85.B-5
0 (] 1.57.E-6
B-340 171.2 * 26.6 * 9.60 ! 0 2.62,E-7
2 1.23.E-5 1.23.E-5
0 2.41.E-4
B-361 85.1%13.4 %535 1 7.89.E-4
2 8.8 E-5
0 2.17.E-9
B-472 93,7 * 16.0+ 5.74 i 3.11.E-10
: 2 9.36.E-5
0 5.34.E-7 3.43.E-5
B-445 137.3 *18.8 *+ 7.30 t 0 1.53.E-4
0 8.33.E-6
B-348 151.55* 24.0+9.30 i 2.39.E-5
2 1.44.E-4
0 4.09.E-6
B-436 143,80 % 21.0* 8.69 1 5.55.E-5
’ 2 1.78.E-4
0 2.11.E-6 -
B-467 183.06 * 25.34 * 9.56 { 0 2.75.E-6
‘ ) ] 1.36.E-4
0 3 84.E-6
B-442 146.1 * 20.6 * 7.79 1 $.10.E-5
2 1.05.E-4

* . Far the loading condition "0*.
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OPTERATIONAL STABILITY AND ON-BOARD COMPUTER

V.Lipis* , S.Palckhov', V.Peresypkin?
Russia

Summary

General approach to the schipboard facilities providing safeguards against capsizing are discussed
along next lines :

- ship stability monitoring using shipboard PC within Loadcalculators ;

- expert systems used for prediction and diagnostic of seakeeping performance and selection of safe
sailing conditions !

- means for monitoring of actual stability of a ship as a part of an integrated ship control systems ;

- requirements to ship stability in operating conditions ( criteria and operational software for ship-
masters ).

1. What is " eperational stability " ?

In practical attitude" stability " means ability of a vessel not be lost because of capsize. Obtaining
with stability has two aspects: design and operational. Design stability - is such which can be reached
during creation of vessel with " good " by scaworthy qualitics. Itis a design quality of vessel - to be safe
against capsize on level of guarantees of design methods and classification rules. Operational stability -
is such which a vessel actually has in various real situations during her life. It is significally defined by
ability of captain to load and to control vessel in a right way, to observe conditions of design
warranties and to know how to act during more dangerous circumstances outside design criteria of
prudence . Decisive role of the * human factor " is evident and technical proof of captain's actions in a
great degree depends on level of technology of used on-board facilities.

2. How the operational stability can be provided?
In order to help captain to be in a full measure responsible for stability of the vessel two

types of technology are used:
facilities for informational support and calculated forecast;
-equipment for monitoring, diagnostics and management based on measurement of actual parameters.
Classical example of facility of first type, of course is "Stability booklet" which according to
convention SOLAS each captain should dispose in order to reach stability data of the vessel in operation
in various conditions by "fast and easily modes"[1]. It is not so easy 10 satisfy these clear
requirements . Practically captain can use the conventional "Stability booklet" only in standard load
cases . For any particular condition the task was resolved through automation of calculations and
representation of information with aid of on-board PC. It is much harder to receive accurate results. As
far as actual initial data do not correspond to present information, calculated —parameters of
stability and seaworthiness differ from actual. First of all it relates to initial information about loading
as well as about components of deadweight, external conditions and emergency circumstances.
Calculation error on practice can be prohibitively high (2], (3] . Automation of calculations does
not save situation hecause methods and facilities of monitoring of actual characteristic are needed.

On modern level of informational and measuring marine technology vessel can be equipped with
specialized on-board system with a computer as central chain with special software capable to operate
both in * off line " and " on line " modes.

The system has three main functions executed by three subsystems:
- loading of cargo and ballast according to conditions of trim, stability and strengthy;
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2. V.Peresypkin - Prof., Ph. Dr.. Director of Central Marine Research and Design Institute, St.Petersburg
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- choosing salc modes of ship operation in rough seas:
- oblaining survivabilily of damaged vessel:

First two of (unctions are connected with stability and scaworthiness of a vesscl in intact condition
and constanlly are exccuted in process of her reguiar normal operation. The third - with damage
stability and seaworthiness in emergency. All functions can be used for training the ship's crew.

This way ., functionally, the computer system for operational stability relates lo on-bridge
equipment aimed for safety of navigation,

3. Loading and ballast management,
This is the most advanced kind of technology providing a transport  ship with operational
stability especially in calculation and informational parts. Function chart is presented on Fig. 1.

3.1. Algorithms of calculation and programs have been developed and used on ships of many
countries. Complete information from the "Stability booklet” for any loading case have been used there.
However, opportunitics are considerably broader: not only check of IMO criteria and national Rules,
but also, for example draught and stability optimization in variational conditions and/or to
limitations, such as: ‘

- condition of rotation of cargo in ports during the voyage; .
- optimal up to fuel consumption trim;

- condition of minimum of ballast;

- needed draughts on shallow water;

- limitations caused by seaworthiness (top limit of stability, loss of stability on following seas etc.)

From the point of view of organization of algorithms and da{a base two kinds of programs exist . For

each case of load calculation is executed basing on
a) the initial data of the ship's hull form, or
b) already designed documentation from "Stability booklet".
Main time expenditure of operator and his possible errors are caused by hand-operated enter of initial
data of loading especially in cases of large number of cargo units on large container carriers and
"roll-on" ships. Efficiency and reliability of calculation are considerably increased if the program
contains a module for automatic enter of initial data of cargoes in EDIFACT standard from diskettes
or modem on terminal .

3.2. The next step in this direction is automation of monitoring of tanks filling levels and draughts
with aid of gauges of actual condition. In fact it is already an element of measuring technology.
Today it is used in diagnostics and management systems which do not provide direct control of actual
stability and include only special interface. From the other side there is a practice of
recommendations and application of non-automatic facilitics for approximate check of actual
stability based either on method of roll or on method of inclining (calibrated cargo or inclining tanks
and static heel sensor on bridge) [4], [5). And, of course there is long enough (more than 50 years)
history of attempts of creation automated facilities which today receives powetful pulse based on new
technology [2], [6], [7], [8], [9]. Principles are the same : operational inclining experiment and
parameters of roll. The cargoplan functionally is supported by systems of the first type, which include
three main functional parts:

- automated inclining system;
- measuring unit i.e. gauges with analog - code transformation;
- computer with a special software and interface.
Main measured parameters are: draughts fore and aft, filling levels of tanks ( mcIudmg inclining tanks)
and static angle of heel. Software execties:
- comimunication with gauges;
- processing and measurements quality surveillance with definition of actual trim of vessel and
metacentric high;
- correction of calculated characteristics of stability and draught.
Specifications for design and automation of inclining system, to parameters of gauges, their installation
and interrogation, factory tests - all are caused by the central task - providing the accuracy of result.

Is it possible to trust the measuring system more than to calculation? Today sure positive
answer is absent, And philosophy of system use depends on it: use only as a facility of diagnostics



oralso for regulation of loading? Itis clear that reasonable norms for definition of errors of
parameters and technique of  valuation of operational inclining test's quality with consideration of
time expenditure limitation are nceded . For example. in order to get the standard error of measurement
of small (0.2 - 0.4 m) melacentric height on level 3 - 5%, it is necessary (o measure the heel with
accuracy 0.01 - 002, then to have an opportunity to conduct three-four inclinings within one hour
and. at last to execute the condition of getting the probable error of experiment  (with  discard
exception) inside the standard confidence interval (Fig. 2). Proposals for such requirements were
developed for Register and offered to IMO Subcommittee SLF for development of Code of stability for
all types of ships in intact condition [10].

The technology of stability measurement of a ship at sea provides consideration of dynamic factors
such as influence of speed etc. and probability treatment of continuos random process of ships roll.
This task meets the analysis of seaworthiness of a vessel.

4. Safe modes of ship operation in rough seas.

4.1 Function chart is presented on Fig. 3. Calculational program is designet on algorithms of
complex hydrodynamic analysis of quantitative  criteria of seaworthiness of a vessel based on
probability dynamic models [11]. Research in this field has history beginning from 1930-th and large
literature. For determination of safe sailing modes on boards of vessels mainly two types of diagrams :
universal diagram of resonant roll and diagram of admitted speed and course in conditions of negative
effect of wind and waves of various rate and direction have been offered [12], [13]. This approach lives
up teday - it is enough to mention the last proposals for the Guidance for captain for choosing safe
modes of navigation in following seas considered by IMO Subcommittee SLF [14]. At the same time
the allready reached level of hydrodynamical analysis which combines results of theory, natural and
sertal model tests and experience of fine seamanship gives an opportunity o design an enough efficient
commton algorithm. Main thesis:

- quantitative criteria of dangerous influence;

- safe level {(norms)

- service: " invisible "to the navigator complexity of software design and very simple user interface.
Result should follow the directions of IMO Code [3] of order of operation in dependence from weather
conditions (p.2.5), particularly p.2.5.11: " In avoidance of dangerous situations in severe weather
conditions it is recommended to use.. on-board computer based systems. The method should be
simple to use".

Example of result is presented on Fig4 (ab).The operator receives these simple pole diagrams
on on-board computer with consideration of effects of individual characteristics of the vessel ,
particular loading and actual conditions of navigation in heavy seas while disposing minimum of initial
information.

Of course choose of safe modes of heavy seas navigation based on such information is in greater
degree " in hands of captain " than valuation the " pure " stability. Therefore requirements to
accuracy of calculation of the diagram are not so high. Nevertheless shortage of initial data about ship
motions and conventionality of standards of dangerous effects results in necessity of use measuring
facilities.

12. First and enough effective level of measuring support - is monitoring of accelerations
during ship motions in waves (Fig.3).

Decision following tasks should be achieved:

- direct registration of rolling parameters (with output to stability control );

- determination of intensity rate of external indignation with updating of calculated values
of all dependent of ship motion in waves.

In combination with use of standard ship measuring facilities ( speed, course, rudder angle,
number of revolutions and pitch of screw) the monitoring permits to extract actual information if
it have been skillfully processed. Transition to direct control of draughts, static and dynamic
movements of vessel is the second level of the system.

Experience of use of experimental monitoring equipment have been received in different countries.
Requirements to the software are substantially broader than specified inp.3.2. for stability monitoring
systems. Main addition: economic methods of processing measured random processes for definitions



short- and long-term characteristics of scaworthiness, O course the central question rtemains
supplying of reliability of measurements and valuation of their quality. :

5. Survivability of damaged vessch

Function scheme is presented on Fig.5. Algorithms of calculation are based on standard methods of
forecast of trim, damage stability and buoyancy reserve of a vessel in particular loading case and real
wreck circumstances. Sufficient condition are defined by known IMO requircments and national rules
for subdivision and damage stability used in any intermediate stage of singe.

Features of calculation program are;
- Non-calculation visual informational unit with directions of prime actions with account of

requirements of the SOLAS Convention to scheme of control in case of wreck [1].
- monitoring and forecast of change of parameters of a vessel in emergency in time;
- expert logical analysis (heuristic methods) of actual situation, degree of danger and plan of
actions;
- sufficient speed for operational application in extreme sifuation.
Errors of calculation of parameters of vessel in emergency are caused first of all by discrepancy of
information about permeability of cargo holds and about conditions of wreck (place and area of breach
of the hull, speed of receipt of water, filtration etc.). Actual condition can be determined only with
aid of in-time monitoring of water level in rooms and draughts of vessel. Measuring control provides
as well a connection with automation of equipment (signaling about condition of systems and
equipment ,means of closure, pumps inclusion). Calculations and monitoring of actual condition
become considerable complicated in case of influence of wind, waves and roll; practical methods are in
initial stage of elaboration. This subsystem is used in everyday life for training the ships crew on
struggle for survivability of the vessel.
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" g - standard error of GM

n - number of measurements
GM- average value of initial stability results from ship inclining tests
o - standard confidence probability (reliability )

B - standard coefficient of a confidence interval.

Fig. 2
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ABSTRACT
7he nonlinear dynamical system theory has been applied to
the broaching phencmenon, which is an unstable and non-
periodic yaw behaviour of a ship running with a wave.
rirst, a mathematical model for surge-sway-yaw-rudder
motion with low encounter frequency 1s presented and a
prediction method for wave forces in the model is validated
with experimental results of a displacement-type fishing
vessel in a seakeeping basin. Then, nonlinear analysis

associated with equilibria is used to identify a necessary =

condition for broaching. Further, a methodology K for
nonlinear analysis associated with periodic orbits 1is
nresented. Some numerical examples for fishing vessels are
also shown.

NOMENCLATURE
AR = aft end of ship
B = ship breadth
B{x) = breadth of the section
o = wave celerity
d{x) = draught of the section
TE = fore end of the ship

Fn = nominal Froude number (=U/7+/Lg)
gravitational acceleration

wave height

Tng moment of inerctia in vaw

Tzg = added moment of inertia in yaw

,
L
s

Xp = rudder gain

L = ship length between perpendiculars
i} = mass of ship

11 = added mass of ship in surge

Y = added mass of ship in sway

My = wave induced yaw moment

& = rezistance of ship

r = vay rate

2{x) = area of the section

By (X) = added mass of the section

propelier thrust



: = nondimensionat time constant for differential

rontrol
' = nondimensional time constant for steering gear

.!\E - e Ot

Y = ship veloacity (=Nt +17)

g = designed ship velocity

I = component of ship speed in x-axis direction
" = component. of ship speed in y-axis direction
ew = wave induced surge force

T = wave induced sway force

B = rucdder angtie

S = wave amplitude

A = wave length

P = water density

X = heading angle

£0 = desired course

) = wave circular frequency

INTRODUCTION:

In a seaway, a ship usually rravels with periodic motions.
when a wave height increases, the ship can be captured by a
wave and then may suddenly and violently vaw from hex
desired course despite application of maximum opposite
rudder angle. This is known as broaching and has been
identified as one of the major reasons for capsizes of
small high speed vessels, such as fishing vessels. Thus, it
is important to predict critical conditions of broaching
for preventing sea disaster.

A pioneering attempt Co investigate broaching was
carried out by Davidson (1948) using linear analysis. He
showed that even a ship that is directionally stable in
calm water may be directionally unistable in following seas.
However, he could not explain a direct relationship between
directional instability and broaching, because broaching is
not a linear phenomenon but fully nonlinear one.

Later, developments in computer technology realized
time domain simulations of nonlinear motions with a set of
initial conditions. wWith this technigue, Motora et al.
(1982} and Renilson (1982) clarified that the wave induced
vaw moment of a ship and the rudder force due to maximum
opposite rudder angle have dominant factors for broaching.

These time domain simulations are, however, limited in
~heir ability to identify the critical conditions for
broaching, because, like any other nonlinear phenomena,
broaching is very sensitive to initial conditions. To
overcome this difficulty, a nonlinear dynamical approach
was applied to broaching by the authors {19924A). For a
nonlinear dynamical system described with a mathematical
model of the surge-sway-yaw motion, they found equilibria
of the system with the maximum opposite rudder angle and
examined 1local stability mneaxr the equilibria. The
zquilibria correspond to surf-riding of a ship. Then, they
discussed Dbroaching itself with unstable invariant
manifolds from the unstable equilibria to identify critical
conditions for breaching. Their prediction method for wave




ferce in their matnematical model was validated with
axlsting experiments for a semi-displacement-type fishing
raft. However, other than the equilibria, the dynamic
systen for ship motions in quartering seas has important
attractors, namely, periodic orbits. And the experimental
validation of the prediction method is not enough because a
semi-displacement-type craft is not a typical example of
conventional vessels.

Therefore, in this paper, the authors extend their
nathematical model to the surge-sway-yaw-rudder motion and
validate rheir prediction method for wave forces with new
model experiments for a displacement-type fishing vessel.
~urther, as well as the analysis on equilibria, a
methodology Lo analvze periodic orbits for broaching is
presented. :

MATHEMATICAL MODEL
The mathematical model for the surge-sway-yaw-rudder motion
in this paper is an extension of that for the surge-sway-
yvaw motion, which was briefly described by the authors

{1992A} .
As can be seen in Fig.l, two coordinate systems are

used: wave fixed with origin at a wave trough, £ axis in
the direction of wave travel; and body fixed with origin at
the centre of gravity, the x axis pointing towards the bow,
the y axis to starboard and the =z axls downwards. The
symbols follow the usual notation and are defined in the

nomenclature.
For a given wave condition and propeller revolutions,

the state vector of this system is defined as follows:
x:{gcli,u,r,;{'.rﬁ}T (1).

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

= F(x) = {7, (0 A2(8) L (0} (2)

where

I[

)y={ucos —1ﬂnxnc}/l
/ (x) {f 1)~ R(u)+ X(&g 7 A, )()}/(m-i-m )
y={~{m+m,) u1+Y(us+)’@y—+Y(écllzfxﬁ$+ﬂigo/litx}/0n+n:)

f4(x)=’
15(x) = { Ny + N () + Ny(& A )8+ NoE / A ) {1+ )
folx)= [(U“ / L){—‘S - Kplx - Zr)} - KTy "]/ Ty (3).

since external forces are functions of surge displacements
but not time , this equation is nonlinear and autonomous.
The wave induced surge force, X, are calculated using

the Froude-Krylov component of the force. The wave induced
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Fig.l Coordinate systems
Table 1 principal particulars of a displacement- type

fishing vessel (small trawler)

Length L " [m]  14.40

Breadth B [m] 3.05
Draft fore dg m} 0.35
Draft midship a fm] 0.873
braft aft da [m] 1.396
L.C.B. (aft) lep/L 0.0889
Block Coefficient Cp 0.719
Gyro radius in pitch ky,/L 0.274
Rudder area ratio Agr/Ld 1/14.8
Table 2 Principal particulars of a semi-

displacement-type fishing craft

Length L [m] 7.14
Breadth B [m] 1.87
Draft fore ds fm] 0.26
Draft midship d [m] 0.3835
Draft aft da [m} 0.507
L.C.B. (aft) lop/L 0.0842
Block Coefficient Cp 0.471
Gyro radius in vaw Kzz/L 0.297¢6
Propeller diameter Dy 0.440
Rudder area ratio Ag/Ld 1/27.18



sway torae, Yw, and yaw moment, Ny, are calculated using
woth the Froude-FEryiov and diffraction components. The
following formulae for these wave forces are based on a
slender body Fheory ({Ohkusu, 1986) with some
simplifications (Umeda & Fenllson, 1992B).

Xl AX)

. (4)
=—pg{, keosy) :: Cl)S(x)e MO sink( €, + xeos X )dx
YulSe/ Awx)
=pg g, ksin )(JU Cx)S(x)e M sink(E o+ v cosx)cl.\'
. (5)
+{owaw, .\‘inx‘[ﬂ_'p S(X) e HI Y sin k(éa + ,\'cos;f)d.\‘
._é'".wusin x[p‘g‘\.('x)(,";-f.f(.\ W2 COSI\'(L::G + \LOSX)]Z,
Nw(écllJux)
= pg§ . Asin ,\['[_z{:‘.(}.(.\').?(.r)c"‘““ W2 sin k(& xcos x )y
+{, 0w, sin xj‘ﬂp So(X)e M2 ysin k(& + .\'cosx)d.\' (6)
+ i sin ;(I\F:p Sy(X)e kM2 cos A(\’; ;txcos )()d.\'
1 kY e . on FE
—{ ousin X[p S{X)e a2y LO.\R(@G + v (,Osx)]‘“‘:
where
k=2m/A (7)
W, = ©—kucosy (8)
(1) = sin(kB(_.\')‘sinx/Q) ).
kB(x)siny /2

To validate these formulae, captive model experiment
was carried out in the seakeeping and manoeuvring basin of
the National Research Institute of Fisheries Engineering
with a model of displacement-type fishing vessel, whose
principal particulars can be seen in Table 1. Experimental
results are shown in Figs. 2-4 with calculated results by
rhe above formulae. In the numerical calculation, two
dimensional added mass Sy {x) was obtained by a boundary
element method. The forces are non-dimensiconalized as
follows:

X'=X/{pgd, BL) (10)
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¥ =¥/ {ped, BL) (11)

V= N/ {pes, BI7) (12).

I this experiment, the model was towed by a X-Y carriagye
soth with zere encounter frequency, =U®e/g=0, and with

small encounter frequency, 1=0.194. Since the comparison
hetween the experiment and calculation shows fairly good
agreement., the calculation method for wave forces was
validated for a displacement-type vessel as well as a semi-
dlsplacement craft. Details of this experiment will be
published in a separate paper.

The rudder derivatives in the mathematical model are
calculated using the inflow velocity modified to take into
account the orbital velocity due to the wave, together with
the change in the propeller race due to the longitudinal
force from the wave (Umeda & Renilson, 1993}. Thomas (1991)
well validated this method with his model experiment in
following seas. Other coefficients are assumed to be
independent of waves, since their effects are not
significant for Dbroaching (Renilson, 1982). These
coefficients can be obtained from conventional model

experiments or empirically.

STABILITY OF EQUILIBRIA
A nonlinear dynamical system, such as the system described
by E«g.(2), may have several attractors. Among the
attractors equilibria should be firstly focused to clarify
a broaching phenomenon. Because, equilibria play a dominant
role for a nonlinear dynamic analysis on surf-riding
{Umeda, 1990).
First, the equilibria, X=({,/A. 0. F.Yx F.8), are
obtained by solving the following eguation:

(X)=0 {13}.
\t
If the solution exists, the vessel will be 1in an
equilibrium p051t10n surf-riding on the wave with a drift
angle, heading angle, rudder angle and no relatlve velocity
to the wave. F(x) is linearlized at X, putting x=X+y to
obtain the following equation:

y = DF(X)y (14)
where
J .
DF(x) = —(f,{x)) [<i.j<6 (15) .
X,

If an eigenvalue of DF(X) have a positive real part, local
asymptotic behaviour at X 1is unstable. Based on the above
srocedure, the following nature was found. If we consider
only longitudinal motion in heavy following seas, two




uiiibria can oxla wibkiile one wavco length., An unstable
seuilibrium Ls 1p2ar wave crasty stable one 1s near wave
crough. The latzar aguailibrium corresponds to surf-riding,

foge consider also lateral motions, the wave lnduced vaw
soment. can maks the squilibrium near wave trough unstable.
¢ the rvuddor gai of ante pilot is large enough, this
instability <an be prevented. However, when the heading
angle increases and the rudder angle in a eqguilibrium
~xceeds rthe maximum angle, such as 35 degrees, the auto
nilot loses their ability. On the other hand, when the
aneading angle increases, static balance of force in the
gave direction may disappear. That is, the vessel escapes
From surf-riding and is overtaken by waves. Therefore, it
iz crucial for broaching which of the two situation
accurred first, the maximum rudder angle or disappearance
of equilibrium.

Fig.5 shows calculated example of eilgenvalues for
equilibria at 8=-3% degrees. The ship used here a semi-
displacement-type fishing craft, whose principal
particulars can be seen in Table 2. when the nominal Froude
aumber is slow enough, there is no equilibrium. Here the
vessel experiences periodic motions only. When the nominal
froude number increases, equilibria exist. The largest real
part of eigenvalues of equilibria is positive and other
eigenvalues have negative real parts. Thus, eguilibria are
unstable and become saddle points. As a result, the wvessel
approaching the equilibrium point cannot maintain the
static balance for a long period and then suffers dynamic
behaviour. Therefore, the existence of a saddle point with
§=-35% degrees is a necessary condition for breoaching.

Ta discuss not only asymptotic instability but also
broaching itself, we should examine trajectories associated
with saddle points in a phase space spanned by the state
vector. A theorem in dynamical system theory {Guckenheimer
5% Holmes, 1983) indicates that the invariant manifolds
represent all trajectories assoclated with equilibria and
can be obtained by tracing trajectories backwards and
forwards in time from eigenspace spanned by eigenvector at
a hyperbolic equilibrium,

With the maximum rudder angle, Figs.6 -7 show an
example of five-dimensional invariant manifolds projected
onto three-dimensional spaces. In this case there is one
equilibrium within one wave length., A trajectories from the
saddle point shows an increasing yaw behaviour from the
nearly surf-riding condition regardless of the maximum
opposite rudder angle. This unstable invariant manifold
represents a typical example of broaching. and a ship near
rhis invariant manifolds can suffer similar behaviour. This
~an be also regarded as broaching. Wwhile it is difficult to
exactly determine a zone for broaching, a practical index
w111 be desirable. The authors (19923A) used the heading

angle where vyaw rate Decomes a maximum on the manifold, ¥s.
s a practical index for broaching. Because, a violent
‘nerease in vaw exists at y<y<xs at least on the unstable
invariant manifold.
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Fig.7 Irvariant manifolds for the fishing craft
projected onto a surge-surge veloclty-sway
velocity space



Some numerical results for critical conditions of
proaching are shown in Figs. 8 - 10 with results for a free
running model of the semi-displacement fishing craft by
vuwa (1982) . These numerical results indicate that, if the
ship in following seas suffers surf-riding, the ship with
good steering may keep stable surf-riding between ¥=0 and
¥ . However, the auto pilot or helmsman 1s not good enough,
rhe ship can have a further increase in yaw. When the
heading angle reaches Y, the ship can suffer broaching.

The increase in yaw rate may continue between Y and Yg.
overall, the prediction compares reasonably well with
measured results. Nevertheless, we should note that
critical condition from the analysis of equilibria is only
a necessary condition for broaching. :

STABILITY OF PERIODIC ORBITS
Another important attractor is periodic orbits in this
dynamical system. Because, 1if a periodic orbit loses its
stability, presumably broaching can occur. Nevertheless,
nonlinear analysis associated with periodic orbits has not
been known so far.

Since the Eg. (2) are described by displacements and
velocities in the body-fixed coordinate system, it is not
convenient to analyze nonlinear periodic motions. Thus, we
define an inertial coordinate system translating with

constant forward velocity U and constant heading angle Y.
around centre of this coordinate, a ship is assumed to have

periodic motions, namely, surge X;, sway Y., yaw x and

rudder &.
While most of these periodic motions have much smaller

amplitude than wave length, surge amplitude is not so
small. Thus, we assume small parameters as follows:

Pl A L7 BRI A X/ T=0(e) £<<I (16).

And we redefine we with averaging nature by

w,=w-kUcosy (17).

Transforming Eq. (2} to the inertial coordinate system and
ignoring higher order term of &, nonlinear equations of

periodic motions are obtained as follows:

AKX+ B X, =1 sin(a)l,f ~g, — kX cos ) (18)
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AV + BuYi + By + Crl + Dy iR + 1’)3323‘;’“
$ DX + Cnd + D1, 8%,

= Iy sin(wl.l ~ e — k&, cos f)

+!-'33((ur — kX, cosY )sin(k)(’,_; Cosy — (1)(.[)

| —-';-‘.'_ A’:-‘.'H— .
+/ _J(a)(, kX cos)y )u)s( X¢; cOs Y (O‘I) (19)
+l-'34(£_.!_ + X, )cos(!\',“((; Cos Yy — (0(.!)

+F35(l7 + X )sin(kf{(; cosy - a)t,t)

Ann)? + Bﬁ(;i’ + Cﬁ(w% + Bhl P(] + DGIZXG + D(\EEXG
+C,q + Dy38X

= cos(k}?(; CoOSy — @+ 85,)

+F¢,3(wt. —~ A')i’c cos )?)sin(kf(c cos¥ — wc,l)
+Fﬁ3(a)‘, - kX, cosjf)cos(kf(c Cos¥ - a)t,l)
+FM({7 + ,3;((;)005(!\')?6 cos ¥ — cut.t)

+Fﬁ5(£7 + X, )sin(k}'{ﬁ cosT ~ @,1)

3775'*8"' Bm)—'ﬁ‘cw.f(:o (21).

Here the coefficients, Aij., Bij, Cij, Dij, Fij. Er. gy are
obtained by the coefficients in the right hand side of Eg.
(2). As ybu can see, the obtained equations are still
nonlinear but not autonomous.

Further, we assume that

(]
1R

Xol2=0(v). v=0(e") (

This additional assumption means that non linearity due to
surge is not so large. As a regsult, we can expect the
following form of solutions:

X = r,cos{@.f — @) (23)
Vi; = 1y cos{ @t — §,) (24)
7 =r,cos{®t—¢,) (25)
8 = rycos(w.f — §7) (26)



Then we put e van del Pol rransformation as follows:

[ !
o eoswr ——sinwut | o
(“’l ]_ ff)! IY(‘ (,)7)
T N | X -
S s - —cos @ NG
),
( o]
Cos@f  ——sInWl e
I( ”: \l (’)‘; o )
e | L (28)
s din ———cos@d NG
L e J
i . ] ‘
" cos@,f ——sin@,t P
n _ (fJg .)
SR I =
6 —sin@w, ——Ccos®,!
i W, ]
#L)mf | ﬁnw:-
os@, e
CAN ‘ @, “lo (30)
v - . l S .
TS =S ———C0s 0]
L (f)(, |

substituting EBgs.(27)-{30) to Egs. (18)-(21) and averaging
them over one period, that is,

O<t<2m/w, (31},

we obtain the Following averaged equation.

=GV ={g V) ) v & L&) &) g (32)

where

~

T A
v=(y vouy vy Uy Ve Iy ;) (33).

As you see, the obtained eguation 1is nonlinear and
autonomous.

The averaging theorem (Guckenheimer & Holmes, 1983)
indicates that. if an averaged equation has a hyperbolic
fixed point, wvs, the original equation possesses a unique
hyperbolic periodic orbit of the same stability type as vo.
Therefore, the periodic orbits, wvg, of the dynamical systCem
described by Eg.(2) are obtained by the following equation:

G{v,)=0 (34).

G{v) is linearlized at wvo, putting wv=vo+q to obtain the
Following eguation:



q = DGlv, (35)

1)(}(v):-.—)(—j—(g,(\‘)) 25 )<8 (30).

M,

“f an uigenvalue of DG(vp) has a positive real part, the
aeriodic ocbiz, wvo, 1s unstable. Moreover, if the
sigenvalues of DG(vy) have nonzero vaal parts, the global
sehaviour associated with periodic orbits on the Poincaré
map can be investigated by calculating invariant manifolds.

To examine the effectiveness of the above method, a
numerical calculation by this method was carried out for
uncoupled surging motion of a ship in following sea. The
used ship is a stern trawler, whose principal particulars
are given in Table 3. Fig.ll shows results of this
numerical calculation. The surging amplitude by a linear
calculation tends to infinity when encounter f£frequency
tends to zero. The linear periodic arbit is always unique
for each the nominal Froude number and always stable. On
the other hand, two nonlinear periodic orbits exist when
the nominal Froude number is smaller than 0.51 and larger
Fhan 0.62. One of them is stable and the other is unstable.
since the stable orbit is very close to the linear orbit,
stable orbit is usually expected to be observed in this
region. When the nominal Froude number is larger than 0.51
and smaller than 0.62, four nonlinear orbits coexist and
unstable orbits are near stable orbits. In this region
unstable behaviour 1in surge can be expected. In free
running model experiments (Kan et al., 1988} normal
periodic surging motion was observed when the nominal
Froude number is smaller than 0.42; surf-riding was
observed when the nominal Froude number 1is larger than
0.42. And no experimental value is available for the
nominal Froude number larger than 0.62. Thus, the
potentially unstable region identified by the present
nonlinear ‘caléulation is involved within the surf-riding
region by the model experiments. This is reasonable because
surf-riding can be regarded as a result of unstable
periodic motion with the inertial coordinate system
rranslating with the nominal Froude number. Of course, it
is enough for accurately predicting surf-riding region to
analyze eguilibria with the wave fixed coordinate system
(Umeda, 1990). However, for broaching, the analysis of
periodic orbits is complementary to the analysis of
equilibria. Because, the analysis of equilibria can provide
only a nscessary condition for broaching.

CONCLUSION
onn the basis of this zzudy the following conclusions can be

{1) The mathemacical model was extended to the surge-sway-
vaw-rudder motion.

{(2) The prediction metnod for wave forces was validated by
model experiments with a displacement-type fishing vessel.



i3) Tne analysiz o2n werquiiibria provided a necessary
condirion for Lroacthing and validated by free running model

experiments with a zemi-dispiacement-type fishing craft.
(1) The wethindelog, for the analysis an periodic orbits is
presentad winh some numerical results.
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Table 3 principal particulars of a displacement-type
fishing vessel (stern trawler)

Length L . [m] 30.58
Breadth B [m] 7.38
Draft fore de [m] 1.62
Draft midship d [m] 2.62
... Draft aft da [m} 3.62
L.C.B.{aft) lep/L 0.0886
. Block Coefficient Cp 0.779
Gyro radius in pitch ky,/L 0.297
Propeller diameter  Dp 2.3
Rudder area ratio Ag/Ld 1/27.3



PARAMETRIC STABILITY OF FISHING VESSELS
by

Neves, M.A.S.* and Valerio, L.¥

1. ABSTRACT

The paper highlights the
influence of stern shape on the
parametric stabllity of fishing
vessels. Vessels TS and RS have
very similar main characteristics,
but their sterns are different.
Although their linear responses
are comparable, both analytical
and experimental investigations
indicate substantial differences
in their dynamical stability in
longitudinal regular waves. An
uncoupled Mathieu equation is
enmployed to model the behaviour of
the vessels in waves. Limits of
stability are used to stress the
connections between hull form and
parametric excitation.

2. NOMENCLATURE

I .-tranversal mass moment
of inertia with respect

to axes

AM-added inertia in roll due
to roll angular
acceleration

I{¢0“damping moment

M, -restoring moment

M, -amplitude of  external
wave action

W -wave frequency

¥ -phase between excitation
and wave

W,-roll natural frequency

¢—roll angle

Z ~heave motion

@-picth motion

*COPPE/UFRJ, Federal University of Rio de

Janeire, Brazil,.

¢ -wave amplitude
C,-linear roll restoring

coefficlent
C,,,~third order roil
restoring coefficient.
C,,,-second order -roll

restoring coefficient due
to heave motion
C@a—second order roll

restoring coefficient due
to pitch motion
Cy-second order roll
restoring coefficient due
to wave passage
F,~components of the second

order roll restoring
coefficient due to wave
passage

B, -linear roll damping
coefficient

B, —second order roll damping
coefficient

g,—amplitude of parametric
excitation

¢-phase of the parametric
excitation

A-wave length

Z,~vertical position of
center of mass

g-gravity

p-density

A, -water plane area

xf-longitudinal centroid of
water line

Qix)-breadth at the water

line
h,-wave height



3. INTRODUCTION

The motions of a rigid ship in
regular waves are in general a

result of complex non=-linear
couplings in aix degrees of
freedom. Stability analyais of
these motions, even for the

particular case when the ship takes
waves by the stern, still attracts
wide attention (1,2,3,4,5].
Parametric instabilities, asg
defined by the uncoupled Mathieu
egquation are supposed to bhe
responsible for some ship capsizes,
and quite a lot of attention has
been devoted to the understanding
of the connection between hull
characteristics and parametric
resonance (4,6,7].

The  present paper aims at
contributing {although at a small
scale) to an increased
understanding of the wmechanisms of
parametrically excited roll motions
and their relevance to the risk of
capsize of fishing vessels.

Two hulls are analysed here. The
two hulls have been tested
previously by Morral [8]). They have
quite similar main characteristics
but their sterns are different. The
first hull, here denocminated TS, is
a typical transom stern fishing
vessels., The other one, denominated
RS, is a more conventional rounded
stern fishing wvessel. The lines
plans of the two hulls are shown in

~

Fig. 1. N
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Fig. 1 Body plans of the two
vessels

Both experimental and numerical
investigations have been conducted.
Experimental studies involved
damping assessment by means of roll
decrement tests for the two hulls
with and without bilge keels, and
parametrically excited heave-roll-
pitch motions in regular
longitudinal waves. Numerical
studies are based on an uncoupled
roll motion equation with non-
linearities in the damping and
restoring moment . The present
investigation is restricted to
longitudinal regular waves of small
amplitudes with ships with zero
speed of advance.

The results indicate that the
transom stern hull is much more
sensitive to parametric
instabilities, and confirm that, at
least in test conditions, this type
of hull may reach a capsize in few
cycles, when excited by small
longitudinal waves. Simulations are
made for two reglons of parametric
resonance, W=2W and W=W,. The
differences in the responses for
the two resonant regions are
pointed out.

4. EQUATION OF MOTION

Let Cxyz be a right handed
coordinate system, Fig. 2, with
axis Cz passing through the center
of mass G, Cx pointing forward and
coinciding with the calm water
surface.

Fig. 2 Coordinate systeﬁ

The mathematical model employed
in this study is of the form:

(1, +4, )8+ D(3) +M,($,2,6,0) = M., cos(i¥t ~7) (1)



The damping moment is assumed to

be given by:

D(¢) = Buéj'*' B |¢l¢

The restoring moment is derived
under the assumption that vertical
motions due to small amplitude
waves are small, such that relative
vertical displacement at a point of
the length of the ship may be taken
as the sum of three effects, heave
motion z(f), pitch motion &(f) and

wave profile ((x,f). The roll
restoring moment is then assumed to
be given by:

M,(8,2,60) = Cpyd+Cooi +Conzd+Co 89+ Cou i (3)

where f?(t) represents time-dependent

variations of hull characteristics due to
wave passage. For the coordinate system

defined above [(4,9]:

C, =AGM (4)
1 dy 5
C-Hz = _pg[alb:(x)gz-lo,x dx-ngn] ( )

c“,=—pg[%fbo‘(x)%lo;xif-zﬁ-"f] (6)
L

Cudr=-pg¢ [chosWt +F;¢cosWt] {(7)

with }ig and }Qg given by

F= ——;-[J-bg(x)%lw coskx dr—z"[bo(x) coskx d\‘] (8)
: )

1 d
Fy=- 3 [_! b2 (x) ;Elo" sinke dx -z, '[ by (¢} sinke d.t] (°)

The reader should refer to
section 2 of this paper for the
definitions of symbols given above.

As the present study is limited
to longitudinal waves, M =0,
that is, there 1is no external
excitation,

Dividing all terms in equation
(1y by (I/,+A4,) the equation of
roll motion assumes the form:

d+(b +b,|3)g+(C +C, ¢ +e, cos(¥r + ol}¢=0 (10)

where, of course, €, contains

contributions from heave, pitch and
wave passage.

5. DETERMINATION OF THE COEFFICIENTS
Great care was exercised in the
evaluation of added masses and
damping coefficients in the heave,
roll and pitch modes, and exciting
forces and moments in the heave and
pitch modes in longitudinal waves.
A 3-D panel method has been used in
the potential calculations . The
coefficients for the two hulls have
béen presented in ref. (10}. In
order to incorporate viscous
effects in the roll damping moment,
use was made of the procedure
proposed by Ikeda, described by
Himeno {11], which takes into
consideration bilge keels effects.

pamping for the two hulls with
and without bilge keels are given
in Fig. 3 for a roll amplitude of
15 degrees, The results indicate
that the TS hull is substantially
more damped than the RS in both
conditions, with and without bilge
keels.

As the damping moment in roll is
considered to be the most
complicated term to be evaluated
theoreticaly, roll decrement tests
were performed with the two models
with and without bllge keels.
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The coefficients C, and (; were
obtained by fitting the restoring
curves with polynomials using the
least-squares method.

6. LIMITS OF STABILITY

Stability of moticn may be
investigated in an approximated way
by means of the so called Mathieu
diagram.

By suitable transformations
[12],the linear variational of
equation (10) may be expressed in
the form of a damped Mathieu
equations:

xte2ux+{atut +16 gcos2t)x=0 (11)

Limits of stability
corresponding to equation (11) may
be determined and the effect of
damping on the. various regions of
parametric resonance may be
assessed. Fig. 4 shows the effect
of three different levels of
damping coefficient, u=0,
#=0.035, and #=0070, on the
limit curves corresponding te the
first three regions of parametrxic
resonance, It is seen that by
raising the damping level, the
first region (w=2mw) is
practically unaffected, while the
subsequent regions are more and
more affected by damping. BAs a
consequence, the third region of
parametric resonance practically

disapears for small levels of
damping .

WATHIEL BIACTAR
X v rlarv 2 ritqcor 2 x
840
- iy
1 \ \ / |1 f':'
Liy e A4
I \ 74 17
¥
Xl
’ v
g 4'
JaRY, |
A 1!
\ {
\
....... A rernabesssnnnsheraranl

2.2 & 1.4

Fig. 4 Mathieu diagfam for
three damping values. i
u: 0, .035 and .07

Stability limits for a dampec
Mathieu equation are also affectec
by .the natural freguency. Fig. ¢
shows the limits of stability nea:
the W=2W, and W=W, regions of

resonance for two values ol
metacentric height, GM =0.35m anc

GM =0.85m for TS hull, It may be
noticed that the higher the
metacentric height is, the highe
the limits are. That results fror
the frequency dependence of th
roll damping coefficient, given i
Fig. 3. At the first region o
resonance, the damping level i
much higher than at the second one.

ame  MATHED Lo3RA j
] swrts i /

/ \
, |
t

v919 ]

245 AN - "!

ELR it iy i R S R 1 CO I O
3

Fig. 5 Limits of stability for
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7.DESCRIPTION OF THE EXPERIMENTS




The tests were conducted at the
ship model basin of the Austral
University of Chile, where regular
waves can be generated by means of
a flap-type wave generator.

The two models were constructed
to scale 1:30. The experiments
performed up to now are all for the
case of zero speed of advance. In
the experiments, welight
distribution, wave amplitude and
frequency were varied in order to:

a) perform roll decrement tests
at different natural
frequencies.

b)investigate sensitiveness of
the two similar hulls to
parametric instabilization in
the first two regions of
resonance of the Mathieu
diagram.

Roll decrement tests were
performed for initial angles near
15 degrees.

The procedure in the parametric
tests was to position the ballasted
model longitudinally in the tank,
locgely prevented from drifting by
a thread, and, by generating waves
in one extreme of the tank, roll
angular displacements were recorded
with the model free to oscillate.

In order to investigate the
influence of the increased damping
in the stabilization process, each
model was tested in turn with and
without bilge keels.

The bilge keels were identical
for the two models, fitted along
two-thirds of model length, with a
constant breadth of 15 cm (to ship
scale).

8. RESULTS

8.1 ROLL DECREMENT

The results from roll decrement
tests for the two hulls are
presented in Fig. 6. Froude method
[13] was used to calculate the
results.

As with semi-empirical results
given in Fig. 3, test results also
give higher damping effect for the
TS hull as compared with RS hull
when the two models are not fitted
with bilge keels. With bilge keels,
TS hull is more damped than RS for
frequencies above W =125r/s.

The results given in Fig. & can
not strictly be compared to those
given in Fig.3. Yet, simulations of
decaying motion at different
initial angles using the two sets
of results for the wvalues of
metacentric height used in the
experiments indicated, in general,
that: - -~

i} damping for RS hull without
bilge keels is well described by
Ikeda method.

ii) for TS hull without bilge
keels, Ikeda method produces
slightly lower damping than that
optained through the
experimental procedure.

iii)Ikeda method underestimates the
damping effect introduced by the
bilge keels in both models.

8.2 PARAMETRIC EXCITATION

As a consequence of the
similitude of the two hulls, linear
responses in heave and pitch are
almost the same. Transfer functions
in waves by the stern (y=0) for
zero speed of advance are shown in
Figs. 7 and 8 for the heave and,
pitch motions, respectively.
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As the tests indicated quite
different roll behaviour for the
two hulls, it was found interesting
to investigate numerically the
different terms in the parametric
excitation and to see how these
would suggest different influences
from the different stern shapes.
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Fig. 9 shows the curves of
parametric excitation amplitude ¢&
for the two hulls, for different
frequencies and wave amplitude
¢=1.0m (real scale). Parametric
excitation is much higher for the
TS hull, when compared with the
other hull, for the whole frequenc)
range considered., Fig. 10 shows the
influence of the heave motion, wavt
passage and pitch motion for T!
hull. For small frequencies, up I«
Ww=1.0 rad/seg, the heave motio
effect is cancelled out by the wavi
passage affect and parametris
excitation is dominated by th
influence of pitch motion.

It should be noticed that fo
this low frequency range the linea
responses in pitch for the tw
hulls are, in practice, the same
It can be deduced from thi
comparative analysis that th
distinct levels of parametri
excitation found for the two hull
are due to the different steﬂ
arrangements. In fact, as <an b
seen in Fig. 11, the lines plan fao




a vessel with transom stern leads
to a non-symmetrical longitudinal
distribution of sectional breadth
and flare at water line, resulting
in a large C(,,, coefficient, as
given in equation (6}. This second
order form coefficient is three-
times larger for the TS hull than
for the RS ship when metacentric is

GM =0.85m1.
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Fig. 9 Amplitude of parametric
excitation

CHPONALS OF THE MWPITRI DIITEM
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Fig. 10 Components of the
parametric excitation for TS hull

(GM = 0.85m)

The round-stern hull, having a
more "smooth" longitudinal
distribution of flare, is less
exposed to internal excitation in
roll. For higher frequencies the
vertical motions are Jjust slightly
different for the two vessels, and
so the large resulting differences
in parametric excitation is
egsentially geometrical.

Another aspect disclosed by the
analysis is that maximum amplitude
of parametric excitation does not

coincide with pitch natural
frequency.
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Fig. 11 Sectional distribution
of breadth and flare at water line
for the two hulls.

8.3 ROLL MOTION

A fourth-order Runge-Kutta
algorithm was implemented for the
numerical integration of equation
(10). Numerical investigations are
compared with experimental results
in Figs. 12 (13 and 14, for
different waves and hulls
configurations. The tuning in all
the three figures in near W=2W,.

In these figures, the motions are
all unstable.

It has been found that good
agreement is reached between
numerical and experimental results
in all the frequencies considered,
and even for gquite high waves
inducing high roll angles, as in
Fig. 12. This is a quite good
surprise, considering that the
mathematical model employed in this
study is very simple., Use of
experimental damping contributes to
improve the agreement between
numerical gimulation and
experiment.
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integration with experiment for TS

hull, GAM =0.35m

Considering that the
mathematical model represents very
nicely the dynamics involved in the
experiments, Figs. 15 through 19
have been prepa}ed with the purpose
of helping in the interpretation of
the experimental results. In each
of these figuresg, graphles (a) and
(b) show the time series of each
particular test condition, and
graphics (c) show the corresponding
points in the Mathieu diagram.

Fig. 15{a) shows a case of
strong instability for the TS hull,
with bilge keels, in the range

W=2W,, with GM =0.32m. In less

than six cycles roll angle reaches
approximately 40 degrees. A very

dangerous condition, meaning a real
risk of capsize. For the RS hull to
undergo such intense
instabilization, it was necessary
to reduce the metacentric height to

GM =0.27m and to remove the bilge
keels. Yet, the resulting
instability requires more than 8
cycles to reach roll angles of the
order of 28 degrees. This result is
given in Fig. 16{a}), and
demonstrates that the TS hull is
much more unstable in longitudinal
waves than the RS hull.
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Fig.1l4 Comparison of numerical
integration with experiment for TS

hull, GM =0.85m

Comparing Fig. 16(b) with Fig.
17(b), it is seen that both ships
reach approximately 30 degrees, but
with T8 hull doing so in 6 cycles,
while for RS it takes 10 cycles. It
should be noticed that in this
comparison both ships are without
bilge keels and that T5 hull is
more damped than RS hull.
Metacentric height for RS is
smaller and wave height is much
higher. This is «clearly another
demonstration that TS hull is much
more sensitive to parametric
instabilization than RS hull.
Comparing point 2 in Fig. 16 (c)
with point 2 in Fig. 17(c), it can
be observed that the former is
nearer to the limit curve than the
latter. Point 1 in Fig 16{c) is



ljocated in the stable region. The
wave height is high (hw = 2.0m) . but
as shown in Fig. 16{1}, no
amplification of roll motion
occurs.

The influence of increased
damping may be observed by
comparing . Fig. 15(b) with' Fig.
17(b)}. In Fig. 15(b) TS hull is
fitted with bilge keels,

GM=0.32m and Hh,=2.4m. Roll
angle reaches approximately 32
degrees in 9 cycles. In Fig. 17 (b}
the same ship, without bllge keels,

but with a larger GM and lower
wave height (hw=0.9m) reaches 30

degrees in only 6 cycles.
Introduction of the bilge keels
contributes to reduce the distance
in the Mathieu diagram from the
plotted point to the limit curve,
thus decreasing the intensity of
the amplification of the motion.
But, as the hull is strongly
subjected to parametric excitation
in frequencies around the tunning
W=2W, the effect of fitting
bilge keels is quite limited in
this range of frequencies.

Another interesting comparison
is between Fig 17(b) and Fig.19(b).
Both cases correspond to TS hull
without bilge keels, excited by
waves of egquivalent height. But the
metacentric height in the two cases
is very different. The wave
frequency in Fig. 19(b} is high
(W=2.08 rad/seg), corresponding to
a large parametric excitation ¢g,

(see Fig. 3), but large metacentric

height (GA =0.85m). The resulting

unstable motion is less strong than
the motion given in Fig. 17(b), and
another view of that can be seen in
the location of point 2 in the Fig.
19({c), which lies very close to the
curve of the stability 1limit, as
compared with point 2 in Fig.
17(c}, located well inside the
unstable region. As a consequence
of the large metacentric height

considered in Fig.19 (GM =0.85m)

the limits of stability are
relatively high, specially for the
W=W, zone, as shown in Fig.
19(c). The wave tested in the
condition shown in Fig. 19(c) is a
very steep one, (hw =1/14.8). This

is comparable to the steepest wave
generated in this study, that
corresponding to point 1 in Fig.
15(¢c). In that case, A, ,=A/14.1 .

w

Cleary, the ey to understand
the mechanics of the parametric
instability of a damped system with
internal excitation is the distance
of the plotted point to the curve
of stability limit in the damped
Mathieu diagram; this distance
defines the amplification of
motion. This result was persistent
in all the tests performed, with
the plottings defined Dby the
mathematical model employed here.

This is also applicable to
points 1 and 2 plotted in Fig.

20{c}), representative of the
motions shown in Fig. 6 (a) and
20(b}, respectively. These  two

conditions have large values of the
parameter ¢q (g=0.55 and g=0.72,
respectively), much higher than
those presented in Figs. 16(¢),
18(c) and 19(c). Nevertheless, the
time series in Figs. 20{a) and
20(b) have both a very slow
amplification, due to the fact that
the unstable region is narrow near
the W =W, tuning, and the points
are necessarily near the limit of
stability. The wave in Fig. 20(b)
is reasonably smooth (h, =A/26.2).

Yet, even for very steep waves,
no significative resonance oCcurs
in the H7=Pn zone of stability.
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9. CONCLUSIONS

although a very simple
mathematical model was used, good
agreement has been found hetween
numerical investigation and
experiment. The results indicate
that form variation due to relative
vertical motions provide relevant
information to the analysis of
fishing vessels under parametric
excitation. Two ships of similar
linear responses tended to behave
in a very different way when these
terms are considered, Transom
sterns tend to play an Aimportant
role in allowing high levels of
parametric excitation. Model
experiments produced very strong
instabilities leading to large roll
angles in few cycles for the
transom stern hull with low
metacentric height, in the W=2W,

zone of resonance. No significative
resonance occurred in the W =W,
zone of the Mathieu diagram.

Only zero sgpeed of advance was
considered in this stady. Hopefully
tests with ship speed in following
waves will become available in the
near future,
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The Capsizing of the F.V. ’Straits Pride II’ ; A Study

of the Dynamics of Paravanes.

D. W. Bass and Chi Weng,
{(Faculty of Engineering, Memorial University, St. John's,

Newfoundland, Canada) .

1. Introduction.
In recent years it has become increasingly common to see, off

the coasts of Canada, small fishing vessels with paravane
stabilisers deployed. Their evident popularity is indicative of the
practical usefulness of these devices in reducing roll motion. Just
how effective they are has not been fully investigated. Some
studies have been done [1,2], but they could not be considered

exhaustive. There are a number of questions that remain to be

answered. For example what 1s the most effective design (or

efficient design -some designs significantly increase resistance}?
Are they equally effective at all speeds and at all amplitudes of
roll? These questions have only been partially addressed in the
present study. The main impetus for the current investigation
relates to the problems of asymmetric roll motion, such as might
pertain to a vessel subject to a constant heeling moment, or ’‘bias’
(as it is referred to in this study). In particular the effect on
the motion of a vessel of losing a paravane is the underlying
theme. It was prompted by the release of a report (3] by the
Transportation Safety Board of Canada on the capsizing of the small
fishing vessel, the ‘Straits Pride II’, which partially implicated
the loss of the weather side paravane in the capsize. In that
report, it is remarked that at least one other <capsize of a
Canadian fishing boat had occurred in which the loss of a paravane
was considered to be a contributing factor. The precise manner in
which the loss of a paravane can lead te capsize is not entirely
clear. Speculation on the mechanics of the effect of the single

lee-side paravane on the roll motion in [31, is based on gquasi-
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static considerations and has no basis in experiment or dynamics.
It is frankly admitted that little is known of the dynamics of ship
motions with paravanes deployed. From the evidence gathered in a
number of experiments performed at Memorial, it would appear that
some of the speculations in that report may be wrong. For example,
the report assumes (probably correctly) that the near-steady bias
was partly caused by the quasi-static effect of the asymmetric
r1ift’ generated by the single paravane while under way, but
further conjectures that with the lee-side paravane deployed
(only), the bias to lee would increase (eventually leading to the
ingress of water and the further increase in bias and final
capsize). In fact this is not substantiated by the experiments, and
surprisingly the reverse may be true, that is the bias to lee may
decrease. This is part of a more general phenomenon assoclated with
direction of bias relative to wave direction and is discussed
later. It would also appear from the experiments that the wmoment
generated by the single paravane to lee is unlikely to have been
sufficient for a significant bias to lee to result. It is possible
that the list was due primarily to the ingress of water into the
fish hold, and the subsequent shift of the fish cargo. We shall
return to these topics later.

Tt has not been possible to come to any definitive conclusion
regarding the mechanics of this capsize. This study suggests that
the cause for capsize was due to a complex interaction of a number
of factors assoéiated.with asymmetric roll. Asymmetric roll motion
is caused primarily by a transverse shift in the centre of gravity
of a vessel due to cargo movement, icing, or asymmetric flooding.

Wind heel may also cause or exacerbate asymmetric roll. These may

be regarded as quasi - static effects. We refer to them as bias
conditions.
There are factors affecting asymmetric roll that act

‘asymmetrically’. One such major factor is wave direction relative
to bias direction. That is the roll response for a vessel biased
towards ‘the waves (i.e. to the weather-side ) may be quite

different from that for a vessel biased away from the waves (i.e.




3

to the Llee-side). It would appear from a number of studies
conducted by the first author [ 4 ,5 ] that these differences are

associated with or are dependent on a number of factors including

wave length (and/or wave frequency), wave amplitude, ‘dynamic
swell-up’, hull geometry, heave motion, and asymmetric roll
damping. ‘Dynamic swell-up’ refers to the disturbance of the

oncoming wave train by both radiation and diffraction effects due
to the presence and motion of the vessel, thereby modifying the
wave exciting forces and woments acting on it. These wvarious
factors may act together to give substantial increases or decreages
in roll motion for various conditions of bias. Alternately there
may be a ‘cancellation’ of effects leading to no significant
variations in roll response with bias. It is this latter
observation that makes the analysis of capsizing, based on
experimental evidence, difficult. Figures 1 and 2 illustrate the
point. The first shows roll response for a small fishing boat
restrained in sway and heave in beam waves of small amplitude.
There are substantial differences in response for the three bias
conditions, unlike the situation in figure 2 in which the
experiments were repeated for a somewhat higher GM. Similar results
are shown in figures 3 and 4 for a vessel with a broadly similax
but different hull geometry. It is clear that the experimental
conditions here were artificial. That in fact is part of the
methodology adopted for extreme motion analysis. Restrained
conditions have been used to exaggerate the influence of various
parameters on the roll motion; this is particularly apparent when
the vessels have a bias. Rather than try and isolate these effects
in extreme wave conditions, small amplitude waves with wvarious
conditions of restraint can be used instead. For example the
coupling of heave into roll is simpler to analyze when the vessel
is restrained in heave, since it is rrelative’ heave that is
significant rather than the absolute heave motion.

As has already been remarked the sensitivity of roll to bias
is quite pronounced in restrained motion testing [5]. It was
conjectured that a strong beam wind might act as a partial
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restraint to natural sway, leading to similar sensitivities of
roll to bias as for the restrained condition. Sellars (6] found
that in a series of roll response tests on a drifting model in beam
waves, significant increases in roll occurred for increases in
drift speeds. The drifts were simulated by lateral tows using a
specially designed towing hawser, that allowed a certain degree of
freedom in sway. Certainly some restraint was required to achieve
significant drift speeds. It is 1likely that there was some
disturbance of the incident wave train due to the diffraction and
radiation effects associated with the restraint and the lateral
drift of the model (that is there were dynamic swell-up effects).
This may have been the cause of the increases in roll observed by
Sellars. It is not clear from these experiwments if the simulation
of drift by towing, would give results similar to those that would
obtain for a vessel subject to wind drift. From the experiments
conducted at Memorial, using both wind generated drift, and tbwing,
it is 1likely that roll responses for both situations are quite
similar. The experiments are described below. Unfortunately the
results so far are inconclusive. That is, dynamic swell-up effects
are not readily apparent, and the effect of drift on the small
fishing boat models is to reduce roll. Roll decay tests on a towed
(*drifting’) model indicates that roll damping for these vessels,
increases significantly with drift speed For the vessel tested by
Sellars, the increase in roll with drift makes it seem unlikely
that there would have been a significant increase in damping with
drift speed. It is possible that the results from the tests at MUN,
exhibited the ’cancellation’ effects referred to above, associated
with the particular choice of GM (and therefore natural frequency) ,
displacement, wave amplitude or drift speed. :
The variation of roll response with respect to bias direction,
is symptomatic of the presence of parametric excitation. This
primarily comes from the fluctuation of the restoring moment with
local draft changes. These in turn are dependent on such factors as
wave length, wave amplitude, dynamic swell-up, and relative heave
motion. The particular amplitude of the fluctuations of the
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restoring moment is a function of hull geometry and can be seen
quite clearly in the experiments with different fishing boats
conducted at Memorial [S5]. Surprisingly another source of
parametric excitation come from the variation of damping with roll
direction. This is apparent in the roll motion tests described
below in which a single paravane is deployed. In fact the
dependence of the damping on direction signifies a modification of
the amplitude and phase of the righting moment fluctuations
relative to the wave excitation. As such the effect is dependent on
Factors such as hull geometry, wave length, etc. This asymmetry in
damping has been noted before by other authors, for example ,
Watanabe, [7], Grochowalski, [ 8], Bass [ 9]. In these studies, the
asymmetry was associated with deck-edge immersion. For a model
fitted with bulwarks there are in addition inertial effects. In a
series of capsize tests carried out at AMTE (Haslar) in cooperation
with the University of Southampton [10] , a low freeboard wmodel
(with no bulwarks) in large amplitude waves capsized only when it
was biased towards the weather side. Moreover the responses for the
different bias conditions differed significantly. Parametric
excitation was implicated as the most likely cause of this
phenomenon. This was thought to be due to the relative heave
motion coupling with roll, giving rise to righting moment
fluctuations. Bass [9] demonstrated the differences in response for
different bias diréctions in numerical simulations. The differences
only became significant for quite large relative heave. It 1is
possible that there were dynamic swell-up effects. It ig also
likely that the asymmetry in damping due to deck edge immersion
(which probably occurred more frequently for the model bilased
towards the waves) was a significant factor in producing the
different responses and capsize behaviour.

To summarize, it is believed that the capsize was due to an
accumulation of asymmetries or parametric excitations in the roll,
associated with wind, drift, the single paravane deployment, and
the movement of water and fish in the fish hold. This latter

effect has not as vet been investigated. The effects that are



6

described below do not seem to be sufficient to result in enough
parametric excitation to lead to capsize. However testing has only
been carried out in moderate conditions and extrapolations to more

extreme conditionsg should be treated with caution.

TABLE 1
Vessel M365,full scale Straits Pride II
LWL (m.) 17.8 ' 19.8
Beam (m.) 6.75 6.64
Draft (m.) 2.70 ' -
Mass (tonnes) 104 93
GM (m.) 0.45 -
Roll freq. (r/s) 1.05 -

2. Experiments with Paravanes.

Experiments have been carried out for a number of small
fishing boat models. The work reported in this paper relates
particularly to the fishing vessel, referred to in various papers
as model 365. Its lines are shown in figure 5 and its particulars
are shown in table 1. The overall geometry of the vessel is broadly
similar to that- of the Straits Pride II. Details of this vessel
are also given in table 1. No lines or stability booklet for the
Straits Pride II are aQailable.

Steady Heel with Forward Speed. Experiments were carried
out in the wave tank at Memorial University, which is 57 m. long,
3 m. wide and 2 m. deep. The first set of tests carried out were to
determine the likely angles of heel associated with the loss of a
single paravane at various Froude numbers. Two types of paravanes
were employed. The first was based on the design that was used on
the Straits Pride II, as shown in figure 6 (a) (taken from [3]). In

fact the design used in the experiments had to be modified to
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obtain a reasonable balance point position (the weighted nose had
to be extended). The second was a rather more typical modern
version with smaller dimensions. It is shown in figure 6 (b).

The model 365 was fitted with a paravane deployed from a light
metal boom mounted athwartships, from which was suspended a
paravane at the end of a one metre length of nylon line (see figure
7). The line was at a distance of 80 cm. from the centre line of
the model. The model was towed in calm water at Froude numbers
0.1, 0.2, 0.3,and 0.4 down the length of the tank. Stable angles of
heel were observed after a short transient. The results for the two
types of paravane are shown in figure 8. The ‘large’ paravane {its
horizontal ‘wing’ area was 22.4 sg. cm.) was that of the Straits
Pride II. It is surprising to note that this was the paravane that
wae least effective at the higher Froude numbers, with maximum
angle of heel of 1.5° produced at Froude number 0.2. For the
smaller paravane (with ‘wing’ area 14.0 sq. cm.) an angle of 2°
resulted at Froude number 0.4. It was thought that the position of
the point of attachment of the line to the larger paravane might
give different, larger angles of heel. Four different points were
used in a subsequent series of tests. The results are shown in
figure 9. The positions 1 to 4 start from the nose and move back to
the tail. The point of attachment used in subsequent tests was
number 2. At steaming speed the Straits Pride IT would have
listed only slightly, if the GM had been of the order 0.45m. It is
possible that with free surface effects, GM could have been quite
low. However even for a GM of 0.2 m., the list at steaming speed
would only be of the order of 3° due to the lift force on the port-
side paravane. That of course assumes that the model experiments
scale to full size as expected. It is reasonable to assume that
they do, since the forces associated with paravane motion are
primarily lift forces which scale according to Froude scaling laws.
There is also the quite different conditions under which the vessel
was operating. It is possible that with large surge motions, and
roll in large amplitude waves, the effect of the paravane on the
mean roll angle would be different. In fact tests at zero speed
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{(with no surge) in beam waves show little effect on mean roll
angle due to paravane deployment. To simulate the possible added
heel due to forward speed, tests were carried out with the model
biased and there was still no appreciable effect on mean roll
angle. We return to this later,

Roll Damping. A number of roll decay tests were carried out
at various Froude numbers to determine the effect of paravanes on
roll damping. Tests were carried out using two, one and no
péravanes of both designs. Since the roll aamping is typically
non-linear for these small fishing vessels, the non-dimensional
equivalent linear damping ratio, {, was determined for wvarious
amplitudes of roll, using decay tests at different initial angles.
Figures 10 to 13 show roll damping for different roll amplitudes at
Froude numbers from 0.0 to 0.3 with no paravanes (figure 10), with
one ‘large’ paravane (figure 11}, two ‘large’ paravanes (figure
12) and two ’‘small’ paravanes (figure 13}. The damping at higher
Froude numbers with paravanes is fairly high and the results from
decay tests are not very reliable, This is particularly a problem
for the tests with the ‘large’ paravanes at certain Froude numbers.
However it 1s apparent that there is a definite loss of
effectiveness at the higher amplitudes of roll at Froude numbers
above 0.2 for these paravanes. For the smaller paravanes the
results are quite different. Figure 13 shows damping for the same
ranges of amplitude and Froude number with a substantial increase
in non-linearity at Froude number 0.3. At Froude number 0.2, the
damping is almost linear over this range of roll amplitudes.

It is possible that the non-linearity of the Straits Pride II's
paravane at the higher speed may have contributed to increasing the
asymmetry of the response. Unfortunately it is not feasible to
carry out suitable tests in waves at forward speed in a small
towing tank to determine whether or not this was the case. In fact
soon after the initial heel developed with the loss of a parxavane
the ship’s master reduced speed to a few knots. At these speeds the
difference in damping relative to that at zero speed is not great,

both in terms of magnitude and non-linearity.
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paravanes contribute quite significantly to the roll damping
even at zero speed. For this vessel , the damping is wmore than
doubled when using 2 paravanes, and increases by over 50% when just
one is used. For the more efficient small paravanes, it is clear
that at low speeds, there is little non-linearity introduced into
the roll damping by the use of a paravane. This is particularly
clear in figures 10 and 13, comparing the damping at Froude
numbers less than 0.2, with and without the small paravanes. The
slopes of the damping curves are quite similar for the three lower
speeds. This indicates that even at zero speed, the damping comes
from 'lift’ forces rather than ‘drag’. The lift forces on the
paravane are generated as it moves in a circular path induced by
the upward pull of the line at the point of attachment.

Roll Responge in Beam Waves. Experiments in waves were
carried out with the model 1lightly tethered across the tank.
Various wave heights were employed, with values generally low to
moderate, As was previously discussed, the intention of the
experiments with a single paravane deployed, was to ascertain the
possible mechanism that might have contributed to the capsize of
the Straits Pride II. There are two possibilities. One of them is
that the paravane led to an increase in the already Dbiased( to
lee) condition. The second is that the paravane dynamics were a
contributing factor in the parametric excitation of the vessel.
That together with additional parametric excitation, associated
with wind, drift, dynamic swell-up etc. {as discussed in section 1}
may have led to larger than expected roll amplitudes, leading to
the shipping of green water and the further degradation of
stability. The tests carried out at Memorial were at zero speed,
and it is possible that these results cannot be applied to the
motions of the full scale vessel which was underway. However after
the initial loss of the paravane the vessel slowed and it 1is
apparent from the experiments discussed above that the effects of
the paravanes at low speed do not differ appreciably from those at
zero speed. In the experiments in waves the model was given a 7

degree bias by a transverse movement of a small weight. As has
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already been noted, an asymmetric response to an apparently
symmetric excitation is indicative of parametric excitation
effects. As is shown in figure 14, the responses of the model vary
according to bias direction. These differences are not significant.
However with a single paravane deployed, the differences increase;
moreover the differences depend on the side on which the paravane
is deployed relative to both bias direction and wave direction. The
response of the model biased towards the waves with the paravane
deployed to the lee, is some 30% greater (for freguencies above the
natural frequency) than that for the model with the paravane on the
weather side (see figures 15,16 and 17). In contrast, there is
little dJdifference in mean angle associated with either bias
condition or side of paravane deployment:(see figure 18 ). It would
seem therefore that the dynamics of the Straits Pride II could have
peen significantly affected by beth its bias condition and the
deployment of the paravane on the lee-side. It is worth pointing
out again that in some instances these two asymmetries effectively
cancelled one another, while at other times they acted in concert.
It seems unlikely that it was these two alone that led to the loss
of the vessel. The next source of asymmetry (or parametric
excitation) to be considered is that due to wind drift.
Experiments with Wind Drift in Waves. The experimental
get-up for the experiments with wind drift ig shown in figure 19.
The centre of wind pressure was at midships, equidistant from the
top of the bulwarks and the waterplane. Since the model had no
superstructure, it was. not possible to induce wind heel. Instead
the model was given a bias, as above. The wind induced drift
velocities in the range of 10 to 15 cm/s. . The drift of the model
significantly reduced the roll motion by effectively increasing
damping . In 8 ¢m. waves, with the wind at full strength, it was
difficult to restrain the model from excessive yaw. The roll
responses for the model at some frequencies are therefore subject
to some uncertainty or error. The results for the three bias
conditions (using 8 cm waves) are shown in figure 20 . It is

noticeable that the results for the away bias condition are
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significantly lower than for the other two conditions., That is a
little misleading since the reason for that is due in part to the
higher drift speed attained in the bias to lee condition (probably
due to the reduced drag at this orientation). In order to determine
if it was possible to simulate the effect of wind drift, by towing
the model laterally, experiments were carried out in which the
model was towed. Towing affords much greater control over such
things as drift speed, and yaw. The results of the experiments
(with 8 cm. waves) performed with tow induced drift are shown in
figure 21. The results are broadly in agreement with those for wind
drift, if account is taken of the fact that for the bias to lee
condition, drift speeds were quite different (they were nearly 40%
higher) . Certainly for the bias to weather condition, the results
are nearly identical . Experiments at higher drift speeds confirm
the similarity for the bias to lee response. It was therefore
decided to conduct the remainder of the tests with drift simulated
by towing.

Tests were carried out at a drift speed of 10 cm./s. in 10 cm.
waves, with a paravane deployed to lee and to weather for various
bias conditions. The results are shown in figures 22 to 26. For the
experiments with the paravane on the weather side, in 10 cm. waves,
there is little difference between the responses for the three bias
conditions. Larger waves were used here to ensure responses were of
a similar wmagnitude to those with no paravanes. There 1s a
noticeable reduction in response for the model with drift induced,
but mainly for frequencies less than the natural frequency. This
can be seen in figures 22 and 23. In fact the reduction in roll is
less than might be expected considering that the evidence from
decay tests points to an increase in damping of approximately 50%
due to drift. For the model with the paravane on the lee side there
is a greater difference between responses for the three bias
conditions. The differences between the responses relative to
paravane position also appears Lo change { comparing figures 24 - 26
with figures 15 - 17) . This is most noticeable for the bias to

weather condition. The difference is too small for an
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unequivocal conclusion, but suggests that drift may play some role
in generating parametric excitation effects.

More obviously drift changes the bias angle in the lee
direction. Thus for the vessel biased to lee the effect of drift is
to increase the lee bias angle (negative to lee), but for a bias
to weather the bias angle is reduced. The results are shown in
figure 27. This effect increases with drift speed.

3. Discussion.

' It is clearly not possible to repro&uce the conditions
experienced by the Straits Pride II at the time of its capsize.
Even if it was possible to demonstrate a capsize in a series of
model experimentsg , there would remain the question as to the
applicability and interpretation of thé results, based, as they
would have to be, on a number of (questionable) assumptions.
Historically the analysis of a capsize has been in terms of a
static (or quasi-static) analysis of the presumed stability of the
vessel at the time of the event. The inadequacy of that approach
has long been recognised by many of those concerned with Safety at
sea. However it has as yet not been possible to arrive at a
consensus for a methodology for an analogous dynamic analysis.
Dynamic effects are, by their very nature difficult to assess,
quantify and analyse. The approach used here demonstrates dynamic
effects by exploiting possible asymmetries in the motion. This is
done in a sufficiently controlled manner to make assessments of
dynamic effects possible. For example it has been shown that
deployment of a single paravane may significantly modify the roll
motion of a vessel under certain conditions. The next step is to
gain insight into those particular conditions leading to the most
significant dynamic effects. This may be done using numerical
simulation tools and/or further experimental work. It is not a
simple task, since the effects are subtle and multifaceted.
Preliminary investigations indicate that even sophisticated time
domain simulation codes [11] are not able to predict some of the
dynamic effects encountered in the studies conducted at Memorial

(5], including those reported here with single paravanes. That in
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itself may lead to insights into these effects. With the ingights
gained through further investigation it may be possible to
establish scenarios in which these dynamic effects are both
significant and dangerous. For example, it was hypothesised that
the restraint associated with wind drift might exacerbate the
asymmetry due to the single paravane. That was not adequately
demonstrated in this series of tests, although there were
indications of some additional asymmetries.

Returning to the loss of the Straits Pride IT, it is not clear
whether or how the loss of the starboard-side paravane may have led
to capsize. It is clear that there are two gignificant factors to
be considered. One is the additional roll damping afforded to the
vegsel by the paravane, and the second is the significant
modification of the roll of the vessel under certain conditions due
to the paravane. The former is an obvious aid to stability, while
the second is likely to be otherwise. Would the jettisoning of the
remaining paravane have saved the vessel? This 1ig an important
question that clearly needs to be answered. Further investigation
is necesgsary. The tests were conducted in regular, ’symmetric’ beam
waves in a steady beam wind. The conditions experienced by the
Straits Pride II would have been much less rgymmetric’, with
irregular, non-symmetric quartering waves in an unsteady wind and
strong surge motions coupled into the roll causing a greater
likelihood of the asymmetry of the paravane dynamics to be a
contributing factor in its capsize. However this is conjectural,
and needs to be gubstantiated. Surprisingly there is little
evidence to suggest that asymmetry in the dynamics leads to
significant increases in mean angle of roll. Even the effects of
drift or paravane ’lift’ may be regarded as quasi-static (as for
wind induced heel) . The increasing list experienced by the Straits
Pride II, would appear to be of quasi-static or static origin. In
fact the quasi-static effects are likely to be steady while the
purely static may in fact change with time, with progressively
greater transverse shifts of the centre of gravity due to the

movement of the fish cargo and the accumulating volume of green
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water taken and retained on the lee-side. Preliminary experiments
with water on deck suggest that the dynamics of its motion do not
lead to increases in mean roll angle, although again the roll of
the vesgsel is significantly wodified by its action. Further
experiments on the combined effects of bias, single paravane, and

water on deck are planned.

4, Conclusion.
It has been shown that paravanes add considerably to thé

roll damping and thus the dynamic stability of small fishing
vessels. Some paravanes clearly do the job better than others. More
work needs to be done to find the most effective design over a
range of roll amplitudes and Froude numbers. To what extent the
loss of a paravane endangers the safety of a vessel is not entirely
clear. It is apparent that for a vessel subject to asymmetric roll
motions, there are conditions for which the loss of a paravane may
significantly affect the subsegquent motion. Wind induced drift may
further modify roll, if only in so far as to increase the mean
angle of roll. From simulations carried out thus far, it would seem
that all these effects are dependent on, amongst other things, hull
geometry. It will therefore be necessary to conduct a further
series of experiments to evaluate the role of hull geometry in
this regard. '
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Figure 6(b). Small Paravane.
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Safety for Fishing Vessels in the Hauling Course

T.C.Feng Y.S.Tao
Abstract

A fishing vessel in operating conditions is not only subjected to the waves and winds but also
to additional heeling moments, for example, the time dependent hauling moments. The paper
discusses the rolling motions with strong nonlinearities in hauling courses. Assumihg that the
rolling response spectrum is of narrow band, the rolling equation can approximately be solved
in time domain by the impulse method. Computing results show that the rolling responses and
safety of fishing vessels are significantly influenced by hauling moments.

1 Introduction

Ship stability in waves is one of the most important performances to ensure safety of fishing
vessels. It is the inherent ability to resist capsizing of a ship in seas as reacts to the dynamic
combinations of forces acting upon the ship. These forces inctude those generated by waves and
winds. Besides they must also include effects which are not directly induced by waves and
winds, for example, hauling forces of a fishing vessel in operating conditions.

Vessel safety is related to large amplitude rolling motions requiring the consideration of
nonlinear dynamics, therefore nonlinear hydrodynamic forces and exciting forces which are
perhaps associated with time dependent coefficients must be taken into account in the motion
equation. If the amplitude of the rolling motions are small, the forces corresponding to nonlinear
terms may be ignored and the problem reduces to a linear one. The theory for predicting linear
motions, as is well known to all, is well developed, and in most practical applications the
predictions obtained from linear analysis are sufficient. However, if the amplitude of the rolling
motions are large, the effects of nonlinearities appear to be significant. The nonlinearity may not
only modify the magnitude that would be predicted by a purely linear analysis, but also change
the general characteristics of a response.

The paper discusses the rofling motions of fishing vessels in operating conditions with strong
nonlinearities including time dependent hauling moments, The rolling equation can approximately
be solved in time domain by the impulse method under the condition of assuming the rolling
response spectrum is of narrow band.

2 Hauling Moments in Course of Hauling

In order to determine the stability of vessels under the action of fishing gear pull, an
essential problem is to evaluate the fishing gear pull. For this purpose, the pull has been
measured on two sister combination fishing vessels in the East China Sea B Tts principal
particulars are as follows:



displacement (t) 350.00

length (m) 34,00
beam (m) 7.00
draught (m) 2.90

machine power (h.p.) 600.00

The course of hauling is divided into four stages:
(1) at the beginning of hoisting catch;
(2) hoisting catch clear of the water level;
(3) hoisting catch in close contact with the bulwark;
(4) hoisting catch above the bulwark.
The pull of pursing davit varies with the time. It were measured ten times in all.

As the pursing davit is intended to sling towards ship’s side from commencement to the end
“in the course of hauling, heeling moment can be obtained provided that heeling arm 1 is given
while the pull has already been determined. The product of the pull and heeling arm 1 is the
heeling moment. Thus a group of curves can be obtained representing the variation of the
heeling moment with the time. The average. curve of the group curves is shown in Figure 1. As
shown in the figure, the duration of the moment acting on the vessel is about thirty seconds. A
fishing vessel in a short time being subjected to a specified moment obviously will produce large
effects on rolling motion. The average curve given by Figure 1 is taken as the heeling moment
curve in our calculations.

3 The Governing Rolling Equation

A fishing vessel in operating conditions is not only subjected to the waves and winds but also
to additional heeling moments, for example hauling moment. Nonlinearities of restoring and
damping moments of rolling motions must also be considered. Then the pure ship rolling motion
about the longitudinal axis passing through its center of weight is discussed in what follows. The
governing rolling differential equation can be represented as follows:

1.5+NR(®)+DR(8)=M () +M, () +M, (1)

where
g -- relative rolling angle
I, -- real and added moment of inertia
N(0)=k,[8 -- damping moment
k, -- constant
D -- displacement
R(0)=D Y. 1y, 05" -- restoring moment
r -- coefficients related to the GM curve fit
M. () =k cw’cos(wt) -- wave moment
k, -- coefficient modified to irregular sea
«, -- effective wave slope amplitude
w -- wave circular frequency
M,(t) -- hauling moments given by Figure 1




M, -- steady wind moment

We may rewrite the equation (1) as the follow form:

L8+k I 6+Dr 0=M(t,0) (2)

where
n (3)
M(t,0)=M ()+M 10 +M, —D2r2i+182“1
i=1

The governing roll differential equation is complicated and highly nonlinear, The left side
of this equation includes only linear items, while its right side includes all nonlinear items.
Providing that M(t,6) in the equation (2) is regarded as a exciting moment, the equation may be
solved by the impulse response methods which was presented in references [2].

Since rolling motion is a narrow band process, one can assume that hydrodynamic
coefficients of rolling motion do not connect with rolling frequencies. M(t,0) can be regarded
as a series of impulse moments. The rolling history generated by M(t,0) can be obtained by a
convolution integral, i.e.

t 4
() = [ M(,Oh(e-E)d @

where
() -- the impulse response function of rolling motiony, it can be represented

mathematically as the following form:

&
-2 (5)
e 2 sin(wgh)

h(t)=—"
Ixmo

™

where
we =V'Dr, /I, - the natural period of the rolling motion

Because M(t,8) includes value 6 which is a value to be solved, we use the previous value
instead of the current value during computing process. Of course, the iteration can also be used.

3 Application Example

Based on above described procedure, a numerical example of vessel rolling in the course of
hauling was given and the effects of hauling to safety of the fishing vessel were analyzed. The
vessel considered here is a chinese VSY812 type fishing vessel and its principal particulars are

displacement (t) 356.760



length (m) 35.00
beam (m) 7.00
draught (m) 2.80
windage area (m?) 143.90
machine power (h.p.} 600.00

Figure 2 shows a rolling history due to hauling in calm sea. It can be seen from that tigure
that the maximum roll angle appearing at about 18 s from the hauling beginning is about 9 deg.
during hauling in calm water.

Figure 3 and Figure 4 show rolling histories under the wind speed of 15 m/s during
. hauling in seas. The wave height is 2.0 m for Figure 3 and 3.0 m for Figure 4. Each figure
includes three cases of hauling, i.e., hauling in the direction of the windward side, hauling in
the direction of the lee side and without hauling. It is clear from these figures that the maximum

‘roll angle increase evidently due to hauling moments.

The variation of the maximum roll angle with the wave length and wave height are shown
in Figure 5 and Figure 6. The roll histories in Figure 5 represents hauling in the direction of the
windward side and ones in Figure 6 represents hauling in the direction of the lee side. These
figures show again that the maximum roll angle is very sensitive to hauling moments and the
direction of hauling. It may be dangerous if hauling operates in higher sea states.

4 Conclusion

Roll motions of a fishing vessel which is concurrently subjected to waves,winds and
hauling moments have been discusses in which the strong nonlinearities were taken into
consideration. Calculated results show that the roll response and safety of fishing vessels are
significantly influenced by moments and the direction of hauling. It is reasonable that hauling
moments are taken into account in investigation of the safety and stability for fishing vessels in

operating conditions.
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Nonlinear Dynamics and Capsizing of Small
Fishing Vessels

Changben Jiang *  Armin W. Troesch I Steve W. Shaw !
June 14, 1994

Abstract

Designing ships which resist capsizing is the goal of ship stability
analysis. Ship stability has long been analyzed using a highly approx-
imate static approach. The static analysis solely considers the ship
righting arm curve as compared to other "successful” vessels. Such
an approach totally neglects the influence of external random wave
excitation and vessel damping characteristics. For the work presented
here, modern methods of dynamical systems analysis are used to eval-
uate the increased risk of capsize for small Native American fishing
boats operating trap-nets in Native American Treaty-ceded waters on
the Great Lakes. These trap-nets are being evaluated as replacements
for the traditional gill-net.

In the analysis, geometric methods and Melnikov functions are
extended to random excitation and applied to the study of large am-
plitude rolling motion leading to capsizing in real beam seas. With
1o restriction on the restoring force, the rolling motion is studied as a
highly nonlinear dynamic probler. The probability of capsizing and
the effect of trap-net induced mean heel angles are estimated by cal-
culating the rate of phase flux. The theoretical results are supported
by simulations using random excitation.

*Graduate Student, Dept. Naval Architecture and Marine Eng., Univ. of Michigan
t Assoc. Prof., Dept. of Naval Architecture and Marine Eng., Univ. of Michigan
tProf., Dept. of Mechanical Eng., Michigan State Univ.



1 Introduction

Native American Treaty-fishing on the Great Lakes has been a contro-
versial subject in recent history. In order to resolve longstanding disputes,
Tribal, State, and Federal governments, along with various sport fishing orga-
nizations, established the 1985 Consent Agreement. This agreement defined
a mechanism for resolving disputes for a 15 year period while conserving and
enhancing valuable fish stocks. One result of the agreement is the proposal to
evaluate trap-net fishing as an alternative to the traditional Native American
gill-net fishing method. The gill-net is allegedly indiscriminate in the fish it
catches, and because of the basic design of the gill-net, fish are alleged to
almost always be dead when extracted from the nets. The groups opposing
gill-net fishing claim that the inadvertent harvest of Lake Trout is depleting
a large sport fishery, a fishery specifically exempt {rom commercial fishing by
the 1985 Consent Agreement. The trap-net, a more complex and expensive
fishing system, is designed to hold fish alive until returned to the water, thus

potentially preserving trout stocks.

There are significant operational differences between trap-netting and
gill-netting. The trap-nets are taken in over the side, producing a steady
heeling moment. Gill-nets are generally draped transversely across the deck,
producing little change in the vessel’s upright position. Nearly three-fourths
of the Tribal boats engaged in net fishing are small, trailered boats of 16ft
(5m) to 25ft (7.6m) in length. In these small vessels, the overturning moment
of the trap-net line effects a large heel bias, and the trap-netting operation

may present an additional safety hazard in rough weather.

In the following sections, the increased risk of a steady heeling bias, such
as that experienced during trap-net operations in small fishing boats, will be
examined. The effects of random waves, characteristic of those spectra found

on the Great Lakes, will be included.




2 Background on Various Dynamic Stability
Analyses

Existing stability criterion based solely on ship statics is not applicable
to small boats which are the most likely to be lost in storms [1]. Large am-
plitude rolling motion which leads to capsizing is highly nonlinear and rich
of complex dynamics. Understanding this nonlinear dynamic phenomenon
on a fundamental level is the only way to improve stability standards. In
the past fifteen years, many scholars have advanced methods dealing with
nonlinear rolling. Most of the methods are perturbation related, based upon
the assumption that the restoring force is weakly nonlinear (2,3,4,5]. This
may be true when the ship rolls in the range far from capsizing but is cer-
tainly untrue when ship motion becomes dangerous. Simulation, which is
not restricted to certain forms of the restoring force, has been used and com-
bined with the concepts of safe basin and basin erosion for deterministic and
stochastic forcing [6,7]. However, simulations, which are time consuming,
are generally inconclusive unless exhaustive studies of the parameter space
are performed and thus not suitable for establishing stability standards. If
the excitation is random, the method proposed by Roberts [8,9] can handle
highly nonlinear restoring forces, but still fails to give an realistic prediction

for extreme motion,

Recently, in a series of papers the global geometric method employing
Melnikov analysis has been used to study ship stability. Falzarano, Shaw and
Troesch [10] applied the method to studying capsizing in regular sinusoidal
waves. Global analysis techniques have also been applied to periodic and
parametric forcing, with and with out bias [11). Hsieh, Troesch and Shaw [12]
have successfully applied the Melnikov function method to an unbiased vessel
in random beam waves. In a recent paper by Jiang, Troesch and Shaw [13],
this method was extended to a biased vessel with arbitrary restoring force.
The present paper will apply the same ideas and methods in investigating the
stability of a small Great Lakes fishing boat, with and without bias, rolling

in random seas.



3 Formulation of Single Degree of Freedom
Roll Motion

We start with the linear two-degree of freedom equations involving roll
and sway motion:

My + An MM+A24HQ}+{BW Bu] lz},Ho 0 Hy}z[

Map+ A My+Au || ¢ By Ba || ¢ 0 Cu || ¢
(1)
where y is the sway displacement and ¢ is the roll displacement; the A’s
and B's are added mass and damping coefficients which are calculated by
a linear hydrodynamic program SHIPMO {14]. These two modes of motion
can not be decoupled because of the damping. For undamped systems or
proportionally damped systems, it is easily shown that the ship rolls about
a roll center like a pendutlum and roll motion can be decoupled from sway. If
a pseudo roll center is assumed to exist when general damping is present, we
then get a similar single degree of freedom roll equation including quadratic

roll damping:

Lud + By + B44q$l‘2.5| +AGZ = F(t) (2)
where

Iy = Au+Mu+ AR, (3)

Ag + My
R, = —AutXe 4
Ay + My )
F(t) = R+ R0 )
GZ = Co+ Cigp+ Cad®+Cs¢° +-+ (6)

R, is the distance of the pseudo roll center above the center of gravity;
T7 is the restoring arm and A is the displacement of the vessel; ACqy is
a bias moment which could be caused by wind, shift of cargo, ice on deck or,
for the application studied here, the pull of a fishing net; Ba4q is quadratic
damping coeficient and is estimated from empirical formulae [14]. Note that
Aua, Aaz, Bss and By, are all frequency dependent and a range of frequencies
exists in random excitation. A reasonable frequency for these coeflicients

could be either the linear natural frequency or the frequency on which the

|




excitation energy is concentrated. Here we pick the later, since these small
boats are generally quite stiff with a roll natural frequency higher than typical

sea states.

The ship we are studying is a generic small Great Lakes boat, 16.5ft
(5.03mj on the waterline, or 19.25ft (5.87m) in overall length. Figure 1
shows the body plans. Figure 2 shows the GZ curves for two different condi-
tions - with and without bias. The estimated line tension due to the trap-net
is approximately 7001bs (3,114N) which will cause a 8.95° static heel angle.
From the viewpoint of a static analysis, the vessel has sufficient reserve sta-
bility with a 4.67ft (1.42m) GM. However, a risk assessment of the hull’s
dynamic performance, with and without the bias induced by the trap-net, is

not possible by simply considering the GAM.

The sea state is considered as a stationary ergodic Gaussian process with

an ISSC power spectrum density(psd) function:
SHw) =0. 11H2—— exp(—0. 44( )“) (7)

where H, and w, are the significant wave height and the characteristic wave
frequency respectively. The power spectrum of the rolling moment F(t) is

related to SF(w) in a linear hydrodynamic way:
SF(w) = [Fron( (@)>SF(w) (8)

where Fyon{w) is the moment amplitude per unit wave height at frequency w
and is determined by Equation (5) and the hydrodynamic program SHIPMO.
The quadratic damping is due mainly to the hard chine. In order to compare

with previously published results, we choose a cubic GZ curve.

4 Melnikov Function and Phase Flux

The Melnikov function is a powerful method in nonlinear dynamics used
to predict the onset of complex phenomenon like chaos and other qualitative
changes in the dynamics. It is especially effective in ship stability analysis

where the change from safe basin into capsizing is of paramount interest {10].

5



The rate of phase flux which is calculated from the Melnikov function can
quantify how much of the safe basin is being transported out per unit {ime,
both for deterministic excitation and for random excitation [12,13,15]. Ship
capsizing probability, closely linked to the statistics of phase flux, will even-
tually be predictable by calculating the rate of phase flux. In this work, a
rigorous relationship is not derived, but rather empirically determined by

comparing theoretical phase flux results with simulation.

In order to apply the Melnikov function and calculate phase flux, Equa-

tion (2) is nondimensionalized as follows:
F(t) + e612(t) + e622(2)]E(E)| + S0 + 2(2) — ax’(t) = ef(t) (9)

where

z— ¢, 1wt

w. = 01A Q—-_(i.
TV Ly + A’ T wy

Co B44wn B44
o= G0 g o Bun o D
°T <1 ChA €01 Iis + Asa

~Cs F(t)
= — ) = ——
o YO=zGa

Note that time is scaled by wy for convenience; wy is the linear natural fre-
quency; the terms indicated by € are small terms and treated as perturbations
in the derivation of Melnikov function. After nondimensionalizing, damping
and excitation terms become small but the nonlinear restoring terms and the

bias term do not [13). Equation (9} is rewritten in Cauchy standard form:
i(t) = y(&) : (10)
§(8) = —bo— z(t) + ac®(t) + (=y(t) - (@) + f() (1)

The Melnikov function for the above system is defined as follows [16,17]:

M(ty) = ]

o0

yn(8)[~6uyn(t) — (s (@)] + S+ 20)lde (12)
where y4(t) is the ordinate of the homoclinic orbit parameterized by time ¢
in the phase plane of the unperturbed system
(1) = y(b) (13)
§(t) = =8 —a(t) +az’(t) (14)




Except for § = 0, it is difficult to find an analytic solution for the above
equation but determining a numerical one is straightforward. We denote
the homoclinic orbit as (zx(t), ya(t)). The region enclosed by the homoclinic
orbit is called the safe basin because for systems with no forcing and no
damping, any point inside this region will stay inside ( i.e. remain upright)
and any point outside will lead to capsizing. The area of safe basin can be

readily integrated:
Av= [ ua(t)da(t) (15)

It is clear from Equation (12) that the Melnikov function M (fo) consists of

two parts, a constant part and an oscillatory part:

M(to) = M(to) - M (16)

where
W= 6 [ n@rds [ OR O (17)
W) = [ un®f(t+to)de (18)

As pointed out in [12,13,15], M (to) is a linear transformation of the excitation
with a time domain input-output relation shown in Equation (18). In the

frequency domain, M(to) and f(t) are related through the power spectrum:
SE(Q) = (2n ) [Ya(@)* 57 () (19)
where Y;(Q) is the Fourier transform of yn(t) defined as:

V(@) = 5= [ mm(t)e et (20)

—C0

Combining Equations (19) and (8), we get:
St(9) = @) [Ya(@)P | Fran(VPSE(Q) (21)

The wave elevation spectrum is defined as Equation (7) which, after rescaling,

becomes:
4

SH(Q) = 0.11H? “’; exp(—0.44( Qijﬂ)“) (22)




From the power spectrum, the Root Mean Square (RMS) of M (1) is easily
determined (see the Appendix)

o = [ VP Fa( Q)1 5 ()i (23)

and the rate of phase flux can be derived (also see the Appendix)

€ M - M
E[Hsaopn(m) + N[Pn(

HaO'G

2 _
An

)~ M) (24)

In the above, op is the RMS of M(tg) for unit significant wave height and
is determined by Equation (23). pa{.) and Py(.) are the standard Gaussian
probability density function and probability distribution function. ¢ is an
indicator to show that ;f: is small. It does not effect f—h since it is defined in

the rescaling of oo and M in the calculations.

5 Results and Discussions

The phase flux expressed by Equation (24) is evaluated numerically [13].
Figure 3 shows the change of % with excitation in both the unbiased con-
dition and the biased condition (heel angle=8.95°). The exact quantitative
relation between the rate of phase flux and the probability of capsizing is
involved [13] and is the subject of future research. However, the Melnikov
function tells us that phase flux implies capsizing, sooner or later. The larger
the rate, the more probable capsize becomes {12,13]. The wave height at
which the rate of phase flux starts to increase rapidly is very dangerous for
the vessel. From Figure 3, we observe that for the fishing boat in its normal
condition this critical wave height is between 4ft (1.22m) and 5ft (1.52m).
Tor the biased condition, representing the boat hauling in the trap-net, the
critical wave height reduces to 2ft (0.61m) to 2.5{t (0.76m). Simulations with
random excitation [12,13,20] were carried out to verify this estimation. The
characteristic wave period T, was chosen as 4.0 sec. Every simulation ran
for 34.1 minutes or until the boat capsized. For each wave height, 499 real-
izations were generated and the probability of capsize was determined. The

result is plotted in Figure 4. For the normal operating condition (i.e. fishing
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with a gill-net), the probability of capsize at Hs=4.0ft (1.22m) is 0.6% (3
out of 499) and reduces to zero (0 out of 499) at Hs=2.0ft (0.61m). The rate
of the normalized phase flux at 4.0ft (1.22m) is 0.0000111. Conversely, there
is nearly 100% probability of capsizing when conducting trap-net operations

in Hs=4.0ft (1.22m) seas.

Applying the results of Equation (24) for varying wave height and pe-
riod, Figure 5 shows how, by inferring capsize from the rate of phase flux, the
characteristic wave period influences vessel’s stability. All of the wave heights
in Figure 5 have the same rate of phase flux A% = 0.000037. Based upon
simulation results, at T, = 4.0, this rate of phase flux induces a probability
of 7.8% and 6.4% for capsizing in normal and biased conditions, respectively.
However, the wave height at which this occurs in the normal condition (i.e.
gill-netting) is between 4ft (1.22m) and 5ft (1.52m) while in the biased con-
dition (i.e. trap-netting) the wave height has been reduced to just over 2ft

(0.61m).

The prediction by phase flux agrees well with simulation. Figure 6 shows
the effect of bias on relative dynamic stability. The y-axis is the ratio of wave
heights (Hori) with the same rate of phase flux (A% = (.000037) in biased
conditions and unbiased conditions. The dotted line in Figure 6 is the ratio
of asymptotic wave heights (H;) for biased and unbiased condition. The
asymptotic wave height is defined in [12] as

fr = V2TM (25)

- 20’0

$

It is easy to see from Equation (24) that the rate of phase flux at H does
not depend on characteristic wave period. Calculations also show that the
rates of phase flux at H are roughly the same for biased and unbiased cases.
The potential of phase flux in predicting capsize is verified again by the fact
that H,i and H? give the same qualitative information about the effect of

bias (see Figure 6).



6 Conclusions

The ship roll equation is suitable for the application of Melnikov function
and phase flux analysis without any restrictions placed on the GZ curve or the
magnitude of the rolling angles. The method can incorporate the irregularity
or stochastic nature of the seaway. A ship’s ability to resist capsizing can be
investigated both in the unperturbed system (in terms of the safe basin) and
in the perturbed system (in terms of phase flux). Phase flux is a measure
of the area of safe basin being transported out. The rate of phase flux is
an important statistical property of a ship. It has been shown to be closely
related to capsizing and is a good candidate for assessing the risk of capsizing

in given sea states.
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Appendix The Derivation of Phase Flux

To calculate phase flux, the statistics of the oscillatory part M (to) of
Melnikov function must be determined first. It is obvious that M(to) is
stationary and Giaussian since the excitation f(¢) is stationary and Gaussian.
A Caussian random process is fully defined by its mean and variance. The

mean value of M(to) is simply

El(to)] = B[ u(®f(t+to)dl]
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= [ nOE(@+ )
= 0

since E[f(t + o)) = 0. The Root Mean Square (RMS) value becomes:
o = B ()] - (B ()Y = [ 55 (R)d0
= [T @RI Fa(@)P s (@)

The average rate of phase flux can be calculated through the Melnikov

function as follows [15,18}:

2 = Jim o ] M*(to)dto

- 11m2— f (N (o) — M)*dto (26)

where M*(to) denotes the positive part of the Melnikov function. The er-
godicity of M(#,) enables the time average in Equation (26) to be evaluated
by its ensemble average [19], then

= eB|(#(to) = #1)*) = ¢ [ (z = B)p(2)d (27)

where z is a Gaussian random variable representing the Gaussian random

process M (to), with mean 0, variance or and probability density function

22

o) = g e(—5or) (28)

The expression of phase flux can further be simplified by introducing the
standard Gaussian probability density function p,(2) and probability distri-

bution function P,(z):
2

' z
pa(z) = T exp(—3) (29)
Pal?) = [ pale)da (30)
and Equation (27) is then written as
oo _ 1 22
¢ = C/M (z— M) oo exp(~5—0—2ﬂ;)dz
o ] M z?
= eoy ~ My exp(=2)d
€T -[x\?/a,;{ \/'Z_Tr-(m O'M)GXP( 2) z
M _ M -
= eogon(—)+ MPn(-———) - M| (31)
TNt TNt
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Because of their linear relationship, the RMS of M(to) is proportional to
the significant wave height. If we denote oo as the RMS of M (1) for unit

significant wave height, the rate of phase flux, nondimensionalized by Ay, is

M - M -

i

£
An  Aa
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On the Practical Evaluation of Shallow Water Effect
in Large Inclinations for Small Fishing Boats.

Kiyoshi AMAGAI, Nobuo KIMURA and Kimihiko UENO
Abstract

This paper describes the classification of characteristic
pehavior of shallow water on a ship's deck, based on model
tests wusing an oscillatory rectangular tank physically

simulated with sinusoidal motion.
From the viewpoint of transverse stability in small

fishing boats, the authors paid attention to two types of
complicated behavior, which appeared at near the first and
second resonant periods between the shallow water and the
ship. These phenomena in large inclinations were simulated
by wusing the Marker-and-Cell(MAC) method and Solution
Algorithm for Transient Fluid Flow(SOLA) in order to obtain
an equation for the motion of shallow water.

Furthermore, tank tests using a general model of small
fishing boats were carried out with shallow water on the
deck in beam wave. From the results of rolling motion and
transverse force of shallow water, shallow water effect on
transverse stability was evaluated practically.

1. Introduction

Small fishing boats in JAPAN have high bulwarks and
small-scale scuppers or freeing ports generally. In ordinary
circumstances of c¢ruising or fishing operation, these
fishing boat structures are useful for an increase in
transverse stability. However, when there is shipping water
on deck, sea water stays on deck for a long time due to the
difficult in expelling the sea water from the freeing ports.
For seakeeping qualities of small fishing boats, it's
important to estimate correctly the shallow water effect in
large inclinations, especially in resonant.

A large number of experimental or numerical studies have
been reported about the motion of shallow water on deck.
Some of them dealt with the motion of shallow water in an
oscillating model tank which simulated physically the motion
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of water on deck. But,little has been reported about the
characteristics of shallow water when the oscillation period
is the first or second resonant period between the water and
ship, at a large amplitude rolling motion. Also little
attention has been given to the consideration of viscosity
when very shallow water is moving across the bottom of the
tank at a high velocity.

From the viewpoint of the stability of small fishing
poats, the characteristic behaviors of shallow water using
an oscillating tank were classified into five categories.
Two types of complitated behavior are worthy of attention.
Tn these two behaviors, the movement of the center of
gravity could not to be estimated by using the conventional
static method. Therefore, taking into consideration the
above mentioned problem, numerical calculations using the
MAC method and SOLA were tried and it was found that they
could simulate the behaviors of shallow water.

To clarify rolling motion due to the behavior of shallow
water, tank tests were performed by using a ship model i.e.
a 19.9GT fishing boat for salmon in beam sea, at near the
resonant period. From the experimental results of roll
damping and rolling response function, the shallow water
effect on transverse stability was evaluated practically.

2 Experiment

2-1 The behavior of shallow water

2-1-1 Experimental method

The rolling system used in the experiment was designed
and built by Hiranuama[l] referenced Adeel2]. It consists of
a driven mechanism provided with a sinusoidal oscillation to
a tank and is as shown in Fig.l. A variable speed A.C. motor
was connected to Scotch-Yoke through arm 1 and arm 2 , and
the Scotch-Yoke ensured sinusoidal motion. ’

The dimension of the tank used in the experiment was
length:10cm, width:50cm, and depth:20cm, respectively. Each
combination of the maximum inclining angle of rolling ( 5.0,
10.0, 15.0, and 20.0 degrees ) and water depth ( 1.0, 2.0,
4.0, and 6.0 cm ) were tested in the oscillation period

range from l.lsec to 4.0sec.
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9_1-2 Classification of the behavior of shallow water

From the viewpoint of stability, we classified the
pehavior of the shallow water into five categories (a)~(e)
as follows;
(a) The shape of the free surface was kept approximately
horizontal{3], and behaved as a standing wave.
(b) As a whole, the behavior of the free surface locked like
type (a)'s. However, there were some transient waves
resembling bumps on the free surface.
(¢} A transient wave arose on the free surface. But at the
time when the angle of inclination was maximum, the shape of
the free surface was horizontal and as a whole the behavior
of the free surface looked like type (a)'s.
(d) A transient wave arose, and the free surface remained
nonlinear in shape.
(e) There were two transient waves which proceeded in

opposite directions.

Where, we defined the term "transient wave" to refer to a
wave which proceeded with its medium, e.g., bore etc.

The classification of characteristic behavior of the
shallow water is as shown in Fig.2 (a)-(e).

The authors took notice of the two types of complicated
behaviors, (d) and (e), and realized that the movement of
the center of gravity could not be estimated using the old
static method for transverse stability which assumes that
the shape of the free surface is horizontal. Therefore, a
numerical simulation became necessary to grasp the shape for
these cases. Type (d) appeared close to the first resonant
period, and type (e) appeared close to the second resonant

period.

2-1-3 The relation between oscillation period and behavior
of shallow water
The relation between oscillation fregquency and shallow
water waves in an oscillating tank has been studied by
Yoshioka et al[4]. According to the index S based on the
nonlinear theory ( refer to Appendix 1), shallow water waves

pecome bore in the domain of |s|< 1.
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Fig.3 shows the relation between frequency of tank and
behavior of shallow water according to this theory[3]. In
this figure, w-11 is the limit frequency that indicates the
change from standing wave to bore near the first resonant
(in this case s=-1), and w+ll is the limit frequency that
indicates the change from bore to standing wave near the
second resonant (in this case s=1). In this report, the
frequency domain that transient wave arises corresponded to
the frequency domain that bore arises in Yoshioka's
nonlinear theory, and tried to apply this theory for the
experimental results. Little is known about the application
of this theory to cases where oscillation amplitude is more
than 10 degrees.

Tn cases that oscillation amplitude was larger than 10
degrees, @-11 indicated the change from standing wave to
bore in our experiment. Typical results are as shown in
Fig.4(a)-(b). According to this thebry, standing wave arose
again close to the second resonant frequency. However, in
the case shown in Fig.4(b), the domain Is] <1 included the
second resonant frequency 2w0. In other words, w+11 is
larger than 2@0. Therefore, the application of this theory
to this case is impossible. In this case, it was observed
that the shallow water wave didn't become a standing wave,
and two transient waves proceeded in opposite directions in
close to the second resonant frequency (a type (e) wave as
defined previously). However, @+11l is considered to be an
important indicator, because @w+ll can indicate the change

from type (d) to type (e).

2-1-4 Numerical analysis[6]

As mentioned above, type (d) and (e) showed complicated
behavior. Therefore, a numerical simulation became necessary
to grasp these behaviors and we tried calculations using the
MAC method and SOLA[7-8]. Assuming that the water in the
tank is incompressible and viscous, the equations of motion
for water in the tank are the Navier-Stokes equations and
the mass continuity egquation referred to in the Appendix.

Fig.5 shows a comparison of the numerical results with
the experimental results in a typical case of type (d) shown
in Fig.2(d). In type (d), we sometime observed a phenomenon
where a transient wave collided against a side wall of the
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tank and just after rolled and collided against the bottom
wall of the tank again. Numerical results could grasp this
phenomenon.

Numerical and experimental results for type (e) were also
in good agreement (see Fig.2(e) and Fig.6). In the case of
type (e), the authors observed that two transient waves
proceeded in opposite directions. The position where two
transient waves collided and the shape of the free surface

could be simulated .

2.2 Shallow shipping water effect on ship rolling motion

2-2-1 Tank test
A 2m long ship model of a 19.9GT fishing boat for salmon,

reduced in scale by 1/7.6, was used in the experiment. The
principal particulars of the model and its body plan are as
shown in Table 1 and Fig.7, respectively. The 19.9GT fishing
boat is a typical ship form of a small fishing boat in
Hokkaido, JAPAN, It has a high bulwark and small scale
freeing ports. Loading conditions of the model ship was set
to simulate actual full load conditions at the fishing
ground. In the state with all free in six degrees of
freedom, the model experiments of free roll decay and forced
roll motion in regular beam sea were carried out in the
experimental towing tank of the Faculty of Fisheries,
Hokkaido University. The dimension of the towing tank are
length:50m, width:3.5m, and depth of water:1.3m,
respectively. Wave conditions used in the experiment are as
shown in Table 2. To evaluate the shipping water effect on
ship rolling motion, the same tank that was used to
experiment using the Scotch-Yoke system was set on the upper
deck of the ship model. The width of the tank corresponded
to the model ship's breadth and the length corresponded to
1/8 the length of the upper deck, respectively. Considering
the bulwark height, water depth on deck was set at in the
range of 0.0cm to 4.0cm.

2-2-2 Results of tank test
Fig.8(a)-(e) show the response characteristics of rolling

motion on the waves.
Fig.8(a) shows the response function without water. The



response function on small waves is approximately similar to
the estimated value by 0.8.M (Ordinary Strip Method) in the
range of frequency that is more than the natural frequency.
Wave size was classified based on the wave slope in Table 2.
However, on large waves, the response function at natural
frequency is smaller than that on small waves. Although it
gives a good effect on ship stability at first sight, there
is the danger that the freeing port sinks underwater and
shipping water flows into the upper deck from the freeing
ports. It was estimated that the overhang of the upper deck
had the effect of damping. Generally, the higher the shallow
water depth gets, the less the response function of rolling
motion becomes. There is little difference in the response
function according to wave slope.

Fig.9(a)-(c) shows the typical examples of the
relationship between the damping rate of roll angle and
water depth in the tank. @0 is the average amplitude of
ship rolling motion without water and ¢@h is that with
water. Therefore, the damping effect on ship rolling motion
can be recognized in the case of @h/¢@0<l. In Fig.9(a),
the damping effect was recognized in all of water depths.
This effect of shallow water shows results approximately
similar to that of Dillingham [9]. However, this 1is a
characteristic result which was obtained in this study. The
closer the rolling frequency of ship gets to the second
resonant frequency 2@0, the less the damping effect on ship
rolling motion becomes. In the case where rolling frequency
is higher than the second resonant frequency 20, it is
sometimes observed that shallow water doesn't act as a
damping effect. An example of this case is shown in the case
where water depth is 1.0cm, and wave period is 1l.3sec, in
Fig.9(b). The pattern of behavior in this case is type (e),
and that of other behaviors are type (d). Another example is
shown where the water depth is 4.0cm, and wave period: is
2.2sec, in Fig.9(c¢c), and the pattern of that is type (¢). In
the experiment, as the behavior of the shallow water is type
(d), the damping effect on ship rolling motion was
recognized,

4, CONCLUSION



In the above, the authors verified the shallow water
effect on ship rolling motion experimentally.

The main points of this study can be summarized as
follows:
(1) The damping effect on rolling motion was recognized in
+he case where the natural frequency w0 ( first resonant
frequency ) of shipping water was close to the rolling
frequency of the ship.
(2) In the case where the rolling frequency of the ship is
near the second resonant frequency 2w0 of the shipping
water, the shallow water sometimes didn't act as a damping
effect on rolling motion. '
(3) The pattern of behavior of the shallow water on deck is
an indicator of the damping effect on rolling motion.
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Appendix

Frequency in relation to wave pattern

Co = ¥ gh ".(15

w, = (m/B)Wgh = {2)

¢ = J(Ho?2 + g)dy / (Cow) : e (3)
w2C, (0 — nw

where, CO:velocity of shallow water, h:water depth, w0
:natural frequency of shallow water,B:breadth of tank,
H;distance from center of rotation to surface of still water

in tank, @0:rolling angle, n:natural number.

Equations of motion for water in tank

The Navier-Stokes equations:

2 2
du , L0u you o %R . f0U . U, gy e (5)
gt ax 3y 3x ax: ay?

2 2
v 4 4OV 4 ,Ov - _ 9P v 9V
at‘*”ax'*vay —.—ay-+v@xz+-ay2-+fy (6)
the mass continuity equation
du , 9V _ e (7)

dx oy

where u and v are velocity component in coordinatj
direction (x,y) respectively, p is the ratio of pressure t
constant density, Tx and fy are body accelerations 1
coordinate direction (x,y) respectively, and Vv is the



kinematic viscosity coefficient which is constant[3].
Expressing the roll angle @ as

b = Pcos (wt + €) (8)
where ¢0 is the oscillation amplitude [deg], @ 1is the

oscillation angular frequency, and & is the initial phase
then fx and fy can be written as

fx = — g sin ¢ + x¢2 + y¢ + 2v = (9)
fy = — g cos ¢ + yoz — xp — 2ud + (10)



Table.l The principal particulars

Model Full

ILpp (M) 2.000 15.20
B (m) 0.500 3.80
D (m) 0.195 1.48
pisp. (ton) 0.137 59.80
df (m) 0.109 0.827
da (m) 0.242 1.838
dm  (m) 0.175 1.332
TRIM (m) 0.133 1.011
GM  (m) 0.058 0.443
XKG (m) 0.205 1.561
oG (m) . 0.174 1.320

mable.2 Wave condition

k&a
JL/A SMALL LARGE EXTRA LARGE
0.52 0.02 0.03 0.04
0.64 0.04 0.06 0.11
0.70 0.03 0.08 0.13
0.77 0.05 0.10 0.17
0.83 0.06 0.11 0.21
0.89 0.07 0.15
1.02 0.10 0.14 0.26
1.14 0.07 6.17
1.26 0.16 0.31

*EXTRA LARGE were only used
when depth of water is 3cm.
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