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LOSS OF STABILITY OF SHIPS TN FOLLOWING WAVES
IN RELATION TO THEIR DESIGN CHARACTERISTICS

ABSTRACT

Pure stability loss on & wave crest may
represent a potentially dangerous
situation to a slender, high-speed vessel
in following waves. The ship parameters
affecting this phenomenon and selected
for further parametric study are the
following: ship length Lyr(m), ship speed
by Froude number Fn{-), non-dimensional
wind Theeling lever I1y(-), flare by
vertical prismatic coefficient Cx(-) and
dynamic stability by righting energy Eo
(mrad). ’

A modular mathematical model has been
developed to estimate the "probability of
capsizing" due to this phenomenon. The
mathematical model takes into account the
heaving and pitching motions of the ship,
Smith effect, and ignores for the time
being the surge motion and oblique wave
directions. The next step consists of the
calculation of the time lapse + during
which the residual dynamic stability is
negative and the threshold wvalue 7o for

an assumed capsizal. The 1last stage
comprises a computation of long term
statistical properties for a given
distribution of wave spectra. For this

purpose the roll response is considered
to be a narrow band process allowing a
quasi-harmonic approach of the problem.
Assuming an arbitrary safety level the
systematic calculations lead te a
stability coriterion reflected by the
general expression:

Eo (required}

Co. Function (Cy. Fu,

Ly Lem)
where Co is a "matching coefficient” to
be determined on the basis of casualty
statistics and test calculations. The
conceptudl approach is pragmatic and
comparative in nature and the resulting
proposal for a stability criteriom in
principle depends upon the governing ship
parameters.

1. INTRODUCTION

A slender, high-speed vessel sailing in

following waves may represent a

potentially dangerous situation from the

stability point of view. Generally a

number of <capsizing mechanisms are

distinguished i.e.:

1. broaching-to, where the wave induced
yvawing moment exceeds for a
considerable time the course-keeping
ability of the ship and the ship
experiences a violent, forced sheer
often associated with the occurrence
of large heeling angles.
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parametric resonance (Mathieu
instability), where the ship sailing
in a group of almost regular waves
builds up & wvery large rolling
amplitude if the rolling frequency
is a multiple of half the frequency
of encounter.

pure stability loss on & wave crest,
where the ship due to its
slenderness experiences such a
substantial reduction of her form
stability that the ship may
suddenly heel over without any
preceding, significant rolling
motion.

This study will exclusively deal with the
phenomenon of pure stability loss on a
wave crest. It may be assumed that the
understanding of this capsizing mechandism
is sufficiently advanced to describe the
physical concept by means of a (modular)
mathematical model. This offers the
possibility to carry out a parametric
study with the aim to develop 2 stability
criterion as a funection of relevant ship
parameters.

In this connection it may be noted that
much attention is paid te the subject on
an international level. Quite recently

this has resulted in a number of
proposals, each based on a different
approach, for additional stability
criteria covering this specific
situation. For further information with
regard to these developments on an

international level reference is made to
[1], {2}, [3) and associated papers.

The objectives of <this study may‘ be
described as follows: '

1. to describe the physical elements of
pure stability loss on a wave crest
in order to assess all essential
parameters involved in the
occurrence of this phenomenon.

2. to” draft a computation procedure,
taking account of acceptable
gsimplifications, in order to
determine numerically the
probability of capsizing.

3. to carry out comparative-
calculations on the basis of a
systematic variation of the
parameters selected for this
Turpose.

4 to develop a stability criterion as
a function of the relevant ship
parameters on the  Tbasis of an

assumed arbitrary safety level.
A summary of preliminary studies on the
subject is given in [4].




From the problem. definition it may be
concluded that it is the intention to
"isolate" +the physical phenomenon in
order to enable a quasi-static approach
of the problem. This implies that obligque
wave directions are ignored because of
the following reasons:

1. there is no compelling need to
establish the most unfavourable
situation because the intention of
the study is te assess in a
quantitative sense the tendencies of
the influence of the parameters from
comparative calculatioms.

in the «case’ of obligque wave
directions the problem is more
complicated as a complete treatment
of the dynamics of the ship in a
seaway 1is required. In particular
the rolling behaviour, and therefore

also the actual stability
characteristics, are of paramount
importance.

The present simplified approach is based
on the assumption of the absence of a
wave-induced Theeling moment in pure
following waves.

During the last four decades a good deal
of information on the fundamentals of the
subject has been published. An arbitrary

choice of literature ~ available,
worthwhile for a thorough consideration
of" the phenomenon, is given the

in
references [5] - [10}. :

2. GENERAL, CONSIDERATIONS

One feature of stability loss on a wave
crest is among other things that the
phenomenon occurs ih a limited range of
wave length to ship length ratios around

A flur .2 1 which means that the wave

frequency acts as a relatively narrow
filter.

From a close consideration of the
"wetted" hull surface for several wave

frequencies it may be recognized that the
most critical situation coincides with a
wave iength approximately equal to the
ship length and the wave crest located
approximately amidships. (see Figure 1).

Likewise it is obvicus that the influence

of wave height upon the extent of
stability loss will increase with
increasing wave height. This influence
may be augmented considerably by =a

relatively low freeboard where the wave
crest exceeds the level of the exposed

deck with of course detrimental
consequences for the instantaneous
stability. If the flare of a cross-

section of the hull is defined by the
local derivative with respect to z (z
ordinate in upward vertical direction)
the influence of wave height may be
argued assuming that the flare is a
positive function of z. Reference is made
to {11] for a comprehensive discussion on
the aspect of flare.

Various methods for the formulation of
the stability of a ship are in existence.
In this respect one meaningful way of
presentation is:

- and

. continuously
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GNsin @ = MNsin & + BMsing® - BGsin®
\.—.—v...-_.l
- residuary stability
- h..—v_——l

weight stability

[ N— S

VT
form stability

In the particular case for very small
angles the above expression is reduced
to: :
GM = BM - BG = (XB + BM) - KG

where KG performs a "regulating" function
the formula for the metacentric
radius is: BM = I/ V

The passage of a regular wave brings
about, to first approximation, a harmonic
ogscillation of the levers of static
stability. On the one hand this is
attributable to variations of the
instantaneous form of the waterline in
the course of time and consequently
corresponding variations in the
transverse moment of iInertia ‘of the
waterline, which finds expression in =a
periodic oscillation of BM around a mean
BM-value and of GM around a mean GM-

value. This has been represented in a
schematic way in Figure 1. On the other
hand this effect is compensated to =a

certain extent by a periodic oscillation
of the momentaneous centre of buoyancy
around a mean KB-value. From this
approach, where the ship is assumed to be
in a position of static
equilibrium in the wave, it may be
derived that the mean XB-value in regular
waves is not egual to the KB-value in
still water, but exceeds this wvalue.
Likewise it may be made plausible that
for increasing z an increase of flare
will result into a BM-value in still
water exceeding the mean BM-wvalue in
regular waves. Generally, Dbut certainly
not as a rule, this will result in a mean
GM-value, which is less than the GM-
value in still water. A schematic
presentation of above considerations is
given in Figure 2.

On account of the foregoing
considerations it may be assumed that
flare is an essential parameter of the
geometry of the ship for the occurrence

of this phenomenon. Besides the ship
length in an absolute sense is a
governing parameter because with this

parameter the sensitivity with regard to-
the prevailing wave lengths and wave
heights is determined. Herewith it may be
observed that the relation between ship
size and wave dimensions in a statistical
sense is entirely defined by the wave
spectra. ’

The precision of the above idealized wview
is diminished to a certain extent by the
dynamics of the ship. The ship motions in’
the longitudinal wvertical plane i.e.
heave, pitch and surge affect the
instantaneous position of the ship in the
wave and by  that  the stability
fluctuations in the course of time. In
principle the surge motion may be
represented by an harmonic oscillation




' with e period equal to the period of
encounter, which leads to the phenomenon

that the ship remains relatively longer

on a wave crest and relatively shorter in
a wave trough [12]. Principally the
effect of this phenomenon is dictated by
wave steepness and by ship speed, which
culminates in the occurrence of the so
called "surfing® or riding on a wave
-crest by which the ship is carrded along
with the wave (Fw 2 0.4) for a certain
time lapse. If the Froude-Krylov
hypothesls 1is assumed to be wvalid it
means that the presence of the ship in
the wave does not disturb the wave
profile. Then the dynamics of the wave
may be tsken into account by a simple
correction of the hydrostatic pressure
distribution in still water for the
influence of the orbital velocity in the
“wave. The effect of the orbital velocity
in the wave on the pressure distribution
in the wave is known as the Smith-effect.
However, if the potential function of the

undisturbed incident wave is expanded
with  potential functions for wave
diffraction and wave radiation a

deformation of the wave profile along the
ship length will occur. On the basis of
[13] it may be assumed that the effect of
wave diffraction leads to a reduction of
the fluctuations of the stability levers
in "the order of some tens of percentage
as a result of the decrease of . the
effective wave height.

Assuming that the dynamic stability Eo is
a dominating parameter for the
description af the stability
characteristics other form parameters of
the ship geometry (with the exception of
flare and ship length) represent only a
second order effect. In Figure 3 a
qualitative indication is given of a
variation in the shape of the curve of
levers of static stability for a constant
Eo-value. On the one hand it concerns an
extreme variation of df/B or Cz and on the
other hand an extreme variation of F/B
(DIB) or the presence of superstructures.
Generally it may be assumed that these
parameters may substantially influence
the process of stability loss on a wave
crest, not only by the ship motions and
the deformation of the wave profile, but
above all by a considerable -shift in the
energy balance Ar (see Figure 6). For the

elaboration towards a practical
application for slender high-speed
vessels it may be assumed that such
exceptional variations of these
parameters are of academic interest
only. A peculiarity for this capsize
phenomenon is the influence of
superstructures. It appears that the

position in the longitudinal direction
plays an important role, which is
illustrated in Figure 4 in a schematic
way. This is obviated in [3] by taking
into account the position of deckhouses
and the like in the determination of the
"effective” depth.

Pure stability loss on a wave crest
should be dealt with in terms of an
energy consideration in accordance with
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e.g. reference [2]. This means that an
external moment M. is assumed to be
present for the estimation of the
"residual’ dynamic stability". This
external moment is effected by the wind
heeling lever hwo:

heo

and A lateral windage area

Zw = vwvertical distance between the

: centre of wind pressure and the

centre of the underwater
lateral area  (hydrodynamic
reaction force at ~ 0.5 d})
wind pressure (which may be
approximated to be
proportional to B.® where the
Beaufort Scale Number is
denoted by Ba).

The magnitude of the wind pressure in an
absolute sense is of secondary importance
because of the comparative nature of the
calculations. The wind heeling lever he.
as function of the heeling angle is
approximated by the relation: -
he = huwe (0.2540.75co8>® )

In the situation as described the ship is
supposed to travel in longcrested,
irregular fellowing waves bheam to the
wind where the effect of shortcrestedness
as & contribution to the external moment

by way of a wave excited moment is
neglected. It 1is observed that this
-situation may actually occur in practice
where the ship proceeds in a directional
swell perpendicular to the prevailing
wind direction. One method to account for
wind fluctuations is given in"~ [l4].

However, in line with the gquasi-static
approach it¢- is deemed sufficient to
account for the stochastic character of

the wind load and to ignore the wind-
induced rolling behaviour of the ship.
From the foregoing considerations it may
be concluded: that the magnitude of the
external moment is determined by the wind
influence coefficient Lw {non-dimensional
wind heeling lever). ~
The element of time is a
aspect in  the

phenomenon as such.

significant
occurrence of the
Likewise this may be

distinguished clearly by making a
comparison with the behaviour of the ship
in head waves. In particular the

frequency of encounter is decisive for
the time period during which the ship is

in a condition of reduced (dynamic)
stability. This leads to the conclusion
that ship speed is of essential

importance because, in additién to the
effect on the ship motions, with that

parameter the time  period of the
"critical® stage 1is established. As an
example of -how the influence of ship
speed can be accounted for in a

meaningful way reference is made to the
approach presented in [15].

In the same publication Grim introduces
the concept of the so-called "effective"

wave in order to cater for the
probabilistic features of irregular,
longcrested . following Waves. This




hypothetical effective wave is a
harmonic regular wave with a wave length
equal to the ship length and a2 wave
height equal to the average "effective"
wave height. This average effective wave
height is determined on the basis of the
assumption that the wvariation of the
curve of the levers of static stability,
which is dependent on wave height in a
non-linear manner, is approximately egual
teo the replacing effective wave amplitude
of the considered irregular seaway, which
~thus is a stochastic parameter with the
same statistical properties as the actual
seaway. This approach offers also the
possibility to provide for the influence
of ship speed and ship length in relation
to the wave spectrum in a quantitative
sense. The methed developed along these
lines forms the basis for a stability
criterion presented in reference [1].
However, preference is given to use the
statistical properties of the stability
itself instead of those of the effective
wave height. Consequently for  the
purpose of this study the method
presented in [16] will be used as the
basis for this study.

3. PARAMETER SELECTION

On the basis of the foregoing

considerations it is presumed that the

following ship parameters are  of

importance for the occurrence of this
" phenomenon and consequently are

considered for systematic variation in
the parametric study:

Eo(mrad} righting energy (dynamic
stability) area undery
the righting lever curve
in stil}l water.

CoalCw measure for the
(average) flare as
indicated in [4] and also
known as the wvertical
prismatic coefficient.

v/ Vglexr = Froude Number,
which represents the
dominating time aspect in
this phenomenon
completely.

Avzwl V wind influence
coefficient (non-
dimensional wind heeling
lever), which is a
measure for the external
capsizing moment.
ship length
waterline), which
represents a measure of
ship size in relation to
the prevailing seastate.

it

Cr (-)

Fn (-)

1w (‘)

Losr (m) {on the

Other ship parameters which affect this
phencmenon indirectly, by the wertical
ship motions and the deformation of the
wave profile, are left out of
consideration. These parameters
describing the ship geometry such as Ca,
d/B, F/B (Df/B) are deemed to be of second
order importance (having in mind a
constant Eo-value) for these comparative
calculations. As a matter of course

J1.
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consideratjons of a practical nature,
viz. to keep the number of calculations
within reasonable limits, are of
importance in this respect. Finally the
analysis of the results of the systematic
calculations should lead to proposed
criterion which may be expressed by the
following general expression:

= Cg. Function (Cy, Fu,

L, Lurc)}

Eo {required)

In this expression Co is a "matching
coefficient” which has to be determined
by means of test calculations. These test
calculations should be carried out for a
great number of vessels with a good
safety record taking into account
existing stabllity criteria. Besides a
sample of a small number of vessels,
which have foundered or have experienced
a dangerous list due to this phenomenon,
has to be investigated. Such a pragmatic
approach for the assessment of Co is
necessary because the present state of
the art does not allow an exact estimate

of the capsize probability and the
corresponding safety level.
4. COMPUTATION PROCEDURE
The computation procedure, summarized

also in [4], may be considered to be made
up of the following main components:

on the basis of a reference ship and
a scheme of a systematic variation
of the ship parameters affecting
this phencmenon, the ship hull forms
are generated corresponding with the
alternatives of the scheme.
calculation of the wvertical
motions, heave and pitch, using a
computer programme based on the
modified strip theory where it is
assumed that the presence of the
ship in the wave does not disturb
the wave profile,

calculation of the curve of levers
of static stability, taking into
account the Smith-effect, for
several instantaneous positions of
the ship in the wave around the
position where the wavecrest is
amidships.

This calculation should be carried
out for several values of wave
length and wave height in order to
determine in a later stage the
relation between the time lapse 7T of
negative residual dynamic stability
on the one hand and wave lepgthfwave
height on the other hand. :
assuming an  arbitrary external
moment, defined beforehand by means

ship

of a systematic wvaristion of the
wind influence coefficient 1., the
value of 1 is determined. In

addition the threshold value 1o is
determined, which inter alia may be
dependent upon wind speed and lw.

Thereupon the calculation procedure
is continued by the estimation of
the Dboundaries of wave length-
velues, "as a function of wave




height, where the situaticom of
negative residual dynamic stability

leads to capsizing which is the

case if 7 > 7,.
5. the next stage consists of the
"calculation of the probability of
capsizing, defined as the average
number of capsizings per unit of

time, for a given wave spectrum. For
this purpose the theory developed in
[16] is applied. -This theory is
based on the assumption that the
seaway 1is represented by an energy
spectrum with a relatively narrow
frequency band, SO that  the
irregular waves may be characterized

as quasi-harmonic. This assumption
for a quasi-stationary approach
allows for an approximate method for
the computation of the desired
statistical properties.
Additionally, for the purpose of a
long term prediction, a standard
frequency distribution for the
occurrence of the seastates should
be introduced.

ad. 1: The lateral profile of the

reference ship, including main

particulars and other relevant data, are
given in Figure 5. The results presented
in the references [17] and [18] are also
based on the same reference ship. The
ship paraneters Es, Fn and lw may be
varied in a systematic manner without any
consequences for the basic shipform. That
is also true for a variation of lL.n since
the form parameters remain unchanged. As
Frx remains unchanged as well this means
that shipspeed (in an absolute sense) is
co-varied with o 21/% yhere scale
factor. A systematic variation of Gz
however requires a transformation of the
basic shipform. For a constant
displacement this means a variation of
Cur.
ad. 2: Since the sgystematic calculations
in principle are in principle a
sengitivity analysis the computation
procedure is, simplified by neglecting the
effect of the surge motion and the
diffraction phenomena due to the presence
of the ship in the wave.

ad. 3: In the calculation of the curve of
levers of static stability the effect of

the orbital velocity of the  water
particles-in the wave, which results in a
hydrodynamic pressure distribution

different from the hydrostatic pressure
distribution, is taken into account.

ad. 4: The residual dynamic stability A.
and the guantity 7 to be derived from A.
are defined and <clarified din the
conceptual diagrams of Figure 6. As no
allowance is made for the wave excited
rolling motion it is impossible at this
stage to make an accurate estimate of the
proba-bility of capsizing in the time
interval + for a fixed set of values of
A, and 1. Therefore in this
stepfunction will. be . introduced by the
threshold wvalue 7o. :In contravention of
the methodelogy applied in [16] and the
corresponding test.calculations presented

case a.
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in (18] 7o is defined in such a way that
this time 1limit is a function of
parameters describing the windlecad and
the energy balance during the time lapse

7. In an sattempt to account for the
dynamics of the ship rolling behaviour
(in 8 former phase) the following

condition for 7. has been derived:

Te = 0.6 ig [V lomdl

ﬁhere i

(sec)
= roll radius of gyration (m)
and GM. initial metacentric height of
the ship poised (amidships) on the
wavecrest {(m)

©

It

This relation is based on the assumption
that the ‘“restoring" moment may be
averaged over the time interval T and
capsizing occurs when T. >Tqf4 where Tq
is the natural rolling period during the
time interval rt. It is quite evident that
such a relation for 7. based on this
approach is only realistic for GM: <-0. A
sensible approach, which is mnore
appropriate for this particular
situation, may be formulated in general
as a function of parameters describing A,
and Bo. The expression for 7o should
anyhow reflect acceptable realistic
gituations. In the situation considered
however it is acceptable to ignore the
dynamics of the ship on the wave rest
under the influence of a beam windload.

In the Appendix a formula for 7o has been
derived using inter alia the data from

{19]. The formula reads:
1o = 93.10°6 oyn (0.45.105_5h )
Lt u?
for &,> 0
with u = windspeed f{at 10 m above sea-
level)
and &, = stochastic contribution
of wind heeling lever =
(ha - Dw)max
In order to obtain insight about the

impact of this threshold-limit reference
is. made to the Table produced in Figure
7.

Since all these expressions for 1o yield
variable values for each regular wave the
calculation procedure is restricted for
the time being to: )

Te =0 and 7o = 0.6 ia\“GMl

-and the wave-dependent wvalues of 7. are
calculated only for the purpose of
further analysis. .

ad.5: Using a slightly different notation
the number of capsizings per time unit
(n) may, in accordance with [16], be
written as follows:

=_'_\/_m_= . P {7 > Ta; MaY}
2% ¥ m, '

N(A<<0; Ta, Ma)

where the probability P should be
estimated in accordance with the
following numerical Antegration
procedure:

dw

Pl > 703 Ma)

ot §
0\.—-\‘8

dg, - POE, » W)




The joint probability density function p
reads: ’

z 2
PUE, W) =——Fo  exp- Fa.
2M
2 m,M ’ s 2
(mz-Zml w 1+mou):!. ) ]
s z b a2
with M = momz-m; , M’ = moMz-ma
, -]
and mn = | w=s(w)dw
oo
Mo = | (W-Ww)™ . S{(@)dw
-]
where 5(W) = wave spectral density
W = wave circle frequency
Wn = wave spectral frequency
where maximum of S(w)
occurs
£, = wave amplitude
In order to achieve a very general

validity in the field of application the
Pierson-Moskowitz wave spectrum
definition for the North Atlantic Ocean
his been chosen for the preocess of
systematic calculations (seé also Figure
8). The formula for S{w) reads:

S{w) = 0.0081 g=2w =" exp[-0.74g*(uw)—*]

with g = acceleration of gravity = 9.81
msec-2
and u = wind speed (at 19.5 m above sea-

level) 2= 1.065 u,o

From the Jliterature is known that the
long-term probability density
distribufion of the wind speed is fitted,
as a good approximation, by the Rayleigh
distribution:

2
Eluao) = —2 exp (-1
. [+ 2 U,
with flao = modal value of uie

7.7_msec—1 (N.A. Ocean)

3. SYSTEMATIC CALCULATTONS

In Figure ‘9 & Table has been included
showing a summary of a tentative scheme
of parameter variations. The values of
the reference ship are indicated by an
asterisk. As distinct from the other ship
parameters two reference values have been
selected for the ship length for the
purpose of wvalidation. In total about 50
parameter combinations have to be
considered in the systematic computation
procedure. A bagic assumption inherent to
this approach of a rather limited number
of systematic calculations is that
possible interaction effects of the
parameters on the calculated safety level

are not significant. The presentation of

the results of the " systematic
calculations may be given in accordance
with the principle outlined in Figure 9.
Such a presentation lends itself for
further statistical analysis and a
possible formulation of & drafe
criterion. The results of the systematic
calculations, including the associated
analysis and a draft proposal for a
stability eriterion, will be presented in
due course in a separate paper. -
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6. CONCLUDING REMARKS

The approach wused in the computation
methodology is based on some
simplifications and assumptions

reflecting the state of the art in order
to have control of the entire procedure

which 1is first of all pragmatic and
comparative in nature.
Future work in this direction should

address the ship motion problem in =all
six degrees of freedom and in particular
the development of an advanced criterion
for the threshold wvalue 7o taking into
account the dynamics of the ships rolling
behaviour wunder the influence of a
stochastic wave and wind load.
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project information by the
fetheriands). -
(4) STAB 27/5/1 (Pregsentation of
results of feasibility study;

summary -of [18]).
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APPENDIX

From literature is known that windspeed .
fluctuations follow a Gaussian
probability density distribution and the
maxima follow & Rayleigh distribution:

(5, )_‘Svex (- V ) or
f P 2@ 8
FfEV)_ T’}rs )dS...exp(.. )

- oo V L
From 8p=C,. PSZ and 511:'-%!8?
follows:

F(8,) = ex (L 55
T
with:
Co

dragcoefficient = 1.13 (-)

P = air density = 0.125.10-* tonsec®m*
¥ = specific mass of seawater = 1.025
tonm—*
Sh'= stochastic part of wind heeling
lever (m)
Iy = Auzw/V (-)
¢} = variance of windspeed fluctuations
= area of windvelocity (gust) spectrum
= 6.667 U2 = 6.667T/P = 6.667 K u= =
0.016 v® wmZsec~?
with K = surface drag coefficient
(-} = 2.4.,10-2 :
where u = average stationary
- windspeed at 10 m above
sealevel (m}/sec~*) and u »
15 mgec—* (Beaufort 7)
Substitution yields:
?(8&,) = exp (-0.45.10% _5h )
[

It should be noted that the correction
for the turbulence intensity, decreasing
for increasing windage area, is
neglected.

Further it may be assumed that:

with N{&),) = number of crossings at level

8y = assumed at Lo—*
where Le = lifecycle,
assumed to be 20 years with
250 days at sea in a sector
of wave directions of 45°,
which corresponds with
0.54.10° sec

v = average crossing frequency
{sac—*) '

T = considered time lapse =
7o (sec)

Using the formulation of the gustspectrum
according to Harris:

£S¢H =4 X with x = A L.
u2 (1+x2ys/€ u
and A% 1200 m

it may be derived that:




il

o L]
V=(fShdf/[Scpdfy - 2.42%
o Q

1.98.10-2u (sec—%)

Substitution of V and N( 8, ) yields:

7. =0 for &, ¢ 0

To (sec) = 23.107%oxp (0.45.10%_ 8
for 5,., >0 u qu}
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FICURE 7

TABLE §,(M)

T,(sect | L, | weis misée | u=25ms6C | u=35 Mssee

! 05 0.G0Y 2.010 c.021

10 03 C.004 0.012 o.024
100 - 0.5 0.005 0.013 Q.c27

! 1o 0.007 oozt o.ou!

9 Lo [o¥-11 0.024 0.047
100 1.O 0.00% 0.027 0.054%

1 2.0 D.0Iy4 [sXe2 1} 0.082

o 20| o7 0048 0095
100 2.0 0.019 0.054 o.108
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A NEW PROGRAM INVESTIGATING SURVIVAL REQUIREMENTS FOR
ALL ANTICIPATED CONDITIONS OF SMALL-SIZED TANY VESSELS

Masataka FUJINO!, Twao FUJITZ, Shigeaki HIGASHI®,
Michio NAKATO?, Takashi OKUYAMA® and Isao SUZUKI®

We have developed a new damage stability computer program which can be used to decide
whether or not a small-sized tank vassel carrying dangerous cargoes satisfies survival
requirements for all anticipated conditions of loading and variations in draft and trim. The
characteristic features of this computer program are as follows: 1} The maximum allowable
height of the center of gravity that satisfies the -survival! requirements ; e.g. the
Amendments to the 1974 SOLAS Convention, can be easily calculated for various cases of draft
and trim as well as damaged conditions; 2} The damage stability for any designated loading
conditions of a ship can be promptly calculated.

The accuracy of calculated results of the developed program has been confirmed by
comparing the results with not only the results of inclination test of a simplified ship
model but also the calculation results obtained by an existing widely-recognizéd computer
program. As an example of verifving the effectiveness of the developed program, the maximum

allowable height of the center of gravity of a 199 GT chemical tanker is shown for several

damage cases.

INTRODUCTION

The 1983 Amendments to the International
Convention for the Safety of Life at Sea,
1974 have provided that the damage survival
capability should be investigated on the

basis of loading information submitted to

the Administration for all anticipated'
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conditions of loading and variations in
draft and trim of vessels carrying dan-
gerous cargoes {1]. When the existing
computer pragrams of damage survival
capability, of which the effectiveness is
widely-recognized in Japan, are used to
assess the damage stability of tank
vessels, the whole process- necegsary for
calculating the damage stability should be
carried out repeatedly for every damage
case and loading condition. The amount of
time and expenditure required for these
calculations increases enormously with the
increase of damage cases and loading
conditions under which the stability
calculation sholud be performed.

In view of the present situation, we
have developed a new computer program fop
seeking the maximum allowable height of the
center of gravity of small-sized tank
vessels, which is required to Satisfy the
survival requirements of the convention.
The characteristic features of the develop-
ed program are to calculate the cross
curves of righting lever GZ for a limited
number of variations in draft and trim for

eV—e"x';.yranticipated damage case, and to




calculate the maximum allowable KG, which
is height of the center of gravity CG above

base line, for every case of loading and
damaged condition. Then, the damage
stability as well as the allowable height
of CG for a designated loading and damaged
- condition is computed by an interpolation.

This conception is more applicable to
small-sized tank vessels, because the wvari-
ations in draft and trim of such vessels
are limited remarkably compared with large-
sized ones. However, the accuracy of
calculated results by the new program
should be examined. By comparing the GZ
curves, for instance, obtained by the new
program with not only the inclination test
results of a simplffied ship model but also
the results calculated by an existing
program which has been confirmed by various
experiments and widely used for last
fifteen years in Japan, the developed
pfogram has been verified to be/ of enough
practical use compared with the existing
cne in spite of adoption of a simplified
calculation method.

The advantage of the developed program
over the existing one is more manifested as
the number of loading conditions for which
the damage stability -should be investigated
increases, because in the developed program
the preliminary calculation necessary to
compute the allowable KG for all
anticipated loading conditions is performed

collectively at early steps.

DEVELOPED PROGRAM

Compositon of program

The developed program is composed of the

follm;ving five steps:

1) Step-1;
of ship's hull and tanks,

2} Step-2; Calculation of cross curves‘of
the righting lever GZ for designated

Calculation of Bonjean’s curves

variations in draft and trim, and damage
cases,

3) Step-3; Calculation of the maximum
allowable XG,

4) Step-4; Caluculation of ‘the damage
stability for designated loading condi-
tions, and ’
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5) Step-5; Check of the input data of
ship’s hull and tanks.

The flow chart of the developed
program is shown in Fig. 1 with definitjcn
of symbols, As shown there, the prelimi-
nary calculation for all anticipated dam-
aged conditions as well as various
variations in draft and trim is performed
collectively at Step-1 and Step-2. Then,
the damage siability for each damaged
condition is calculated at Step-4 only.
This is the main characteristic features of
the developed program in comparison with
the existing program. Here it must be noted
that the free surface effects of tank
liguids on ship’s trim is neglected in
order to cut down the computation time,
because those effects on the damage
stability have been confirmed to be

negligible by preliminary studies.

Outline of computing process
Step-1:
breadth of water plane are calculated from

1) Bonjean’s curves and the

the input data of ship’s hlﬂl, tanks, and

erection on the deck for each heel angle;
2) For each heel angle, the volume of each
tank and the tank heel moment are computed
using the Bonjean data of tanks, and put
out into the data files. Fig. 2 shows the
flow chart of Step-1.

Step—2: 1) Data of designated draft .
and trim, locations of salt water inflow
cpenings, and damaged tanks are inputted;
2) Various hydrostatic data such as
displacement A , distance from midship to
center of buoyancy ®B, distance from
midship to center of floatation ¥F, tons
per cm immersion TPC, and moment to change
trim one .¢cm MTC before damage are
calculated and put out into the data files

for each case of draft and trim; 3) For

" each of loading condition, damage case and

heel angle, the convergence calculation of
draft and trim is cé,rried out based on lost
.bu'oyancy method with trim free; 4) For each -
- GZ are

obtained for designated variations in draft

damage case, cross curves of

and trim on the assumption that KG=0 and
£G=0, where {G denotes the distance between
CG and the vertical center line of ship; 53
The angles at deck immersion and salt water

inflow are computed.
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At Step-2, unloaded tanks are assumed
for the calculation. Fig. 3 shows the flow
chart of Step-2.

Ster-3: 1) Designation of damage cases
is read, and data of damaged tanks and
tanks having the free surface of liquids,
which are defined as half tanks here, are
inputted; 2) The leakage of liquids out of
damaged tanks is calculated; 3} The change

of heel moment of half tanks is calculated;

4} For each case of draft and trim for
which the cross curves have been obtained
at Step-Z, the draft and trim before the
leakage of tank liquids are calculated,
and the change of KG and &G due to the
leakage of tank liquids, and the free
surface effects of liguids in tanks on kG
are computed; 5) Inputting the wvalue of GZ
for an assumed case of KG=0, £G=0, and heel
moment=0, the value of &G after the leakage
of tank ligquids is computed taking account
aof the free surface effects; 61 The
maximum allowble KG iz obtained based on
the survival requirements of the 1974 SOLAS
Convention [1}, and then the value of KG is
modified by taking account of the change of
KG due to the leakage of tank liquids; 7)
The values of the maximum allowable KG for
the' intact draft and irim conditions are

obtairied by the interpclation, using the

computation results cbtained at the above’

steps 1) to 6).

At Step-3 and the following S5Step-4, it
is assumed that the liguids in damaged
tanks are completely lost from those and
replaced by salt water up to the level of
the final plane of eqguilibrium [1}. Fig. 4
shows the flow chart of Step-3.

Step-4: 1} Data relating to loading
conditions and designation of damaged tanks
as well as half tanks are inpu-tted; 2} The
change of heel moment of half tanks and the
leakage of liguids out of damaged tanks are
calculated for designated loading con-
ditions and damage cases; 3} The draft,
trim, KG and LG after the leakage of tank
ligquids are calculated; 4) The damage
stability for designated loading conditions
is obtained taking account of the effects

of ligquids leakage as well as the free

surface of tanks. Fig. b shows the flow
chart of Step-4.
Stgp-5: Map data of tanks are

i Loading ; /Half tanks;
conditions
Loading waight and Center
of gravity of tanks
baefore laakaga

Internal form
Locp for loading Volume

Heel momen

cenditions

Calculation
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deok [mmersion

Heal angle at salt
water inflow

Damage stability

'
Drawing of stability ourva‘

End of

loading cond,

Fig.5 Flow chart of Step-4, Damage ziability

displayved and put cut in order to check the

input data of ship’s hull and tanks.

EXAMPLES OF CALCULATIONS

In order to verify the effectivensess of the
developed program, the righting lever GZ
computed by this program has been compared
with the results of inclination test of a
simplified ship model of wall-side, and
furthermore compared with the computé.tion
results by the existing program for various
small-sized wvessels. As the result, the
developed preogram has been proven of
practical use althotigh the computed results
by the new program may differ, as the case
may be, slightly from the results obtained
by the existing program in a case where

excessive trim is caused by flooding.

- 382 -




MLIOSHIP

Ve

BL PROFILE

i

j.o7
Fk\_\ ¢ ENGINE ROOM ; '.g‘_).';h, = by
\J lﬁ;}—‘i i P | ~
[

2 FELTIRE
B VATl NG5 WB.T |

BL

No.1 12 WG9 5.7, |No.8 s.T.[No.7 5. 7.|n0.8 5.7.[N0.5 5.7.| NO.4 s T, [no.
’ ot jg1 "o l 5 e A P iy HOLD PLAN
. - <0 Roa
L.D\VT ; \ - / o)
T, ny PUsp R N4 €T, Neiz 1. on ‘\‘n
By Yoo ENGINE ROOM ; . / - v e T Ty B
=5 e T il I BN P
\ e ks - o L
R ~ - . B .
. - EMT S ~ T o e S
\ No.2 Flo.Tf Y.B.T: NO.5 ¥.B.T. No. 4N B.T NG.3 U_B\‘T_ NO.2 ¥.B.T. ;
- e ‘ . - - _
\4 o N - T BOTTOM PLAN
- - ., — = UF PLAN

Fig. § General arrangement of 199 GT chemical tanker

TABLE 1
Principal particulars of

199 GT chemical! tanker

pp B D4 A Gr
(m  {m @ (m) () ty

14.00 7.80 295 245 323 139

Sample ship

The damasge stability has been calculated
for wvarious small-sized vessels to confirm
the usefulness of the developed program as
mentioned previously. Since we do not have
enough space to describe fully the compu-
tation results, some typical examples of
damage calculation of a sample ship will be
mentioned in the following. The sample
ship is 4 199 GT chemical tanker for
coastal service, of which the princibal
particulars and the géneral arrangement are

shown in Table 1 and Fig. 6 respectively.

Examples of damage calculation

The damage calculaticon, of which the
results will be referred in this paper, has
been carried out for nine damage cases of
two-compartment flooding. Qut of nine
cases, three cases of the damage of tanks

in the vicinity of the midship are shown in

TABLE 2
Examples of damage cases and of calculation
results for two-compartment flooding of

full load condition

Danage  Damage Deaft Trim  Angle of
cdse Program equii 1ibriom
number  compartment {m) (m) . (deg. )
M5 ST (8)
Ne3 WEBT(S)
N2 CT (8)  New 290 -0.66 3060
4 N6 ST (8S)
No.o4 WRT(S) [Existing 301 -1.02 32.4
M3 CL (8 :
M7 ST (8)
W7 ST (P)
M.4 WEBT (P)
M3 CTL (P)  New 2. 68 0.87 .62
5 Mg ST (P) -
W5 WBT (P)
Nod CT. (P} Existing .76 0.8 20, 35
Mg ST (P)
Wy ST ()
W5 WBT(S)
Nd CT. (S) New 2,87 1.18 20. 90
§  VOID 21-22 (S)
M5 WEBTIS)
M1 EOT(S) Existing 2. 86 1. 23 20. 36
PMP ROM  (C)
N8 ST (8)

Table 2 and Figs. 7 to 9. Table 2 shows
the detailed information of flooded tanks,
and the draft, trim, and angle of
equilibrium after flooding computed by the
developed and existing programs. And the
curves of righting lever GZ versus heel
angle ¢ after flooding are compared in
Figs. 7 to 9.

computation results by the developed

As shown there, the
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program and the existing one are in fairly
good agreement in spite of the difference
between the two calculation methods.

The maximum allowable KG curves,

which are obtained by the developed program
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te satisfy the survival requirements of the
1983 Amendments to the 1974 SOLAS
Convention for the above three cases, are
shown in Figs. 10 to 12. The abscissa and
ardinate of these figures dencte the
midship draft dx and KG before flooding
respectively, in other words, the draft and
KG for the intact condition, and five
curves in each figure correspond tec five
assumed cases of trim before flboding.'

In the damage cases shown in those
figures, there is a slighrt effect of the
trim on the maximum allowable EG. In Fig.12

summarized are the maximum allowable XKG

curves for nine damage cases. The region I
marked in this figure is a safety zone
which means that the wvessel is able to
survive in any damage case of two-
compartment flooding. On the contrary, the
region IIl is a rizk zone which means that
the wvessel can never satisfy the survival
requirements for any damage case of two;
compartment flooding. In the region II,
the vessel may satisfy or may not satisfy
the requiremerits depending on the damage
case. If we want to obtain such results as,
Fig. 13 using the existing program, it is
necegsary to perform at least twentyv-five
calculations for the product of five cases
of draft and five cases of trim. It takes
approximately eight-fold time over the

developed program.

CONCLUSIONS

The following conclusicns are obtained
through the development of a new computer
program investigating survival requirements
for all anticipated conditions of small-
sized tank vessels carrying dangerous
cargoes.
1. The maximum allowable KG can be easily
calculated for wvarious loading candi-

tions and damage cases, Simultaneously,

the damage stability for any designated

loading condition of small-sized tank
vessels is able to be computed promptly.
2. In co:ﬁparison with the existing program,
the developed program enables one to
save fhe computing time remarkably,
This advantage is mé)"rg manifested as

the number of cases of damage calcu-
lation increases.

3. The accuracy of computation by the de-
veloped program has been confirmed by
comparing the computed results with
results by a well-recognized existing
program. That is to say, the accuracy
of the developed program is satis-
factory in most cases except when ex-
cessive trim is caused by flooding.

4, When the value of KG for a loading
condition is close to the maximum
allowable KG of the loading condition
obtained by the developed program, it
is recommended to examine minutely the
safety margin by more detailed

computaion.

Further calculations by the developed
program will be performed for wvarious
ships of different size and different type
in order to verify the applicability of
the developed program.
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PREDICTION OF CRITICAL WAVE CONDITIONS FOR EXTREME
VESSEL RESPONSE IN RANDOM SEAS

Kirsi K. Tikka! and J. Randolph Paulling?

ABSTRACT
The paper describes a method for predicting the occurrence of eonditions which can excite extreme ship motions.
Earlier experimental studies have suggested that large roll motions and eapsizing are often associated with the
ship encountering a number of steep and almost regular waves. Most capsizes have been observed in following
and quartering seas. In this work, the wave conditions encountered by a ship are characterized in terms of wave
groups that consist of a high run and a low run of waves. In order to study the waves encountered by a ship, the
spectral infoxémation ‘measured at a fixed point was transformed to a moving coordinate system. The wave
groups and t}le high runs were then predicted in the moving coordinate system using envelope theory. These and
other properties of the encountered waves were found to depend strongly on the ship speed. Using these results, the
speeds and the headings at which the ship is likely to encounter long high runs were predicted. Critical
conditions were determined by comparing the period and the length of the deminant encountered waves with the

characteristics of the ship. The probability of the ship encountering a critical high run was then determined for a

given speed and seastate.

INFRODUCTION

The theory for predicting linear ship
motions both in regular waves and in
random seas is well developed, and in most
practical applications the predictions
obtained from linear analysis are sufficient.
However, in the case of resonant roll, large
angles are frequently found to occur and,
for such angles, the effects of nonlinearities
appear to be significant. Large roll motions
can also result from parametric excitation
which is associated with time dependent
coefficients in the equation of motion.

Unfortunately, a complete solution of
the hydrodynamic problem, which would be
valid for large excitations and large

motions, is not yet available. Therefore,
experimental and numerical methods are

usually applied to study extreme roll

1 During the work presented, graduate student in the
Department of Naval Architecture and Offshore
Engineering, University of California, Berkeley

2 Professor of Naval Architecture, Department of
Naval Architecture and Offshore Engineering,
University of California, Berkeley

motions. The disadvantage of these

- methods is that no techniques are available

which would allow generalization of the
results obtained from a single wave record
to any possible wave conditions encountered
by the ship. To obtain statistical
information on the motion behavior of a
ship in realistic conditions, a large number
of long simulations or experimental runs
would be required.

In the work described here, the
objective was to find a simplified method to
predict the occurrence of wave conditions
that can lead to undesirable roll motions or
even to capsizing of a vessel. Based on the
results of earlier experimental and
theoretical work, low cycle resonance
caused by parametric excitation in
following and gquartering sea conditions is
often found to be critical for ships.

For purpose of the present analysis,
the waves are assumed to be long-crested
and the wave frequencies are assumed to lie
in a narrow band. The method developed
can then be used to predict speeds and
headings at which a ship moving in
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following and quartering seas is likely to
encounter high runs of waves that, in turn,
can excite low cycle resonance. A high run
is defined as a sequence of waves with
amplitudes higher than a given threshold
value and a low run is defined as the
following sequence of waves until the next
exceedence of the threshold.

RANDOM WAVES ENCOUNTERED BY A
SHIP

To study waves encountered by a ship, the
wave spectrum observed at a fixed point was
transformed to a moving coordinate system.
The properties of the encountered wave
process were found to depend strongly on
the velocity of the ship. At velocities in the
vicinity of the group velocity of the dominant
frequency component, the spectrum
becomes very narrow and peaked. The
dominant frequency, ®4, is defined as the
mean zero upcrossing frequency of the
original process and the corresponding
group velocity is referred to as the dominant
group speed. The record observed at these
velocities appears nearly regular for
extended periods of time. The same
regulaﬁty of the encountered waves at
certain velocities has been observed earlier
in experiments [1].

Figure 1 illustrates wave records
observed at wvarious nondimensional
velocities K=V/Ver. V is the dimensional
velocity. V. is called the critical velocity
because at that velocity, the peak component
of the spectrum at a fixed point becomes
infinite in the encounter spectrum. The
critical speed is equal to half of the phase

speed of the peak component of the

spectrum and it is generally referred to as
the group velocity of the spectrum. Figure 2
shows a Pierson-Moskowitz spectrum (@)
and the encounter spectrum (@) observed
at various nondimensional velocities. The
spectra are in a nondimensional form S(w)
= S{e)w./Hg2, where Hg is the significant

wave height and o is the frequency. At the
frequency ®er=g/4V, called the ecritical
frequency; the encounter spectrum has an
infinite value. The nondimensional

frequency (o) is equal to @/cy.
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Figure 1. Ten minute samples of simulated
time series at various nondimensional

velocities.
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Figure 2. Mapping of the spectrum to a
moving coordinate system at various
‘nondimensional velocities.

The encounter spe-ctrum was found to
be narrow-banded up to a certain limiting
velocity, which depends on the shape of the

original spectrum. At these velocities the

bandwidth of the encounter spectrum is
smaller than the bandwidth of the original
spectrum. Therefore, the encountered wave
record can appear nearly regular even if the
spectrum in the fixed coordinate system is
relatively broad-banded. Above the critical
velocity, the faster the ship travels, the more
broad-banded the observed wave process
becomes, thus the narrow-band assumption
cannot be applied. Angalysis shows,
however, that most practical ship speeds
are below this critical speed in which case

the observed wave process in following seas
will be relatively narrow-banded.

For standard wave spectra, such as
the Pierson-Moskowitz spectrum, the
second spectral moment becomes infinite in
the moving coordinate system and in
computing of properties which depend on
the spectral moment of order two or higher,
the frequency range of the encounter
spectrum must be limited. The truncated
spectrum is different depending on whether
the frequencies are limited in the moving
coordinate system or in the fixed coordinate
system prior to the transformation of the
spectrum to a moving coordinate system.
The cutoff frequencies should be selected
carefully, particularly if the truncation is
done in the fixed coordinate system since
some of the high and low frequencies may
map into frequencies of interest in the
moving system. At some velocities the
energy neglected this way may result in a
significant error in statistical estimates.

Low cycle resonance is associated
with the ship encountering a sequence of
steep almost regular waves in following or
guartering seas. For this condition the
eritical conditions are defined in terms of
the length of a wave group, the amplitude
which is exceeded by the individual waves,
and the wave frequency. The statistical
prediction of wave groups and high runs
was based on the theory developed by
Longuet-Higgins [2]. In the prediction of
wave groups and high runs, the truncation
of the spectrum that gave the best
agreement with simulation resulis was
found to depend on the speed of the vessel.
With the selected filtering, the simulation
results and the theoretical predictions were
in good agreement. The best agreement
was found at velocities which correspond to
the longest high runs and wave groups (see
[3D.
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OCCURENCE OF CRITICAL WAVE
CONDITIONS IN FOLLOWING AND
QUARTERING SEAS

The prediction of the occurrence of critical
conditions is based on.a comparison
between the wave conditions encountered by
a ship and the dynamic properties of the
ship. The speeds and the headings, at
which the vessel is likely to encounter long
high runs, can be predicted in a given sea
state. If the parameters of a critical wave
group are known, the seastates and the
speeds at which these conditions occur can
be identified. Once the seastaie and the
speed of interest is known, the probability of
a ship encountering, in time Ty, a high run
which is longer than some critical run
length, can be studied.

It is assumed that the behavior of a
ship in regular waves is known from either
model tests or from simulations. The wave
parameters considered are the period, the
amplitude and the number of waves
required for critical motions to be excited.
The initial conditions of a ship
encountering the critical waves are
neglected, although their importance is
recognized.

An example case from simulation
studies by De Kat [4] is adopted to illustrate
the procedure for predicting potentially
dangerous conditions in random seas once
the behavior in regular waves is known. De
Kat has studied the motion behavior of a
vessel with the following characteristics

Ship length: L = 530 ft
Metacentric height: GM = 0.56 ft
Natural roll period: Tg = 37 s.

The example ship hag the full scale
characteristics of the model of the
American Challenger class cargo ship
which was tested in the San Francisco Bay
experiments, reported in [5]. The motions
of the vessel were studied in regular waves

with an amplitude of 9.8 ft and a frequency
of 0.61 rad/s. The ratio between the wave
length and the ship length was 0.975 and
the speed of the vessel in t}ae direction of the
waves was 22.7 ft/s, which results in an
encounter period of 18.1 seconds. The vessel
capsized after experiencing resonant roll
motions at approximately the natural roll
period of the vessel, The number of waves
encountered by the vessel before capsizing
was 4. '

SPEEDS AND HEADINGS ASSOCIATED

WITH LONG HIGH RUNS OF WAVES

Both the theoretical considerations and the
simulations predicted that a ship
encounters the longest high runs in
following seas at the dominant g‘rf)up speed,
Vg4, which can be computed using the

following equations

V,-——8 m
d
Zmdcosﬂ
fm
W, = -2 2)
‘ ™

Here 8 is the angle between the ship
heading and the direction of waves, mg is
the zero spectral moment and mg is the
second spectral moment.

The nondimensional dominant group
velocity is defined as Kg=Vg4cos0/V, where
the critical velocity V.- can be written in
terms of the peak frequency of the
spectrum, Ver=g/(20p). For the Pierson-
Moskowitz spectrum, Kg was found to be
equal to 0.71 for 8=0. The average high run
lengths do not change very much for speeds
around the dominant group velocity.
Therefore the conditions which correspond
to long high runs are characterized by a
velocity range rather than by a single
velocity.
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The speeds which correspond to long
encountered high runs can be dangerous to
the vessel if the encounter frequency of the
waves in the high runs is such that it can
excite unstable motions. The motions
depend also on the amplitude of the waves
in the high run. . In the case of extremely
steep and high waves, a single wave can be
sufficient to induce an instability.

In experiments and simulations,
unstable motions have been observed at
encounter frequencies which are
approximately twice the roll frequency. The
instability phenomenon, which causes
large roll motions at low frequencies,
results from parametric excitation. The
capsizing simulated by De Kat is an
example of instability due to parametric
excitation.

To predict the random sea conditions
in which the example vessel' may
experience unstable béhavior, the periods of
the dominant encountered waves, Tq®, are
plotted in Figure 3 as a function of the
nondimensional velocity, K, for Pierson-
Moskowitz spectra with significant wave
heights equal te 10, 20 and 30 feet. The
period of the encountered waves is equal to
one-half the natural period of the roll
motion of the example vessel at the
nondimensional velocity 0.51 in the seastate
having a 30-foot significant wave height.
The corresponding nondimensional velocity
is equal to 0.69 in the seastate of a 20-foot
significant wave height. At both of these
velocities a ship is likely to encounter long
high runs. The dimensional speeds, Vcos9,
corresponding to K=0.51 and H¢=30 ft and to
K=0.69 and Hy=20 ft are 19.7 fi/s and 21.7 fi/s
respectively.

b &
Td encountered (s)

ik

. v
0 - ] I r

T T 1
0.2 0.4 051 0.8 069 0.8 1.0 1.2
K

Figure 3. Periods of the dominant
encountered waves as a function of the
nondimensional speed K=V/V, for Pierson-
Moskowitz spectra with significant wave

heights 10, 20, and 30 ft.

In additien to the frequency and the
amplitude of the encountered waves, the
length of the wave components should be
considered. If the wave lengths are shott or
long relative to the ship length, the exciting
force becomes small and the risk of large
motions is reduced. To study this aspect in
the seastate with a 20-foot significant wave
height, the ratio between the wave lengths
and the ship length are shown in Table 1 for
the components which lie in a range of
encounter periods around 18.5 s (half of a
roll natural period}). The tables show also
the corresponding dimensional speeds. The
wave lengths are computed using the
dispersion relation for deep water waves.

A=—p (3)
@

.— 390 ~




K=V/Ver|Tqe(s)| A1/L | Ag/L | Ag/L | Vcos8(ft/s)
0.65 1772 | 131 | 036 | 0.11 20,5
0.69 1855 | 1.37 | 042 | 012 217
0.70 1877 | 141 | 043 | 0.13 22.0
0.75 1982 | 1.52 | 051 | .14 23.6

Table 1. The wave lengths of the

frequency components which are observed
at frequencies close to twice the natural roll
frequency of the example vessel. The
significant wave height is equal to 20 ft.

There are three wave lengths
corresponding to one encounter period as a
result of the mapping from a fixed
coordinate system to a moving coordinate
system (see [6]). The wave lengths A1 and Ag
correspond to frequency components which
overtake the ship, and the wave length A3
corresponds to the frequency component
which is overtaken by the ship, At each
speed there is at least one component which
can have significant effect on the motions.
These results would indicate that in a
seastate with a significant wave height of 20
feet, a ship is likely to encounter long high
runs of waves if it is travelling with a
combination of a speed and a heading angle
for which Vcos® is in the neighborhood of 21
ft/s.

Another example case is considered
to compare the theoretical predictions with
simulation results in random seas. The
ship is the same as the one in the previous
example but the loading condition is
different.

Metacentric height: GM = 0.86 ft
Natural roll period: Ty = 30 s.

Heading angle: 6 = 15°

The parameters of the seastate to be
considered are the following

Peak frequency: wp = 0.53 rad/s
Significant wave height: Hy = 28 ft

The motions of the vessel were simulated by
De Kat (4] at speeds 5, 10, 15, 20, 32, 33.68, 35
and 40 ft/s. Capsizing due to low cycle
resonance was observed at the speeds 10 fi/s
and 15 fi/s. Capsizing due to loss of static
stability was observed at the speed 33.68 fi/s.
This speed is the same as the speed of the
model at the same load condition which
resulted capsizing in a San Francisco Bay
experiment.

To predict the conditions for low cycle
resonance in the above wave conditions, a
two-parameter Bretschneider spectrum
was used. The nondimensional dominant
group speed Kg for this spectrum is equal to
0.71.

The nondimensional velocities,
periods of the encountered waves, and the
wave length to ship length ratios
corregsponding to the speeds used in the

motion simulations are shown in Table 2.

The assumption that the observed wave
record is narrow-banded is not valid at the
speed of 40 fi/s, and therefore it is not
included in the table.

K=V/VerTae(s)| M/L | ae/L | 2L | v ws)
032 1223 | 0.80 | 0.09 | 0.04 10

048 | 1443 | 070 | 0.34 | 0.08 15

064 175 ]| - - Jou ]| =

102 |2312| - - e | wm

107 |2318| - - los7| 3368
Table 2. The velocities used in the

motion simulations and the corresponding
wave data. The original spectrum is a two
parameter Bretschneider spectrum with H
=28 ft and 0p=0.53 rad/s.

The'period of the encountered waves
at the speed 10 ft/s (K = 0.32) is considerably
smaller than half of the natural period of
the roll, but the wave length of one of the
frequency components is close to the ship
length, which could be related to the
capsizing due to low cycle resonance at that
speed.
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At 15 fi/s, the ship is likely to
encounter long high runs, the period of the
encountered waves is close to half of the
natural roll period, and one of the wave
lengths is close to the ship length.
Therefore 15 ft/s is a critical speed for low
cycle resonance which was observed in the
earlier motion simulations.

Long high runs would be predicted at
nondimensional velocities close to K=0.71,
which would include the velocities 20, 32
and 33.68 ft/s.
corresponding to 20 ft/s is small relative to

The wave length

the ship length, and therefore large motions
excited by the high runs would not be
expected at this speed. The length of the
wave overtaken by the ship at velocities 32
and 33.68 ft/s is closer to the length of the
ship, and the capsizing observed at 33.68 ft/s
can be related to an encounter of a long high
run. However, the loss of static stability is
not as clearly related to the frequency of the
encountered waves as the low c¢ycle
resonance. It must be also remembered
that the present method cannot predict an
occurrence of capsizing. It can only predict
the combination of speed and heading at
which the ship is likely to encounter long
high runs, and the speed at which the
frequency of the dominant encountered
waves 18 equal to a critical frequency.

PROPABILITY OF ENCOUNTERING A
CRITICAL HIGH RUN OF WAVES

The probability of a ship encouhtering a
high run of waves, which is as long or
longer than the critical high run, was
predicted. The seastate and the speed of the
ship were selected sc¢ that the period of the
dominant encountered waves was close to
the period of the waves in the critical high
run, Again it was assumed that the wave
process observed from the ship has a
narrow band of frequencies, and that the
high runs are statistically independent.-

The number of waves in a high run H
is assumed to have the following
exponential distribution

1 H '
p(H) = ﬁ; exp{- .I—i: }_ 4

where H, is the average number of waves in
a high run. If the ship encounters a high
run, the probability that the run has a
smaller number of waves than the critical
numhber Her is determined wusing the
following equation

H_-0.5

P, =P[H<H )= Jp(H) dH
0

(5)
H _-05

c1 }

=1-exp{-

a

Here both Her and Hj are assumed to have

an integer value.

The number-of wave groups chserved
from the ship in time Tg, Ng, can be
obtained by the foHowing equation

TN
N=\SD
g G

a

(6)

where G, is the average number of waves in
a wave group and Ng is the mean zero
upcrossing period. The number of high
runs encountered by the ship in a given
time can be assumed to be equal to the
number of wave groups if the period in
question is much longer than the average
length of a wave group.

The probability that at least one of the

high runs is as long or longer than the
critical high run is given by

N
P(All highruns in T, <H_)=(p_) 2D
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The probability that the example ship
encounters a critical high run of waves in
approximately 30 minutes was predicted.
The probability of the encounter was
computed for seastates described by
Pierson-Moskowitz spectra with 20-foot and
30-foot significant wave heights. The
theoretical predictions were compared with
results estimated with simulations. The
critical high run was determined based on
motion simulations in regular waves and

the parameters were the following

Amplitude: 9.8 ft
Period: 18.1 s
Number of waves: 4

The speed was selected so that the dominant
encounter period was 18.1s. The encounter

spectrum was narrow-banded.

The theoretical and the simulation
results for the two seastates are shown
below. The theoretical results are given for
two ranges of cut-off frequencies which
define a lower and an upper bound for the
predicted values.

Hy=201

V=2111/

K=067

Ty=1841s
Variables Prediction Simulation
.Cutoff' freq.: A B
Per: 0.779 0.838 0.825
1- (perNE: 0.786 0.730 0.640

A: 050)13 - 15Cl)p
B: 0.250p - 1.75wp

Hg=30ft
V=18.81fi/s
K=049

T, = 18295

Variables Prediction Simulation
Cutoff freq.: C D

Port 0.733 0.792 0.793
1-(per)NE: 0.993 0.988 0.988
C: 0.750p-1.250p

D: 0.3750p - 1.6250p

The probability p.r agree well with
the simulation results for the choice of
cutoff frequencies. The prediction of the
probability of a ship encountering critical
high runs in a given time is close to the
simulated value. This prediction could be
improved by studying a possible dependence
between high runs.

CONCLUSION

The method described provides a relatively
simple way to predict the occurrence of
critical wave conditions for ships in
following and quartering seas. The
theoretical predictions on the statistics of
encountered waves agree well with

simulation results and a comparison with-

earlier motion simulations indicate that the
predictions are realistic. A similar method
could be used to predict critical conditions
for other types of instabilities, such as
subharmonic resonance.
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THE ROLE OF NUMERICAL SIMULATION

IN THE STUDY OF

EXTREME PLATFORM RESPONSE

J. R. Paulling,

¥. $. Shin

The motion response of an intact or damaged floating vessel in

extreme waves

nonlinear phenomena. Some

is a dynamic process
of

these

invelving several types of
nonlinearities lead to

responses that are essentially similar to those that would be

predicted by a purely linear theory.
are not predicted by linear analysis.
loads

are made of

estimating the hydrodynamic
discussed and comparisons

nonlinear analysis.

INTRODUCTION

The extreme motion response o0f an
intact or damaged floating wessel in
high waves and strong winds 1s a
dynamic process involving several
different nonlinear phenomena. These
include nonlinear terms in the
equations of motion of the body and
nonlinear dependencea af certain
forces on the wave, wind and body

motions. If the motions are small or
if the source of the disturbance is
small, the f£forces corresponding to

certain of the nonlinear terms may be
ignored and the problem reduces to a
linear one. Some important features
of the wvessel’s motion response in
the severe conditicons that may lead
to extreme motions and capsize are
fundamentally ncnlinear and,
consequently, are absent from a
linear prediction model.

The effects of motion nonlinearities
may have two different
characteristics. First, the
nonlinearity may modify the magnitude
without changing the general
characteristic of a response that
would be predicted by a purely linear
analysis. A common example 1s
viscous damping represented by =&
force proporticnal to the square of
the velocity. Such guadratic damping
is found in the roll damping of a
ship undergoing maderately large
motions or the heave damping of a
twin hull semisubmersible. The
resulting motion with quadratic
damping appears very similar to the
linearly damped motion in the same
wave environment except that the
amplitude 1s not proportional to the
wave amplitude, i.e., a doubling of
the wave amplitude does not double

the roll amplitude. Resonance 1is
found to occcur at nearly the same
frequency and the appearance of the

mction is
by linear

similar to that predicted
theory.

Others result in effects that

The means available for
and motion responses are
results of linear and

Some nonlinear effects introduce
motion responses that are totally
unlike those predictable by a linear
theory. Of particular interest, are
motion instabilities and sub- or
superharmonic responses. = As an
example, a ship moving in head or
following seas experiences a time-
varying roll restoring monent
coefficient as the wave crest moves
along the ship length. This 1is a
result of the wave and motion induced
variation in the sghip’s underwater
geometry. Typically, the stability
18 least when a wave crest 1s near
amidships and greatest when a trough
15 near amidships. In pure head or
following seas, there i1is no wave-
induced exciting moment in reoll and
the eguaticn of notion is of the form
of Mathieu’s equation.. The solution
of this equation becomes unstable for

certain frequencies of the time
varying term, and in the case of ship
rolling, this instability is
represented by a spontaneous roll

that may grow to a wvalue sufficient
to endanger the vessel . Buch
"autoparametrically induced" response
is found to occur in several other
types of floating wvessel motions as
well,

Many of the effects that may endanger
the wvessel are transient in nature,
resulting frem one of a kind events
such as episcdic waves, extreme wind
gusts, operational accidents and
violent maneuvers. The analysis of
the response to such events requires

solving for the transient response of
the fleoating vessel, given the time
histeory o©f the triggering event.
These dangerous motion effects also
usually involve large amplitudes of

waves, forces and the motions
themselves. Conseguently, the
analysis of extreme motions and
capsize must usually bke based on
nonlinear theories. In practical
engineering applications, this
normally requires solving the
equations of motion by numerical

integraticn in the time domain.




The state of the art is such that an
exact general solution does not exist
for the hydredynamic forces on a body
of arbitrary geometry undergoing
motions of large amplitude in steep
waves. In predicting the
hydrodynamic forces for large motion
analysis we must usually resort to a
process of synthesis in which
existing linear procedures are
combined intuitively with more exact
coemputaticns of the flow of real
fluids over bodies of simple
geometry. The validity of the results
of such a synthesis must then be
tested by means of model experiments.
A procedure is described in [1] for
the simulation of ship capsizing in
waves in which linear strip theory is
combined with a quadratic model of
the viscous forces and exact
computations of the hydrostatics of
the underwater hull.

THE HYDRODYNAMIC FORCE SYSTEM

A comnmonly used linear procedure for
computing the hydrodynamic forces on
a three dimensional floating body is
the distributed source Green function
or "panel method". In this procedure
one solves a bcundary value problem
in ideal fluid potential theory for
the flow about the bkody undergoing
small cscillateory motion in waves' of
small steepness. Implementation of
the precedure requires that the
underwater surface cf the body be
subdivided “into a number of
rectangular o¢r triangular panels.
Distributed pulsating sources are
assumed to ke located on each panel
and the strengths of the sources are
adjusted to gsatisfy the body
kinematic boundary condition. There
are twe approximations in this
procedure that limit its usefulness
for solving large motions problems.
They are, first, an assumption of
small - wave and body motiocns and,
second, the assumption ¢f an ideal
inviscid fluid.

As a ' consequence of the first
approximation, the underwater shape
of the body is assumed to remain
unchanged with time and the boundary
conditions are satisfied on the mean
underwater shape. The change in the
immersed geometry with passage of
waves combined with body motion is
neglected. This is clearly a major
impediment to the prediction of
capsizing behlavior since capsize
motions are large by definition, with
corresponding large changes in the
immersed shape.

Current research in numerical
hydrodynamics is being directed
towards extending panel methods in
the direction of seolving the large
amplitude hydrodynamics problem.
These use panelized source

distributions both on the body and on
the water free surface 1in a time-
domain mode of sclution. In order to
accemmodate large motion amplitudes,
both the panel gecometry and the
source strengths must be updated at
each time step requiring considerable
computational resources,

An approximate procedure that is
sultable for approximating the forces
on many types of fixed and floating
offshore structures employs the so-
called Morison formula [2], {371.
This formula, which is intuitive in
origin, was intended for computing
the wave forces on a staticnary
vertical pile but is now extended to
the case of a moving slender cylinder
at an arbitrary orientation in space.
In applying this to the computation
of forces on a space frame platform
made up of slender cylinders as shown
in Figure 1, two assumptions are
necessary. It is first assumed that
the cylinders are sparsely
distributed so that flow interference
between members may be neglected,
and, second, each member i1s assumed
relatively long and slender so that
the flow is essentially TwWo
dimensional at each c¢ross section.
This procedure has been adapted to
both linearized frequency-domain
solution schemes and teo the numerical
time-domain type of sclution of the
equations of motion.
SOME - COMPARISONS oF LINEAR AND
NONLINEAR RESULTS

Figure 1 depicts a generic six column
twin-hull semisubmersible that was
used as the experimental example in
the recent ABS MODU stability study,
references {4} and ([5]. The motion
response characteristics were
determined for a wide variety of wind
and wave conditions by experiment and
beth linear and nonlinear
computations. Extensive comparisons
were made of the computational and
experimental results in order to
verify computational preocedures used
in later parametric studies.

The hydrodynamic characteristics of
this platform were computed both by a
panel procedure and by the Morison
formula, and it is useful to compare
the results in order to illustrate
the features o©f each. The panel
computation used a mesh defining 476
panels distributed over the surface
of the body. The Morison formula
computation involved treating each of
the six columns and the two pontoons
as an independent cylindrical body.

FIG.1 GENERIC S5IX COLUMN SEMISUBMERSIBLE
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The computed damping and added mass
coefficients for the platform are
j$llustrated in Figure 2. The added
mass computed by the panel method is
nearly constant while the radiastion
damping by this method {(dashed line)
shows a strong fregquency dependence

and nearly vanishes for periods
greater than 15 seconds. In the
Morison slender member model, an
added mass coefficient of 1.0 1is
usually used for cylinder members and
this 1is seen to give an c¢verall

structure added mass somewhat greater
than the panel computation. The
difference bDpetween the two can be
explained by the hydrodynamic
interference between the columns and
pontoons which 1is neglected in the
Morison model. Making an intuitive
reduction to the C, value to account
for the shielding of the pontcon by
columns brings the two methods into
much closer agreement.
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The damping displays a greater
discrepancy between the two but we
recall that the Morison  model
includes a viscous term that is
missing from the ideal f£luid panel
model. The wviscous damping is
. represented here by an eguivalent
“linear damping coefficient, defined
te have  the same mean  energy
dissipation as the guadratic viscous
term. The equivalent linear
ceefficient is found to be dependent
upen the motion amplitude as shown in
[6]. Three different wvalues are
shown corresponding to the platform
motion in random seas of 10, 20 and
40 foot significant height. The
values plotted here are based upon
model scale C;, wvalues although the
graph is plotted for full scale wave
period. The use of a wvalue of (j
appropriate to full scale would
reduce the equivalent 1linear wvalues
by about one-half to two-thirds. The
significance of this damping
discrepancy between the panel method

and the Moriscon formula .is most
apparent in the heave resonant
response.

Figures 3 and 4 contain the

components of heave exciting force
computed by the two methods. Here we

- 397

HEAVE FORCE AMP / WAVE AMP x 10##-5 (Lb/Fy}

.00 L.

-a 5.0

10,0 15.0 20,0
WAVE PERIOD - SECONDS

FIG. 3 GCEWERIC SEMI., COMPONENTS OF HEAYE FORCE BY PANEL METH(O

4. 00

w-—o—"->

HEAVE FORCE AMP / WAVE AMP x 10+e-5 <Lo/Ft)

\ / '
|

10.0 15,9 20.0
YAVE PERIOD -~ SECONDS

.o &
.0 5.0

FI1G. 4 GEWERIC SEMI.. COMPOMENTS OF .HEAYE FORGE BY MORISON FORMULA

see that the general behavior of the
force 1is nearly the same by- both
methods although the values given by

the Morison formula are somewhat
higher than those by the panel
method. In particular, points of
cancellation or reinforcement of

forces are replicated quite well, and
the low frequency limit is nearly the
same by each method.

The heave response of this platform,
shown in Figure 5, has been computed

by a quasilinear procedure which
includes the equivalent linear
damping of the Morison model. The

highest resonant response is obtained
using the panel method, and the
height of the resonant peak can be
attributed to the low damping near
resonance of this procedure. Results
are shown for the Morison formula
model using two different values of C
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and for the three sea states
menticned earlier. The lower wvalue
of Cy brings the Morison model added
mass into close agreement with the
panel method resuliing in nearly
equal resonant frequencies.

Experimentally determined heave
responses for a 1:50 scale model of
this platform are shown in Figure 6.
The plotted points were obtained from
tests 1in waves representing full
scale wave heights between 1€ and 106
feet. On the ©basis o©of past
experience, the lower waves would be
expected to yield results 'in good
agreement with the quasilinear
computations. The highest waves were
used in an attempt to ascertain the
upper limit of applicability of the
procedure. It 1s seen that the
quasilinear computations, shown by
the solid line in Figure 6, are in
good agreement with experiments over
the entire range of wave periods
although the limited number of
experiments 1n extreme waves 1s
insufficient to c¢learly illustrate
the effect of wave height.
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An example o©of the second type of
nonlinear response, i.e., & response
not present in a purely linear
analysis, is shown in Figure 7. This
response was computed using the
nonlinear time-domain integration
procedure described in [7] and [8].

It «c¢onsists of a low frequency
rolling moticen occurring at the
frequency of the envelcope of a
composite wave system formed by the
superposition of two sinuscidal wave
trains of slightly different
frequencies. Similar behavior was
observed in the model response in
experiments conducted in such
composite waves. The explanation for
this effect lies in the phenomencn of
wave drift forces on a surface-
plercing spar. Here, it 1is known
that drag forces on the surface
piercing part of the spar combined
with wave scattering about the spar
result in a nonzerc mean force in the
direction of wave motion, In the
simple group waves, this force and
its moment have maximum and minimum
values at the maxima and minima of
the wave envelope. If the envelope
period c¢oincides with the natural
prericd of roll, resonant rolling
motion may be excited. These effects
will be present 1in random seas as
well, having a freguency content
similar to that of the envelope of
the random waves.

The above 1s a nonlinear dynamic
phenomenon, not amenable to analysis
by a purely linear procedure bput
clearly and accurately depicted in a
nonlinear timerdomain simulation.
Otner effects that are most easily
studied by this type of simulation
are responses to complex multiple
digturbances such as combined wind
and waves, transient effects such as
those due to impulsively applied
wind, and effects of damage which may
include modelling of flooding of the
interior of the ship or platform. A
simulation of the latter behavior was
described in [9] in which the
procedure took into account water

ingress through downflcoding openings
which were intermittently immersed by
wave and platform action.
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The simulated response to
simultanecus wind and wave action is
shown in Figure 8. Computations of
the response to waves alone and to
wind alone showed that, under certain
circumstances, the wind-induced roll
response could exceed the wave
induced roll. The reason for this is
that the wind turbulence spectrum
[10] c¢ontains a substantial low
frequency content in the vicinity of
the roll resonance.
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The last two figures, 9% and 10,
illustrate the application of the
time—-domain integration to the
response of a damaged platform.
Figure ¢ gives a comparison of
experimental and numerical results
and serves as a calibration of the
procedure, The wave system was
simulated by 44 conmponents #hose
periods, amplitudes and phases were
derived by Fourier analysis of the
experimental wave record. Figure 10
depicts a simulated capsize of the
damaged platform under simultaneous
action of wind and waves. During
capsize, the platform rolls through
180 degrees and attains a stable
position in this inverted attitude.

CONCLUSIONS

Large amplitude motions leading up to
capsize often result from effects not
adeguately treated by the traditiocnal
linear techniques. Nevertheless, by
using time-domain integration of the
equations of mction coupled with
somewhat intuitive and Jjudicious
extensions of existing linear
hydrodynamic techniques, quite good
predictions of large amplitude
motions may be carried cut for a
number of important capsize or large
motion scenarios. The principal
drawback to time domain sinmulations
is excessive computing time and a
lack of «generality ef results.

Consequently, the method finds
greatest application to the study of
specific sc¢enarics invelving unusual
events such as episodic waves;
casualties and specific nonlinear
motion responses.
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ON THE STABILITY OF ANTISYMMETRIC MOTIONS OF A SHIP
EQUIPPED WITH PASSIVE ANTIROLLING TANKS

Albér‘[o FRANCESCUTTO and Vincenzo ARMENIO (%)

ABSTRACT

Until now, the effectiveness of passive
antirolling devices, such as tanks, has been
checked against the build-up of a large
amplitude synchronized rolling motion in
monochromatic or narrow band sea. Recently,
we have shown that this effectiveness extends

also in a general stochastic and short crested.

sea from any direction. Through the use of a
perturbation method, we have also proved that
it extends to the so called parametric rolling, i.e.
to subharmonic rolling that can be excited as a
result of the coupling of heave and roll in
iongitudinal sea from the stern. The effect of the
tanks is to increase the threshold for the onset
of subharmanic rolling at least in the first region
of instability that was investigated in a second
order approximate analysis. Numerical
simulation confirms this trend.

Recent approaches to stability
assessment seem 1o pay an increasing
importance to the simultaneous occurrence of
instability in the antisymmetric motions sway,
yaw and roll, and synchronism with the external
excitation. The coupling among these motions
could explain phenomena such as capsizing,
loss of control in waves and, probably,
broaching-to.

In this paper, the stability boundaries as
regards the antisymmetric motions are
computed for a ship considering the
eigenvalues of the system of equations
describing the coupied sway, yaw, roll, tanks

motions. The results indicate that passive tanks
properly adjusted to avoid large amplitude
rolling in a beam sea, can play an imporant
role also in reducing the range of instability of
these motions.

INTRODUCTION

In the last years an increasing attention is
being payed to the understanding of the

-different mechanisms that can lead to ship loss,

i.e., in the case of intact ship, to the capsizing
and broaching-to phenomena. Whereas the
first is connected with large amplitude rolling
originated by different mechanisms such as
resonance (gradual build-up or jump between
different amplitude oscillation states),
parametric resonance and loss of stability in
waves, the second is the result of quite complex
phenomena tied to directional instability, loss of
control of control surfaces when surfing, yawing
moment generated by waves and loss of
stability [1]. Broaching-to is, with respect to
capsizing, a less known, feared phenomenon.
Classically, directional stability and
stability in the sense of safety from capsizing
are considered separate events, the first
analysed in terms of stability of the trivial
solution of the coupled system of equations
governing sway and yaw.in linear approach,
the second studied by means of methods that,
started being fundamentally based on static
approaches, later on incorporated more
realistic descriptions of the action of the

(*) Istituto di Architettura Navale, Universita’ di Trieste, Via A. Valerio 10, 34127 TRIESTE, ltaly
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metegmarine environment and of the dynamics
of nonlinear systems, are becoming of
increasing complexity.

This approach, considering uncorrelated
the two kinds of Instability, is actually
considered philosophically unacceptable; at
the same time more powerful analytico-
numerical tools for the analysis of the
qualitative and quantitative behaviour of

'systems governed by systems of differential
equations strongly coupled have been
developed.

Modern views on ship safety consider
bath sources of instability very important and it
is physically reasonable to censider a coupling
between them. As a consequence, an
increasing number of researchers [2-5] is
considering with interest the analysis of the
system of the equations governing the
antisymmetric motions of the ship, i.e. roll, sway
and yaw.

What we are actually looking for, are the
conditions for the boundedness of the solutions
in terms of rolling amplitudes acceptable not
only in terms of avoiding capsize, but also in
terms of ship operativity, and simultaneously an
acceptable level of controllability of the ship
that can be used both to avoid ship-wave
conditions dangerbus for excessive rolling and
broaching-to.

To get a useful response to the above
questions, only a fully nonlinear model can be
sufficiently reliable. Unfortunately, present
methods of theoretical and numerical
hydrodynamics in general do not allow the
statement of a coherent mathematical model
sufficiently reliable to describe the behaviour of
a strongly nonlinear system when large
amplitudes are involved. On the other hand,
experiments are often too much correlated to
the particular type of ship considered.
Moreaver, the analysis of such & model can be
done analitically in the frequency domain by
the use of complex perturbation methods or
numerically, by mieans ‘of time domain
simulation. The first approach allows a greater
insight into the physics of the phenomena; as it
allows a parametric analysis on the separaté
effect of the different terms and on' the
dependence on the initial conditions but is

generally limited to non very large amplitudes
and is quite complicated to use when
bifurcations or stochastic excitation are
considered [6,7]. The second can be always
applied, in the limits of the validity of the model,
it is characterized by a high precision, but does
not give simple information about the
dependence on the parameters and initial
conditions. Moreover, it has to be used with
caution when a bifurcation scenario is possible.

By the way, we have mentioned the
validity of the model, a problem that has to be
menticned when considering large amplitude
motions and stochastic excitation. It is, infact,
difficult to write down a non ambiguous
mathematical model for a strongly nonlinear
system, as the coefficients become frequency
dependent and it is not very clear what means
frequency in presence of an excitation with
bandwidth. On the other hand, it is clear that a
linearized model is not in general a good one -
as predictions are often in qualitative
disagreement with the effective behaviour.

At the other extreme, a linear model gives
a good picture of the system behaviour at very
small amplitudes, predicting with good
accuracy the possi'ble instabilities of the trivial
solution in absence of excitation, that is the
intrinsic instability of the system "in the small".
Another question is the degree of correlation
between these instabilities and the "instability
in the large”, that is the presence of soiutions
unbounded or not sufficiently bounded. This
question can be solved, with a lot of difficuities
and some ambiguities, only by means of a
nonlinear approach, so that the position of
researchers saying that instability in the linear
approach does not mean that capsizing or
broaching-to will take place is panly correct.
Nevertheless, as in the case of parametric
resonance in following sea, here too we can
have indications about a possible loss of
controllabifity or loss of transverse stability tied
o directional instability. Since these
information can be obtained by simple means,
it appears of great interest tc develop the
algoritms that allow this and to compare the
parametric indications with the resuiis of
casualties at sea. Preliminary results in this
sense obtained by other authors [3] seem to be
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encouraging, as evidence of some correlation
between intrinsic linear instability in the éystem
of antisymmetric motions and the effective less
of the ship was found. On the other hand, we
have not to forget that correlation between IMO
"statistical” stability criterion (worldwide
accepted!} is only a statistical one, that is by its
own nature "a posterioni”, whereas IMQO
"weather" takes into account only a very
simplified description of the action of the
environment and thus is far from being
satisfactory.

Having in mind the importance of the
coupling among the antisymmetric motions on
one hand and the importance played by
damping in the boundedness of the rolling
amplitude on the other, it appears quite natural
that the next step should be the matching of the
two problems, with particular regard to the
effect of devices designed to reduce rolling.
This requires upgrading of the system
describing the antisymmetric motions with a
description of the effect of the antirolling device.
In this paper we will devote our attention to the
passive antirolling tanks, whose effectiveness,
once tuned in regular beam sea, was proved in
a stochastic bi- and tridimensional sea and in a
regular following sea -[8_,9]. In this last case,
properiy adjusted tanks can increase the
threshold for the parametric rolling, so reducing
the probability of its occurrence.

The reason for this study lies also in the
renewed interest towards stabilization systems
of the U-tank type due to the versatility obained
employing a passive controllable version
[10,11]. This device can, in fact, couniercact
efficiently both rolling and heeling. 1t is thus
useful either during routeing and during
loading-unloading and other operation in the
port. In patticular, it could be used to reduce
_probability of cargo shifting due to excessive
roiling and to control heeling during eventual
cargo shifting avoiding dangerous positive
feedback leading to structural failure and
capsizing.

In practice, a fourth equation, representing
the motion of the liquid in the tanks, has to be
added to the other three and proper caoupiing
terms have to be inserted in all equations. A
first approach to this problem was done by

Vasta et al. [12] that considered the system of
differential equations describing some motions
plus the motion of the fluid in the tanks. The
coupling among the different motions was
considered only with reference to the terms of
mechanical origin involved in the description of
the rigid body motion through the Eulero's
equations. Here we reconsidered the problem
including also the main hydrodynamic coupling
terms. ‘

EQUATIONS OF ANTISYMMETRIC MOTIONS

In nondimensional terms, the system of
differential equations governing the
antisymmetric motions of sway, roli and yaw in
the reference frame of body axes, can be
written as [4]:

(M=YYW-Y pR-Yir-Yyv-Ypp+{m-Yr)r-Y oo
'YVV(PVz(P‘YV(p(pV(pZ-Yrr(pl’z(p-Yr(P(pl'q)2= (t)

(Ix-Kp)p-Kiv~(Ixz+ Ki)F-Kpp-Kyv-Krr+(VGM/Fr2
-Kp)p-Kuvov2o-Kvpovo?-Krrer2e-Krpere?=K(t)

(lz-NP)F-Nyv-(lzx+Np)p-Nrr-Nyv-Npp-Ngo
“Nov@v2e-Nygove?-Nrrorée-Nrper?=N(1)

This nonlinear non-autonomous approach
1o antisymmetric motions was used by Son and
Nemoto to analyse the coupling of rell and yaw
and allows an analysis of the stability of a
motion in the large, by means of a perturbation.
As a result, they proved that the effect of this
coupling, whose ctrigin is to be found in the lift
forces and moments generated by the hull in
nonsymmetric flow due to a leeway angle and a
heeling, is contradictory. In fact, turning ability is
improved, whereas course keeping stability
and quick response are decreased and heeling
is enhanced. In the present analysis, we are
interested in the intrinsic stability of the trivial
solution (i.e. no yaw, no sway, no roll), so that
we can neglect the external forces and
moments, inciuded those due to the rudder
action, and linearize the system in the
neighbohrood of the origin. This way we get the
following autonomous system of differential
equations (written in matrix form):
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m-Yy -Yp -Y¢ v

Ky Ix-Kp -{Ixz+Krp) p +
Ny -(lzx+Np) 1z-Ni |f

Yy -¥Yp m-Yy v

-Ky —Kp -Kr p +
Ny -Np -Nr r

0 Yo ollo 0
0 VGMFn2Ke g ol = o
0 -No 0 0 0

‘ Considering a perturbed solution of the
form

r=roeM  (p=pohelt)

v=voeM  g=goel
where rg, vo, Po represents the effect of a small
perturbation and substituting in the linear
system, one has the following system of
algebraic equations in the parameter A:

i

Mm-Yy)-Yy -A2Yp-AYp  AAYi+(m-Yr) ||vo

'Y(P

+VGMFn?Kg

ANg-Ny — 32(zx+Np)  MIzNA-Nr  |]ro

-ANp-Ng

The condition tor the existence of a non.
trivial solution, i;e. for the instability of the
motions, consists in the vanishing of the
determinant A(k). The values of A, called the
eigenvalues of the system, that realize this
condition, are found as the roots of the
following characteristic equation:

BoA4+B1A3+B2A%+P3A+Ba=0

where the Bi's are complicated functions of the
hydrodynamic derivatives and of the GM/Fp?
ratio

The stability of the system of differentiai
equations governing the antisymmetric motions
can be analysed determining the locus of the
roots of the characteristic equation in the

| AKy-Ky A2(1x-Kp)-AKp -A{lxz+Kr)-Kr| oo | =0

complex plane. For stability it is necessary and
sufficient that the roots be either 'pure imaginary
or complex with negative real pant, In this case,
the solution represented by the initial
perturbation is a transient that dies out in time
converging asymptotically towards the null
soiution. A necessary and sufficient condition
can be expressed in terms of the Liénard-
Chipart criterion (often improperly quoted as
Routh-Hurwitz criterion), i.e.requiring that all the
coefficients of the characteristic equation, being
real, satisfy the simultaneous conditions:

Bo>0 PB1>0 B2>0 P3>0 Bs>0

and

B1(B2Pa-BaB1) - PoB3Z >0 .

It is not very easy to interptet physically
these conditions, except the last one that
worths a detailed analysis. One has, infact:

B4=(VGWFn2-KtP)[N'er+Nv(m-Yr)]
+Y¢(Ker—NvKr)+N(P[YvKr+Kv(m-Yr)]

so that a necessary condition for stability is:
Fn R4 Rz
GM >~ [ K- Yoy -Nog; )

with obvicus meaning for Ry,R2 and Rj. In
particular, R3 represents the course-keeping
stability {(condition is Rz>0)

This condition differs from that obtained by
Bao-an [b] only for the presence .of the
hydrodynamic huii fift term Ke. It represents a
coupling between siatic stability and course
keeping stability. When Ke=Yp=Ng=0, the
condition reduces to:

GM [NrYvy+Ny(m-Yy)] =0
le.to

GM>0 [NrYv+Ny(m-Yr)] > 0

that is the two stability conditions are
uncoupled and we recover the model proposed
by Bishop, Price and Temarel in the case of the
slow motion derivatives. Of course, the coupling
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between the two aspects is not limited to the
term P4, as we will see later.

Since the three terms neglected to arrive
at the last condition represent a contribution

due to the hull lft in non symmetric flow due to
‘heeling, it could be expected that they play a
relevant (and highly noniinear) role at high
speed and represent a major contribution to
limit the stability in the large. In fact, Son and
Nomoto [4] found a positive feedback effect in
yaw-roll. in the present analysis, attention is
devoted to stability in the small, so that we
negiect the hydrodynamic derivatives
depending on heeling angle.

ANTISYMMETRIC MOTIONS OF A SHIP
EQUIPPED WITH PASSIVE U-TANKS

The antisymmetric motions of a ship
equipped with passive antirolling U-tanks are
governed by the following system of four
equations:

{M-Yy)V-Y pp-Yit-Yyv-Ypp+{m-Yr)r+d1 =0

{Ix- Kp)ﬁ-K\}\;’-(]xz+Kf) r- Kpp- Kyv-Krr
+VGM/Fn2p+C1y+cay=0

(Iz-NE)-Nyv-(Izx+Np)p-Nrr-Nyv-Npp+f1=0
b1+boy+bay+cip+czp+div+fii=0

The quantities representing ship mass,
moments of inertia and metacentric height have
been corrected for the presence of the liquid in
the tanks, coefficients b1 to bz represent the
dynamics of the tanks alone, ¢4 and c3 the
usual coupling between fluid motion in the
tanks and roll motion. Finally, dy and fq
represent the coupling between fluid motion in
the tanks-and sway or respectively yaw. They
are tied to the accelerations induced in the
horizontal tanks channel; the first is always
present, whereas the second depends on the
longitudinal distance of the tanks from center of
gravity. Here too we use nondimensional
coefficients.

The equations of the motions have been
written following the approach developed in
[3,4], neglecting the. terms depending on

heeling since they are particularly efficient
means of energy transfer between ditierent
motions at high speed where the passive tanks
partly loose effectiveness,

The analysis of the stability of the system
can be done in exactly the same way used in
the preceding section. To this end, assumed a
perturbed solution in the form:

vavoert  gmpoert  rergerlt  y=ygelt

and substituting in the system of
differential equations, one gets the following
characteristic equation for the eigenvalues:

BoAB+B1A%+BoA%+BaA3+BaR2+5A+Ps=0

Applying the Routh-Hurwitz criterion, ¢ne
has in particular '

B = [baVGM/Fn2 - ca2] [NrYy+Nu(m-Yy)] >0

This condition is of the same form of that
already obtained, with the two contribution to
instability uncoupled. The difference is {0 be
attributed to the effect of the liquid in the tanks
that changes the metacentric height due to the
change in the height of the center of gravity and
at the same time contributes a static heeling
moment, so that now we have the little more
restrictive condition -

GM > —3

V/Fn?
. & L . '
i.e. GM > =3 in dimensional terms.

| pav

RESULTS AND CONCLUSIONS

The analysis of eigenvalues and
eigenvectors has been done for the samie ship
studied in [3], in a loading condition
corresponding to GM=0.70 m and a tipical
operative speed corresponding to Fp=0.2,
equipped with passive U-tanks. The optimal
condition for the tanks was found as outlined in
{8]. The trim, represented by the
nondimensional quantity y=AT/Tm was vartied 1o
analyse the proposed destabilizing effect of the
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trim by the bow condition. The effect of the
tanks regulaiion has been studied comparing
the properly adjusted in beam sea condition
condition (same frequency of the roliing motion
and optimal damping in the channel) with an off
tuning condition {same frequency but with
negligible damping in the channel).

To detect which kind of instability is
connected with the appearance of an
gigenvalue with real part positive, the
corresponding . velocities eigenvectors have
been computed. As these give the amplitude of
the normal modes of the system, it is
convenient to obtain them in relative form
dividing their modulus by the modulus of that
corresponding to yaw motion, except that
corresponding to the fluid motion in the tanks
that was correlated with the rolling velocity

eigenvector. With the positions:

(I:iv—l B:M 8:“?*Il
In I

one has that the {eventual} instability is sway
dominated if a>1, roll dominated if B>1, yaw
dominated if o<1 and B<1. A littte more
complicate is the behaviour when a=p=1.

Let us examine firstly the results relative to
the stability of antisymmetric motion of the ship
without stabilizing tanks. In Figg. 1 and 2 the
eigenvalues and corresponding eigenvectors
versus the nondimensional trim coefficient v are
presented. As one can see, two eigenvalues,
w1 and p2 are positive, indicating
corresponding ranges of instability. A look at
the eigenvectors indicates that the first
instability is of the unidirectional diverging type
and is yaw dominated, whereas the second is
of the oscillatory diverging type and roll
dominated.

Considering now the same ship with well
regulated tanks, Fig.3 and 4, one can see that
no significant variation in the first eigenvalue
can be observed, whereas the second is
pushed towards lower values, so widening the
range of stability. This means that a disturbance
to the upright position is reduced to zero, that is
the ship is stabilized with respect to rolling
motion in a wider range of trim condition by the
action of the tanks. In this case, the eigenvalues

are six, two couples of which are complex
conjugate, since thére are two motions that can
display oscillatory behaviour, i.e. the ship roll
and the fluid in the tanks. The imaginary paris
of these eigenvalues reprasent the frequencies
of the normal modes of these two osciliating
systems, as one could see by comparison of
the eigenvalues with the eigenvalues of the
system of the two diiferential equations
governing the ship+tanks without considering
the other moticons.

The regulation of the towing tanks plays a
very important rcle as one can see comparing
preceding resufts with those, Fig. 5 and 6,
correspanding to the ship with tanks with
damping in the channel very low with respect to
the optimum value. in this case, in the range -1
< v <0.6, i.e. in almost all the investigated
conditions, the two complex eigenvalues have
positive real part. This means that in this case,
the tanks are unable to reduce rolling, acting on
the contrary, as roll exciters.

These results, obtained in the linear,
autonomous, approach, appear of interest
inasmuch as they allow to conclude that the
passive tanks, once well adjusted for the
maximum roll reduction in a regular beam sea,
preserve their effectiveness also in the case of
antisymmetric motion, reducing the probabiity
of the onset of dangerous rolling.

Comparing the
corresponding to the different situations, one
can observe that the real ones do not exhibit
marked changes passing from.ship without
tanks, to well adjusted 1anks io off regulation
tanks. This means that the tanks have no
relevant influence on the stability of the motions

gigenvalues

of sway and yaw. We suspect that this is due to
a weak coupling between roll and the other two
antisymmetric motions in this case, so that the
system of four equations is actually composed
of two subsistems weakly interacting, or at least
interacting mainly one way. In fact, we have
observed that global instability almost always
consists of directional type instabiiity to which,
in particular conditions, a roll instability can be
supeiposed. This means thai, for this ship,
some of the terms Ky, Ky, Kf, Kr can represent
an efficient mean of energy transfer from sway-
yaw unidirectionally diverging motions to roll,
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Figure 1. Eigenvalues corresponding to the
ship without tanks versus nondimensional trim.

exciting the instability of the latter when righting

ability or damping or other means of dissipating -

this energy, like tanks, are unable 1o counteract,

The situation is probably different in a
nonlinear approach, when large amplitude
motions are involved, since there an efficient
feedback bounds yaw and rell. In this case, an
efficient action of the tanks could be expected
to be exerted on the complex of the
antisymmetric motions.
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ON THE INFLUERCE OF RESTORING MOMENT CHANGES IN WAVES OH STABILITY ESTIMATIONS

1)

P.Bogdanov

ABSTRACT

. S.Dimitrova &), R.Kishey 3)

In this paper a procedure is described for evaluation of the total sum components of the ship

restoring moment in waves, developed in the frames of the hydrodynamic theory of ship motion

and some results of its numerical realization are aiven. The validity of the approach is veri-

fied for the case of following waves by systematic captive model tests. The influence of the

inclination anglie, the speed of advance and the frequency of excitations on every restoring

moment component is anaiysed. The stability estimation changes due tc the restoring moment va-

riations and the conditions, at which these changes influence considerably the stability as-

sessment process, are examined.

INTRGDUCTION

Ship stability in waves is characterized by

the hydrodynamic moment, arizing from the
counteraction of the exciting and restoring
moments, as a function of the angle of in-
clination. When operating in real seas, the
ship motions and sea waves result in alte-
rations of the periodic restoring moment,
thus stability estimations in this case
could differ significantly from those in
still water,

In the practice till now the stability
variation has been discussed in a quasista-
tic formulation, which corresponds to the
case of ship motion in following waves at
speed close to that of the wave. In fact,
in most of the cases this is not ltike that
and it can be expected that the dynamic
effects, related to,the continucus varia-
tion of the waterline form and the wave

1 Senior Research Scientist, Dr.,
Director BSHC

2 Research Scientist,
Seakeeping Sector BSHC

3 Senjor Research Scientist, Ph.D,
Head Seakeeping Sector BSHC

BSHC, Varna 8060, Bulgaria

forces due to ship motions and wave actions,
could cause additional changes of the stabi-
1ity characteristics. In this aspect the
works of Erim, Wendel, Paulling, Lugovsky,
Kastner, etc. are well known and they are
cenerally characterized by the attempt to
simplify the formulation of the problem
{considering hydrostatic pressure changes
only, wallsided ships, small heeling angles,
etc.), which leads to qualitative evalua-
tions. Most thoroughly the problem has been
formilated and developed by Boroday and He-
tzvetaev (1), where all components of the
hydrodynamic moment arising in waves, are
considered. On the basis of this formula-
tion a practical estimation procedure has
been developed at BSHC (2), (3), and fur-
ther betow some calculation results are
given to demonstrate its applicabjlity and
importance, Feanwhile, a large experimental
progranme has been taunched on the problems
of ship stability in following waves and
some initial results have been used here
for comparison purposes, the main body of
the results being meant to be published
later.
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1. FORMULATIONH OF THE PRGBLEN

In (1) the restoring moment in waves is de-
fined as a moment of the time-dependent
hydrodynamic forces acting on the ship hull
inclined at fixed heeling angle hut free %o
move otherwise. The potential problem fis
formulated in the frames of the linear hyd-
rodynamic theory (small excitation and re-
action amplitudes). The fluid motion is de-
scribed in coordinates, as shown on Fig.7.
The corresponding linearized velocity po-
tential is presented in (1) in the common
form:

¢ = ¢S+¢1+¢2+¢3 (1)

where, ¢S - potential of steady motion in
still water,
¢1 - incident wave potential,

6
¢, = ) X.¥. - forced motion potential
- “1=1 J J

by - diffraction potential.
The total hydrodynamic moment
MT = - IS(p-pé)(r x T)ds (2)

where the pressure is evaluated by the ve-
locity potential of the fiuid motion, canbe
analogously expressed, as follows:

Mo = M.+M (3)

T S

+M2+M3
where, MS is caused by pressure field chan-
ges when the ship advances in
still water,

is Froude-Krilov component,

Mz is caused by ship forced motion
in still water at fixed heeling
angle,

M, is a diffraction component,

and where every component is to be related
to the corresponding fraction potentials
evaluated at fixed roll assumption and in-
tegrated over the correspondingly estimated
wetted hull surface (13.

Obviously, the additional moment in waves

,%/ﬁg

Wl

G y
1
\\\\\\\;?¢4—"’::::::;7451T£3
Z 51

Fig.1. Coordinate Systems
is obtained by

My = Moo= Mgy (4)
and appears as a function of time and the

heeling angle.

The motions of the inclined ship re-
stricted in roll can be deriied from the ge-
neral linearized motion equations:

. . . _ _-[wt
§(Mjk+Ajk}Xk+Bijk+Cijk) = Fje (5)

considering the existing hull asymneiry and
retaining heave and pitch terms only as most
significant in forming the fluid motion, i.e.
k = 3,5. The corresponding inertia and damp-
ing coefficients for inclined cross sections
are evaluated by Elis method (4).

2. FVALUATION OF THE MOMENT COMPONENTS

To express the components of the motion -
induced additional resteoring moment, refe-
rence {1) has been strictly followed, where
from egs.{1) and (2) the following general
equations can be abtained:
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My = v[ clyk-zddds+p] p(zi-ykids  (6)
5 5

[ g
M of ~42723 yk)ds (73
27 S 8t
5¢_++
M, = p{-—7;(zj-yk)ds {8)
8

where, S, 7s the wetted surface at inclined
position, and

T .

i,k are components of the unit normal

vector.

Further below the components are ex-
pressed for the case of following waves:

2.1. Froude-Krilov Components

Changing the integration media and denoting
that
BY =V - Y (9)
where, VT is the instantaneous displaced
volume and
V. is the at-rest-volume at inclined

8
position,

M1 fraction is resolved into three terms:

MT = M10 + M11 + sz (10)

where, M10 accounts for the steady change
of the waterline when the ship
advances in still water,

M11 gives the influence of the addi-
tional 1iquid volume around the
moving hull, and

12 accounts for the pressure distri-
bution changes in the surrounding
fluid (Smith effect):

=
1

11 = ¥cos8] ydV-ysino[ zdv (11)
: AV AV

=
i

_ 2 f _ci -
12 = G P (cos8] Icde sing| ICZdV}c03met+
v v
&} 5]
¢ pw? (cosef I _ydV - {(12)
a 5
v
5}
51ne£ I zdV)sinu t
8

+

_k;
....kC

—
I

= e “~cos{kx)

sin{kx)

—
]

e

and where, the heading p = 0° 1s assumed.

2.2. Radiation Component

Retaining heave and pitch only and consider=.
ing the radiation potential in eq.(/) as

¢y = X3?3 + X5T5, (13)

where, X3 = Qg + U,
ko =4,
the radiation component can be expressed as:

My = Moy + My (14)

where,

M,, = C_A +¢ B +¢A (15)

21 = Sofg *UBgy
Mpp = UbA7UB,)

and where, M22 accounts directly for the
speed influence on the moment

2.3, Diffraction Component

The incident potential being

_ o g krei(w toke)
03 = itgs e e s (16)
the diffraction component (8) for the case

of following waves is reduced to:

M +uA +uB b (17}

3 = ~(Cyhstighyy 54
where, o is the wave slope, and
Zh is the instantaneous wave elevation

One can easily note that at upright po-
sition the compeonents M2 and M3 turn fo zera

3. PRACTICAL CALCULATIONS

The outlined calculation procedure for es-
timation of the restoring moment changes in
waves has been realized in (2) and (3} for
the case of following waves and has been
thoroughly checked experimentally ona S-175
containership model subjected to captive

towing in following waves.
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3.9. Ship Motiens

The amp?ktudes of heave and pitch, R and
by s were obtained by solving the set of 1i-
near equations {5). The hydrodynamic added
masses and damping, symmetrical as well as
asymmetric, were calculated by Elis method
{4), which was experimentally verified in
(2) by forced oscillations of a series of
inclined ship cross-sections.

The resuits of the motion caiculations

are iliustrated on Figs.Z2 and 3, where they

are compared with the corresponding experi- L 07
mental values to prove the correctness of jfxxhﬂ‘ahq}“““‘—~—~o-—— i

Q

the numerical estimations.

0 0 2 £ L0
~—= 8[deg]
Fn=02
X3
Sa : : . .
r Fig.3. Pitch Reponse in Following Waves
3.2, Restoring Moment Components
0.5 The detailed calculations of the restoring

) )JL'-'1'3
moment fractions by eqs.{11}, (12), (15) and
1

(17) revealed the unconditional significance
of Froude-Kritov term and the negltigible im-

1_‘__q__1g_____d__4}——-'*“£L#‘—#;’;’E’ . portance of the other two, which is illus-
| G trated in Table 1.

o Q7
o o 5 _
ﬁ Fig.4 shows the contribution of every
0 1 2 30 T Lo fraction integrated in M, term. Obviously,
— 8 [deg) M, amplitudes reach their minimum at A/L=1,

though not strongly expressed. The steady

addition to the static moment, M?D’ is minor

Fig.2. fleave Response in Following Haves and becomes negative at larger inclinations.

Tahle 1
AL = 1.0
¢ Mo Maw Maw My M, M3
deg tm tm %MSW %MAW %MAW %MAW
10 4407 1222 27.7 94 .6 3 1.7
20 10848 4760 43.9 98.7 1.6 0.7
30 21591 6899 32.0 §9.9 1.8 0.9
49 28739 4509 15,7 161.5 3.7 2.5
| I
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Fig.4. Correlation of Fractions Composing
Froude-Krilov Part of the Restoring
Moment in Waves

Figs.5 and 6 show the change of the
radiation and diffraction components with
the change of the frequency and angie of
heeling.

The harmenic changes of the restoring
moment in waves, imposed over the static mo-
ment, leads to relevant fluctuations of the
actual lever arm of stability. The calculat-
ed moment fluctuations are compared on Fig.7.
with the corresponding experimental values
obtained by recdlculation of the captive
towing test resuits, the good agreement be-
tween caiculations and experiment being de-
monstrated, Since the model test program
has not been completed yet, only sample re-
sults have been cited here,

As it has beccme_clear, the decrease

of the restoring moment within one period

Fn=0.2
M2 AL=10

[tm] M,

1504

100 1

50 1

0 10 20 30 ° L0
— 8(deg]

Fig.5. Radiation and Diffraction Moment
Components Calculated as a Function
of the Heeling Angle

Fn=0.2
Mz ' 8= 30°
M3
ftm]

1501

100+

501

— a3

Fig.6. Radiation and Diffraction Moment
Components Catculated as a Function
of the Relative Wave Length
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of motion can rgaéﬁ significant percentage
and has to be considered in practical stabi-
lity evaluations. Systematic calculations
show that especiaily for the following wave
case no remarkable speed influence has been
detected on ship motions, as well as on the
additional restoring moment and the same

can be stated for the frequenéies of encoun-
ter, as they change slightiy. The most im-
portant operational factor appears to be

the phase ratic between waves and inspired
heeling {from relling motion or by wind
gust) because as the encounter wave frequen-
cy tends to be zero at certain {w,u) combi-
nations and the moment fluctuations increase
with the increase of the heeling angle, the
simultaneous occurrence of large ship in-
c¢lination and negative restoring moment am-
plitude could provoke danger.

The above conclusions are based on re-
gular wave considerations but having in wind
that the encounter wave spectrum is rather

narrow, the same reasonings will do for rea-
listic seas as well,

x103 —_ X
30 :
Ms / i
{tm] A 7
T / 4 /
74
" .

T/
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0 10 20 30 40
— &ldeqg])

Fig.7. Restoring Moment Fluctuations in

Following Waves
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NOMENCLATURE

Added mass coefficients

Camping coefficients

Restoring coefficients

Exciting forces

Froude number

Acceleration of gravity

Wave number

Ship Tength

Generalized masses

Restoring moment in still water
Total hydrodynamic moment in waves

Additional restoring moment inwaves

- Components of the wave-induced re-

1

storing moment

Unit normal vector to the ship huil
Hydrodynamic pressure
Radius-vector of the point on the
hull surface

Ship motion amplitudes

Coordinate system fixed to the mean
position of the ship at CG
Translation coordinate system re-
ferred to WL and CL at upright
position

Unit weight of water

Wave amplitude

Vertical displacement of CG
Heeling angle

Wave length

Mass density of water

Fraction radiation potentials
Speed of advance

Pitching angle

Wave frequency

Frequency of encounter
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ASPECTS OF DAMAGED STABILITY IN THE COMPUTER
AUGMENTED DESIGN PROCESS FOR SWATH VESSELS

ALEXANDER F. MILLER *

ABSTRACT
This paper describes the creation of a design tool which enables the user to quickly and casily assess the damage
stability characteristics of Small Waterplane Area Twin Hull (SWATH) ships at the preliminary design stage. The
requirement for such a design tool is discussed and the subsequent stages in its development from parametric study
through to completed design program are described. The paper also secks to demonstrate that SWATH vessels possess
acceptable damage stability characteristics which are at least equal to if not superior than those of equivalent

monohulls.

BACKGROUND

SWATH is an acronym for Small Waterplane Area
Twin Hull . This type of vessel , as the name suggests
is a form of modificd catamaran where the underwater
form has been distorted to move the supporting
buoyancy well below the surface of the sea and away
from the wave action . A typical SWATH vessel
consists of two totally submerged torpedo like hulls
upon which an above water cross structure or box is
supported by means of long streamlined surface
~ piercing struts. The resulting vessels have demonstrated
dramatically improved seakeeping performance over
conventional monohulls and catamarans at both model
and full scale , however the low waterplane area
inherent in the concept presents several problems not
the least of which is sensitivity to changes in weight or
flooding.

The work described in this report was undertaken
as part of the first joint Vickers Shipbuilding and
Engineering Ltd / Glasgow University '‘SWATH
Design and Evaluation Project'. This project was
initiated with the ultimate aim of enhancing the
computer angmented SWATH design capability
previously developed at the University(Ref 1,2,4).

INTRODUCTION

Despite the sensitivity to weight changes associated
with the low waterplane area and the uncertainty
attached to the stability - of these vessels when
damaged, surprisingly little work has been published
in the field (Ref 3). This paper is directed towards
changing that situation and seeks to reassure potential
SWATH ship operators that survivability for SWATH
vessels is at least comparable 1o that for monohulls .

* Assistant Naval Architect, VSEL ,
and Glasgow University , Great Britain.

It is obviously desirable to include consideration of
a vessels ability to survive damage when evaluating
design proposals. Conventional damage stability
software packages capable of handling the novel
geometry of the SWATH form are available however
all existing programs require detailed design
information and are both time and labour
intensive.Since the Naval Architect is often faced with
the task of evaluating a large number of alternative
design proposals for a given vessel , the value of a tool
providing fast , first estimates of damage stability
becomes clear. Ideally , such a tool should be quick to
use and require only preliminary design data.

A workplan was therefore formulated with the
ultimate aim of extending the existing "DESIN" suite
of SWATH design programs to include damage
stability considerations in the design process.

APPROACH ADOPTED

The Parametric Study

In order to provide such a capability the links between
design geometry and survivability must be explored
and relationships between the two established. To this
end , a parametric study was selected as the most
suitable vehicle for the first part of the work. Results
from tliis study were analysed and mathematically
defined to allow the construction of a program which
predicts damaged behaviour at the earliest stages of the
design process.

The first stage was to create a 'family’ of SWATH
vessels , that is , vessels whose principal dimensions
and geometrical proportions were closely related.
These vessels are not geosims in the true sense but
share the same basic proportions for the main design
variables : for instance , hull/strut length ratios , strut
setback , nose and tail run-in , run-out etc. The
computer program DESIN' was used to synthesize
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this family of ships for five displacements in the range
1000 to 5000 tonnes. It is felt that this displacement
range covers most likely SWATH newbuildings in the
foreseeable future.

Simple circular hulls with elliptical noses and
paraboloidal tails were chosén for all five designs. All
designs had "short” struts (80% of hull length)
supporting a standard cross structure of depth equal to
one deck plus structure. The length of the cross
structure was equal to that of the struts without any
overhang forward or aft. A linear sheer was
incorporated into the wet deck (the underside of the
box) over the forward 25% of its length. Fig 1 shows
a typical bodyplan for a vessel in the study. The
resulting designs are the most basic SWATH forms
likely to be considered in practice. Their main attribute
is simplicity of construction , and the coincidence of
LCB/L.CF afforded by the short single strut
arrangement . This is desirable in reducing coupled
heave and pitch motions. The final reason for their
selection was to maintain continuity with other work
utilizing the same hull forms (Ref 6).

For each displacement , vessels were created with
one of two different box clearance values and one of
three different compartment lengths. The values of box
clearance chosen were selected to correspond with
values proposed by Lamb in 1987(Ref 3) for
contouring and platforming modes of operation for
SWATH vessels. These values form the upper and
lower ends of the range of feasible wet deck/waterline
clearances. All vessels were idealised to have uniform
bulkhead spacing and therefore equal compartment
spacing throughout their length. This simplifying
assumption , whilst clearly unrealistic was made in
order to reveal trends and patterns in the results which
might otherwise have remained hidden.

Bulkhead spacings of 6.25% , 8.33% and 12.5%

of the vessels length were selected for all designs.
These values were selected after careful consideration

of current SWATH design subdivision practice. The
percentage values chosen gave compartments of length
approximating to the upper , lower and intermediate
values of compartment length currently considered
suitable by contemporary SWATH designers (Ref 4).

The only remaining 'ship® variable considered was
operating draught . For each design displacement
flooded stability calculations were carried out at three
draughts , corresponding to design displacement and
design displacement +/- 5%. The resulting range of 10
% design displacement , whilst low for conventional
vessels , was considered sufficiently large to cover the
operating envelope of most SWATH vessels.

It is recognised that many other parameters have a
significant effect on the damaged stability of SWATH
vessels. However , it must be appreciated that for
- reasons of sheer logistics , the number of variables
must be kept low since in a study of this kind , each
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additional variable has a multiplying effect on the size
of the study.

Table 1 shows the main particulars of vessels used
in the study while Fig 2 illustrates the study plan.

Having determined the variables associated with
the ship attention was then focussed on suitable
damage scenarios. For each bulkhead spacing ,
compartments were successively flooded singly and in
pairs , fore , aft and amidships , port and starboard
around the vessel. It is felt that the resulting ten
flooding conditions represent most foreseeable damage
conditions which a vessel may reasonably be expected
to survive.

The variables initially selected were chosen because
they were considered to be the most fundamental. They
also provide a sound foundation around which the
study can be later expanded to consider the effects of
variations in many other parameters.

The main parametric study was thus established
with five variables and a final total of some 900
peénmutations.

Fig 1. Typical Bodyplan Drawing for a Vessel in the Swdy

Calculafion and Analysis Procedure
Commercially available damage stability software was
used to calculate the effect of the ten different flooding
scenarios on each of the ninety combinations of vessel
design features. The resulting mass of Taw' damage
stability data was processed and analysed exhaustively
in an effort to define and isolate suitable indicators of a
vessels ability to survive damage.

After careful study of a 'testcase' vessel the five -
quantities; heel , trim , maximum GZ and area under
the GZ curve for the two regions 0-45 degrees and 0-
20 degrees were selected to represent a vessels
response to flooding. Area under the GZ curve was
calculated for two regions after study of the
preliminary results indicated contrasting behaviour in
the two regions for some flooding conditions.

For every combination of design parameter and
flooding scenario , plots of these five values against
flooding extent were prepared. The resulting curves
were then mathematically defined using regression
routines and the polynomial coefficients of the
equations thus produced were stored.




FIG 2. Outline for the Paramelric Study

DISPLACEMENT 1

Bux
CLEARANCE
1

[itE
SPACING

BoxX
CLEARARCE
2

HHL
SHACING

TABLE |
DESIGN DATAFOR PARAMETRIC STUDY VESSELS

DESIGN DISPLACEMENT | 1¢Q00 | 2060 | 3600 [ 4000 [ 5060 |
tonnes | | [ '

L+ STRUT BEOMETRY ]
bttt ]
al Hese Lenngth

43 554
2e0aT
30 8bY_
4.897
up BAG
27 396
23 396
1.964
7.346
2392

1o Tail Lenin
nickness
Dagien Draught
Hult Centreline Spacing

677X CLEARANCE VALUES

- DRAVGITT

Design Yeriebles for EFoch Displatement

Uppar 34 i 427 | 491 o223 ] 594
Lower P21 1 277 | &5 |34 | zem

[COrEARTIENT LENGIHS .
Hall Length 445 454 5.22 (X Sl
Hull Length S 38 ) €96 724 -7.43

Hull Length 5.96 988 10414 1G.88 11.22
THTAST G YALUES 2124 2.268 2392 244 2.518
 BLUJES 2417 10 066 10 863 11.153 11,936

All Dimersions in Melres Unless Otherwise Slated

DISCUSSION OF RESULTS

The test ship selected had a design displacement of
4000 tonnes and a wet deck/waterline clearance of 3.48
m corresponding to the lower bound for a contouring
mode of operation. This ship was selected arbitrarily
for no other reason than that its combination of
geometrical parameters combined to produce a vessel
of fairly realistic proportions. Some results from the
analysis of this vessel] are presented here together with
some brief general conclusions on the trends exhibited.

Effect of Increasing Flooding Extent

Effect on GZ curves : For asymmetric flooding the
GZ curve is shifted "fwd and down" as expected - Fig
3. However , for symmetrical flooding resulting in
trim alone we find that the righting lever GZ opposing
forced heeling actually increases with flooding for
initial heel angles. This is due to early immersion of the
haunch and cross deck structure resulting from the

flooding induced trim. The subsequent rise in
waterplane area increases stability and hence raises
GZ. Above 25 degrees heel this immersion is relatively
constant for all cases regardless of initial trim , GZ
therefore reduces as expected- Fig 4.

Effect on Heel + Trim : Heel and trim increase
almost linearly with flooding extent for all flooding
cases. Flooding forward results in values of heel and
trim which are slightly higher than those resulting from
equivalent damage aft. This is due to the increased
volume of the forward compartments and the presence
of sheer on the wet deck reducing restoring forces for a
given inclination. Fig 5 and 6 illustrate this,

Effect on Max GZ : Increasing the extent of
flooding reduces the maximum value of the righting
lever GZ possessed by the damaged vessels. This is
most noticeable for asymmetric flooding amidships
when the reduction is almost linear with increased
flooding. When damage occurs towards the ends of the
ship the onset of the reduction is delayed. This is due to
immersion of the cross structure caused by trim-Fig 7.

Effect on Area under the GZ Curve : The energy
required to heel the damaged vessel to a given angle is
represented by the area under the GZ curve. This area
was found to decrcase with increased flooding as

anticipated. As for maximuom GZ the reduction was
again greatest for asymmetric damage amidships ,
while trim induced immersion of the cross structure
delayed the onset of the reduction where damage
occurred at the vessels extremities. This immersion
was found to be particularly significant for cases
invelving symmetrical flooding. Indeed it was
discovered that the area under the GZ curve in the
region 0-20 degrees was actually increased rather than
decreased for these cases- Fig 8 and 9.

Effect of Increasing Design Displacement
Heel and trim resulting from damage both increase
with increasing vessel size. This phenomenon is due to
the volume of flooding and hence the heeling/triming
moment increasing at a faster rate than does the
restoring moment.Since the vessels in the study were
not true geosims the ratio of waterplane area x beam to
enclosed volume did not remain constant with
increasing size. Simple calculations verify this
explanation while Fig 10 illustrates the behaviour
observed.

Maximum GZ and area under the GZ curve are
both relatively unaffected by changes in design
displacement.

Effect of Reducing Box Clearance

Reduction of box clearance results in earlier immersion
of the cross structure , this effectively reduces heel and
trim for a given flooding condition and raises the area
under the GZ curve correspondingly.

For vessels with a low box clearance small
amounts of flooding immerse the cross structure
resulting in large maximum values of GZ when the
vessel is forcibly inclined. For higher box clearance
designs these amounts of flooding may not immerse
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the cross structure , the maximum values of GZ
opposing forced heeling are therefore less.
For more extensive flooding the equilibrium angle

of heel is sufficient to immerse the cross stucture for

both high and low box clearance designs. For these
cases vessels designed with high clearances ultimately
demonstrate the greatest resistance to hecling. The
damage extent at which this change occurs reduces
with increasing design displacement and the rise in heel
associated with increasing design displacement
described above,

Whilst many of these results were intuitively
anticipated their verification is not without value.
Similarly the value of demonstrating probable
magnitudes for heel trim etc after flooding should not
be underestimated.

Some representative flooded stability results for a
4000 tonnes SWATH vessel are presented in Table 2.
The values shown in this table confirm the excellent
"survivability™ of the SWATH concept while Fig 11
illustrates some damaged waterlines in an effort to
demonstrate the physical significance of the values
given. :

Current US Navy stability and buoyancy criteria
for advanced marine vehicles (Ref 7) identify the
principal constraints on SWATH survivability to be:

1. maximum initial heel after flooding of not more than
20 degrees ,
2. the main deck edge remains above water at all points,

TABLE 2

SAMPLE FLOODED STABILITY RESUL 15 FOR 4000 tonne VI SSEL

The vessel analysed was found to satisfy the first
criteria for all flooding scenarios studied , however the
large trim caused by extreme flooding at the vessels
ends was found to slightly immerse the main deck as
illustrated in Fig 11. This immersion was however
only slight and the results should perhaps be put in
perspective by stating that they resulted from an
extreme flooding condition :- 25% of the vessels length
flooded with 95% permeability . Such a extreme
condition is highly unlikely ever to occur in service.

Indeced it appears that the greatest risk to the
survivability of a damaged SWATH vessel is damage
to structure and superstructure caused by green sea
loads. Careful consideration should be given to the
possibility of these loads when designing the cross
structure and superstructure for SWATH vessels.
Other logical priorities for designers in the field include
the development of fast counter flooding techniques in
an attempt fo combat initial heel and trim.

Whilst the above results are valuable , undoubtedly
the greatest benefit of the study stems from the
provision of a large database of SWATH damage
stability information. It is this database which
subsequently allowed the construction of the Flooded
Stability Estimation Program "FSEP1".
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TO 25% FLOODING EXTENT AT THE LOCATIONS INDICATED
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FORMULATION OF 'FSEPI’
"FSEP1" is the first stage of a program which allows
estimation of a SWATH vessel's flooded stability at
the preliminary design stage. That is only basic
geometry details are used in the evaluation.

The program requires the user to input for his
design , operating displacement , wet deck/waterline
clearance , location and extent of flooding as a
percentage of vessel length.

Given this information "FSEP1" will estimate the
likely angles of heel and trim after flooding and
produce probable values of Max GZ and the area under
the GZ curve for the two regions 0-45 and 0-20
degrees.

Essentially "FSEP1" relies on an iterative
interpolation technique to produce results. The
program searches an extensive database for values
bounding the required input condition. Using the
polynomial coefficients contained in this database the
program calculates values for the bounding conditions
and then interpolates between these to find values for
the “design condition. This process is repeated in a
‘nested’ fashion untii finally output is produced for the
required input condition. :

Extension of the program to consider additional
design information should be readily possible leading
to the development of a sophisticated design tool.

VALIDATION OF 'FSEPY'
Results from the program have been checked against
actual flooded stability data at three levels.

Level 1 - For the first stage of the validation
process flooded stability calculations were performed
for ship files which were already defined , that is using
designs which were utilised in the construction of the
"FSEP1" database. This effectively fixed box clearance
and limited operating displacement to within +/- 5% .
Flooding extent was of course fully variable within the
0-25 % program range.

Level 2 - The second level of validation again
utilised existing ship definitions which this time were
uniformly 'distorted’ within the computer to give
vessels of intermediate displacements whilst still
retaining 'family' proportions for the main dimensions.
This allowed investigation of larger changes in
displacement whilst still retaining a relatively fixed box
clearance (either an upper or a lower bound value).

Level 3 - The existing ship definitions were
distoried uniformiy in the horizontal and longitudinal
directions but not in the vertical. The influence of
varying box clearance on the accuracy of "FSEP1" 's
predictions could then be assessed. At this level it is
possible to investigate fairly large changes in all input

parameters whilst still remaining loosely within the

envelope of "family” proportions.
Some of the results from these comparisons are
presented in Table 3.

At the first level of validation the predictions made
by the program match closely the values calculated by
the commertial software. Maximum errors are of the
order of 0.5 degrees for heel and trim and 0.1 metres
in the estimation of maximum GZ . Areas under the
GZ curve were calculated to within 0.125
MetreRadians (MitRads) in all cases.

Comparison of calculated and estimated values at
the second level of validation show similar good
agreement. Maximum errors experienced were 1.5
degrees in heel and (.6 degrees in trim. Maximum GZ
was estimated to within .45 metres in all cases.

As expected the errors experienced at the third
validation level were slightly larger. Maximum errors
were however still only of the order of 2 degrees for
both heel and trim values whilst the maximum error in
predicting MaxGZ was 0.7 metres.

Overall the figures produced are encouraging ,
however it must be remembered that all three validation
levels utilized ships from the same "family” of designs.
Once outside the envelope of ‘family' proportions it
can be expected that the error figures will rise
substantially. Despite this it is anticipated that with a
little flexibility on the part of the user , the program
will give meaningful results for vessels of geometry
quite far removed from the 'family’ tested here,

Results from the program will almost certainly be
sufficiently accurate for use at the intended preliminary
design stage . C

FUTURE WORK
With "FSEP1", the foundations for a wvaluable
computer aided damage stability estimation tool have
been laid. The program although self contained should
more properly , be regarded as the first stage in the
development of computer assisted damage stability
estimation for SWATH vessels.

"FSEP1" has been written in such a way as to be
readily expandable to consider variations in many other
parameters. Work is already underway to include the
effect of changes in the vertical centre of gravity (KG).
Further studies to include the effect of beam , strut
flare and internal subdivision would all be extremely
beneficial adding greatly to the value of "FSEP1".
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TABLE 3

SELECTED YALIDATION PDINTS FOR “FSE£P 1~ PROGRAM

DISPLACEMENT]BOX CLEARANCE[DMGE CONDITION[HEEL _ TRIM |MAX GZ | 6Z 0-45 ] GZ 0-20 | !
Tonnes [Metres | |Degrees | Degrees|Hetres [MiRads |MiRads | ;
LEVEL 1
S175 368 A% Port +SibAf O 0298] 7551|2624 0 154[CALCULATED
0] -0004]  7.560]  2.673 0188 FSEP 1™
1] 0.30% | 0.022 | 6.001 0.006_|DIFFERENCE
A% 510 Only Fwa D.708] -0 457] 7.582]  2.606 0 1G5/ CALCULATED
0.714] -0.483] 7565 2608 C.385]F3ER i
-0.006] -0.01 | 0.017 | -0.002 [ CFFEREMCE
LEVEL 2
2600 2567 ACTUAL | 19% SIb Only ATt 7357 _4.887] 6656] 2487 0165 CALCULATED
427 YSED 7.435] 4878 6857} 2554 0 772| F5ER1”
-0.078] 0009 —0.2] -0.072] -0.604|DIFFERENCE
19% Slo Midships |_18.865]  0.002]  5.297]__ 1.686 0.006|CALCULATED
17.951] -0.019] _6.403[ 2007 0.002FSEF 1~
0.934] 0.021] -0.11] —0.119 0.004[DIFFERENCE
LEVEL 3
3600 3.967 13% Sl Migships |_15.207]  0.077] 6.648]  2.277 0.037|CALCULATED
15.366] 0033 6.697] 2704 0.039] Fsep 1~
—0.159] 0.044] -0.04] 0.073] -0.002|DIFFERENCE
TZ% Port+5tb Fwd 0 6375 7.112] 2946 G,384| CALCULATED
Q[ -6.403]  7.105|  2.904 0.366| FSEP 1~
a] 0,028 0.007] 0.042 0.018|DIFFERENCE
CONCLUSIONS In addition the author would like to thank his

Through an extensive parametric study , the damage
stability characteristics of SWATH vessels have been
investigated. Damage stability calculations have been
performed for a large number of combinations of initial
ship condition and flooding scenario.

The results from these calculations illustrate the
dominance of the cross structure effects on SWATH
damage stability. Overall the results confirmed what
was intuitively expected , initial flooding leads to rapid
heeling/triming which eases upon the immersion of the
cross structure and the subsequent massive rise in
waterplane area and hence stability. From the data
collected to date it appears that the SWATH vessel
possesses acceptable damaged stability characteristics ,
and indeed survivability which is likely to be ultimately
superior to that of an equivalent monohull, Tt should be
noted that the maximum angle of heel attained by any
of the vessels flooded in the study was only just
greater than 20 degrees. This corresponded to
asymmetric flooding amidships of extent equal to 25 %
of the vessels length. Clearly this is an extreme damage
condition and .one which very few conventional
monohull vessels ¢could hope to survive.

The capability to estimate at the preliminary design
stage , a vessels ability to survive in the event of it
sustaining damage leading to partial flooding , now
exists within the 'DESIN' suite of programs. With the
creation of "FSEP1" the foundations of a potentially
extremely valuable computer aided damage stability
estimation tool have been established. '
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SYSTEM—-CYBERNETIC APPROACH TC THE SHIP’S STABILITY PROBLEM

Janusz T. Stasiak *)

The subject—-matter of the paper is a problem of the proper way of ensuring
of sea—-going ship’s stability. It is assumed the scolutions which have been used
and developed so far are erroneous for many reasons. First of all they do not
comply with structure of the man-ship-environment object. They ignore a main role
of a man as the operator of the object as well as technic and economic aspects
of the ship's operation.

The approach presented here identifying the ship's stability with roll motion
safety makes it possible aveiding these inadequacies. It- is based on principles
of a theory of control system safety and takes fuily into account the sys-
tem—cybernetic propriety of the ship’s working. Since the stability is ensured
through +the decision making process, an Iimportance of information 1is a
distinguishing mark of +the approach. Some remark about +the role of the

adpinistrative and legal infrastructure of marine safety on the correctness of
ship’s stability solutions are also placed. :

1. INTRODUCTION

The situation in the  field of
ships’ stability can be characterized
as follows: :

1. A great research activity is
concentrated upon the problem.
2. Stability is, at least nomina-
lly, the object of continuous
interest of national and inter-
national organizations engaged in
the activities of navigational
safety.

3. These organizations play a

dominant role in formulating and

enforcing wutilitarian stability
solutions. :

4. The stability standards being

in force are surprisingly primi-

tive.

5. The number of stability acci-

dents is not so remarkable as to

intensify special anxiety.

In wview of +*the above mutually

contradictory features it is possible
to draw two conclusions.
It may be assumed that for practical
reasons the problem of ship’s stabili-
ty is trivial and therefore there is
no substantial need to revise 1its
existing criteria. To take up and
.carry out investigations related to
stability are only reasonable if in-
tended to satisfy the needs of pure

scientific cognition. The second rea-
soning resolves itsgelf that although
stability 1s a complex problem but
simultaneously such one in which:
— the role of existing criteria is
very limited or even neglected,
— the effect of other factors, not
only hydromechanical, is remarkable
and efficiently controled in ship’s
operation. However, we are not able
to describe this effect by a simple
and useful mathematical model.
Both the diagnoses can be very embai-
rassing for the researchers of the
ship’s stability problem. It is evi-
dent that the very important aspect
of ship’s safety is practically solved
without their share. This frustratio-
nal situation is aggravated by the
fact that one still does not know what
strategy should be undertaken in fur-
ther investigations. The range of
propositions is very wide, beginning
with polishing of the criteria in use
to the search of new ones based on the
so—called '"rational" premises, and
almost all of them have numerous un-—
solved substantial problems. Thus, up
to now such fundamental questions
related to stability as: what is the
problem, why does it exist, and what
are its attributes remain still open.

*) Dr eng.,Ship Research Institute,
Technical University of Gdansk,

80-952 Gdansk, Majakowskiego Street 11/12,

POLAND
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2. SOMYE METHODOLOGICAL REMARKS ABOUT THE PROBLEM

2.1. General remarks

Kotarbinski, the famous Polish
praxiologistd characterizing the state
of affairs of practical (technical)}
sciences formulated the following
correctness:

" it is only possible for us to
Justify completely such a description
that we have been unable to realize
previously, but we are able to realize
such a description that it has been
impossible for us to justify in full
before" /[1]/.

This rule very well explains the
situation on the ship’'s stability
field but first of all indicates that
the inherent attribute of engineering
is risk. Tt is the risk that in prin-
ciple differs the solutions of engine-—
ering from the ones of physical or
exact sciences.

The physical sclences, whose only
purpese is to satisfy the needs of
human cognition, aimiug al making pos-
sibly accurate models, can afford to
idealize the problem. In consequence
the models are a theoretical descrip-
tion of such a fragment of reality the
existence of which in only a priori
postulated.

However, the task of engineering
is to create artifacts whose proper
functioning should be guaranted, not
only postulated. Thus, the object of
interest of the practical specialities
(sciences) must be defined part of
reality ftreated viecessarily as a who-—
le, as a svstem whose structure 1is
made up of both the respective ele—
ments and the couplings between the
elements and the environment.

However, dealing in generval with
the practical problems is simultaneou-
sly the main reason of the risk (unce-
rtainty} of the created artifact’'s
functioning. In other words, risk is
a price we have 1o pay for the complex
treatment of a probleéem. The necessity

creates anti-needs - it is alsc an
engineering correctness.
Designing - the major work of all

engineering /[l]/- cannot ignore the
necessity of applying system solution
to a given problem, and aveid the
assessment and minimalization of the
risk to follow.Solving the complex and
complicated practical problems the
system approach and safely investiga-
tion are therefore inseparable no-
tions.
One can even say that the system solu-
tion of safety is the fundamental task
for designing of engineering cobjects.
It is such a task then, when the
safety is understood as an accepted
compromise of permissible risk and
usability of the created object.
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2.2. Remarks about ship’s stability

The stability of seagoing ship is
a very important and practical problem
of naval architecture and navigation.
Together with buoyancy it is the fun-
damental ship®s propriety which deci=
des about the essence and the usabili-
ty of this means of transport. At the
same time it is a muliti-aspect and
"badly" organized - diffusion problem.
The significance of stability as well
as all its complicated nature has one
and the same source. It is sea-waving.

Under cenditions of calm-water the
threat te stability is unnoticeable,
there is an univocal measure of stabi-
lity in form of easy to determine the
GZ~curve and above al! there are no
substantial couplings within the sys-
tem: environmenpt—-ship-cargo—-ship’'s
command. However, sea wave integrate
the ship into a system whose the most
important propriety is just the stabi-
lity. Sea-wave 1is simultanecusly an
essential random input of the system.

For ship’s stability understood
like this, it is impossible to deter-
mine entirely true, and at the same
time simple functional relationships
occurring in physics as laws.

The search for "rational" models,
or better "rational” criteria of sta-
bility is a chimera which should by
all means be rTejected since in this
way either it is impossible to find a
solution or a problem we deal with is
frequently formulated in an elegant
form which is rather far from the
initial one. "Rational", that is par—
ticular approach to stability proper
from the cognitive viewpoint creates
only 1llusion to obtain solutions of

utilitarian importance. Paraphrazing-

words of Bishop gquoted in {2] one may
say that all attempts aimed at finding
out solutions to stabiiity based on a
physically correct model of appropria-—
te hydrodynamical phenomena, are a
waste of time and money.

However, these attempts are definitely
non-pragmatic and unpraxeological
procedure.

The only right method of solving
the ship’s stability problem is the
system approach. This concept has
lately gained mere and more supportes
which 1is proved, for instance, by
statements at STAB'86 discussion /[3]/
and in Xobylinski's paper [#4].
However, the system approach remains
a meahingless slogan,if we confine
ourselves only to a nominal indication
of the necessity to consider various
factors responsible for stability
problem. It will be another "dead
street” if the major stress is put,
first of all, on the necessity of
identifying "rational™ models of par-




ticular elements of the system. The
results of great investigation prog-
rams  (SAFEPROJECT and Norwegian prog-
rams e.g) seem to prove entirely the
latter thesis.
The success of a system approach heav-
ily depends on the availability and
the accuracy of the supporting data.
In compliance with the principle at
the solution of stability a task more
important than concentration on abso-
lute accuracy of +the disorganized
-parts of the problem should be to {ake
into consideration the complete compl-
exity of the even relatively much
simplified system elements. In this
context it is worth quoting the words
of Quade :" .., it is better to be rou-

ghly right than exactly wrong"[5].
Taking it into account the stability
system solutions maintaining suffi-
ciently 'correct the physics of the
problem cught to:

- pay complete respect to functional

structure of seagoing ship, and

— concern alsce the administrative

and legislative aspects of navig-

ation and shipbuilding.
It is, however, impossible to solve
properly the substantial problems of
stability by adapting them to the
arbitrarily determined structures of
an appropriate forma! system. This
question seems to be of significance
since so far it has not yet been rai-
sed.

3. FEATURES OF A SAFETY QUESTION

Stability is one of the most im-
portant aspects of seagoing ship safe—
ty. For this reason its solutions
shouid correspond to the rules of the
theory of safety. In particular the
solutions ought to comply with the
principles of safety ensurence of
steerable technical objects which,
primarily, must be usable i.e. both
reliable and ecconomically effective.

The problem of safety appers only

then when the character of the pheno-
menon it refers to is random.
Thus, probability 1is +therefore, a
natural measure of safety, although in
practice not necessarily the onily
one. The notion of "safety" is often
erroneously identified with a complete
certainty of lack of undesired pheno-
mena {(e.g. accidents). In fact, howe~
ver, whenever we talk about safety, we
do it because we are not sure about
it. The degree of safety of the engin-
eering objects, if they are to exist
at all, and are to be useful, is al-
ways subject to resirictions {(pg{l)
which simultaneously means that there
is always some risk of an accident
(pp>@). This happens regardless of the
fact whether real world is determined
or random. The point lies, first of
all, in our limited perception of the
phenomena.

The restrictions can be both ob-
jective and subjective—- purposeful and
consciocus. In technical solutions both
the factors are important but +the
latter seems to be even more signifi-
cant. It results mainly from the fact
that technical means must be econo-
mically effective. Since we pay both
for accidents and safety there is
accepted only such a safety level
which guarantees, in general, positive
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economical result. The method of risk
factored investment analysis appro-
priate to such an approach illustrates
Fig.1. taken from [6].

7otal risk factored

investment

Risk factored cost
of casualty

ntteal tnvestrmernt

o 1 2 3 &y
Safely tndex 3”

Fig.1l. Risk factored investment analy-
sis to determine desirable level of
safety.

The subjective randomnes of an ob-
ject depends on remoteness from which
properties of the object we must or
want to design. The point is that
together with an increase of prognosis
distance capacity—- C as well as demand
- D of a designed object the variances
o¢? and op? also rise evidently.

An effect of this phenomenon upon
safety shows the idealized*) rela—
tionship:

C-D . (1)
b5~ (op2+op? ik

It is not difficult to notice that the
greater the Tange of the designing
prognosis the lasser is the safety or
greater is the cost (measured in terms

*) assuming that the random variables C and D are independent and have

normal distributions.

- 426 -




of difference C-D of the mean values
of C and D) that must be born to sa-
tisfy the reqguired safety level of the
object.

The problem is very important.
However, 1t may turn out that redi-
mensioning of the object and its low
usability are not justified. That is
an expense paid for subjective and
needless complication of the design
problem. Thus the range of the design-—
ing prognosis should be so limited as
possible. In other words each signifi-
cant feature of designing object that
can be determined by short-term predi-
ction way should thus be determined.

The safety states of each system
-C-D are determined by the condition:

C >D (Fig.2a) (2}

It £(C,D) 1is the Joint density
distribution of capacity and demand,
then the maximum probability of the
safety states of system C-D is:

pg=P(C > D):IJf(C,D)dCdD )
03D

The attained in pracltice safety level
depends on the adaptability of a sys-
tem, i.e. on the system capabilities
to monitoring and control (regulation)
of the C and D proprieties:

' a) 1f the system has unlimited
adaptability, which means that
condition (2) can always be ful-
filled, it will function with max-
imum usability, The global safety
level of the system can then be
equal to wvalue pg described by
formula (3);

b) if the system adaptability is
limited, the safe functioning of
system is confined to states dete-
rmined by condition: ‘

€C>6 =0
and (4)
D CD = Q (Fig.2b)
and thereby the usability of the
system is limited. The degree of
the guaranteed safety of the sys—
tem is now:

Py=P(C>Q A DLQ)=

=JIf(C,D)dCaD (5)
0
B
which means that there is a global
margin of safety equal to ps—pw;

c¢) if limited monitoring and con-
trol are possible only with regard

L= 427 -

to propriety €, then it is admis-
sible for the system to function in
states:

C > (Fig-2c) (6)

With such a condition, the system
can nominally function both in stat-
es for which there exists a margin
of safety, and in states really
dangerous. Probability of failure of
the nominally safe system is:

=S§f(C,D)dCdD (7)

0)0p
Be

while the global margin of safety
is:

=JJf(C,D)dCdD (8)

C<Cp
iSH

Significant in cases b) and c¢) the
boundary values Q = Cg = Dy and Cy
must be determined by long-term
prognosis.
It is evident that a need or even
necessity of a long-term safety pre-
diction is the bigger the smaller is
the system adaptability, and vice
versa.
Thus, a sine qua non condition to
obtain both the proper safety solution
and optimum usability is a complete
recognition of the adaptability of a
specified system.
In view of the above remarks there
seem to arise the following sugges-—
tions:

— the methods of safety solutions
should not be " automatically".tran—
sferred from one branch of engine-~
ering activity to another;

— various approaches can be required
for different aspects of safety even
in the case of the same technical
object.

In particular, to solve the ship
stability problem it is impossible to
apply either methods related to safe-~
ty of stationary objects of civil and
marine engineering, or methods appro-
priate to ship structure reliability
or to ship subdivision. In other wor-
ds, the problem of ship’s stability
can be solved neither by the GZ-curve
criteria nor by probability criteria
determined according to the concepts
of Firsov /[7]/ or Krappinger [8] e.g.
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Fig.2. Real and nominal safety states of C-D systen.

4. SHIP'S STABILITY SYSTEM

4.1. Definition of ship’s stability

From hydromechanical viewpeint,
ship’s stability is identified with
ship’'s safety against capsizing. At
the same time the capsizing or loss of
stability 1is understood as bringing
the ship to the upside-down position.
A more proper definition, especially
when taking 1into account practical
purpeoses, seems to be the one which
treates the loss of ship’s stability
" as exceeding the angie of roll at
which situation dangerous to the ship
cccurs which makes further ship’s
operation impossible” /{9] [2]/.

This definition includes not only the
physical capsizing but alsc any ex-—
cessive heeling that ieads to flood-
ing, shifting of cargo, etc. These
phenomena themselves are marine acci-
dents and, what more, can become a
direct cause of capsizing.

Taking the -above into considera-—
tion, stability can be defined as the
ship’s capability of not exceeding
certain amplitudes of roil angles.

In other words, a ship will be stable
if the roll amplitudes ¢A satisfy the
inequality:

¢A < ¢mﬂ - ¢i - (9)

where:

gbi = min{¢c,¢L;¢F,..-},- .

¢L — the angle determining a
boundary -of the effecti-
veness of carge secur-—
ing,

@F—— thg angle of ship’'s flo-
oding,

¢C Q:¢V — the angle of capsizing.

Such a definition identifying the
ship’s stability with roll motion saf-
ety has, for ensuring the safety, a
very useful meaning. First of all, it

is a complex solution which involves
most of the significant threats to
stability, and, at the same time, it
enabies a correct and effective com-—
patibility of reliable functioning of
the ship with its profitability. It is
trefore a solution par excellence
practical. It 1is also a pragmatic
solution. The reoll angles are such
proprieties of ship which are simple
to be monitored as well as controled.
The determination of the criteria 0y
is equally simple.

Finally it is a natural sclution; it
harmonizes completely with the natural
structure of ship’'s control.

4.2, Ship’s roll safety control

process
A scheme of the process of roll
contro!l is illustrated in Fig.3.

INBUT X SHIP : oL} ouTPUT D
WAVE (H,T) } ¢ =F (X,el) ROLL MOTION
(Dy. 7))

@Xn‘(o(ﬁ@ GO(.‘{(AQB@
|

OPERATOR

COrMAND
SIGNALS

Fig.3. Fiow diagram of the cyber-
netic system of the ship

roll control.

One can see, the roll control process
takes— place as a monitored control
system. The essential elements of this
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system are as follows:

— the main path in which the wave
input X(H,Ty) (H,Tp~ wave height,
and wave encounter period respec-
tively) is transmitted on the ship
roll motion $($,,T) ($,,T~ amplitu-
de and period of roll) in accor-
dance with a real mechanism of
regulation: -

$ = £(X, ) (1e)
where:
« = {L, B, d, GZ, V, ...}
denotes a vector of ship
properties;

— the feedback path in which the
ship properties a as well as the
input signal! X are steered in or-
der to satisfy the safety condi-
tion [ineq.(9)]. An effectiveness
of such steering is determined by
an attainability of the steering
rules i1.e. the models of inverse,
in respect to (i0Q), functions:

X = £(¢/a) and a= £(F/X) €11)

— the command signals which sup-
ports an operator of the steering
process.This is a set of informa-
tion regarding the conditions as
well as the possibilities of the
steering. Particulary, the command
signals can include information
about:

- the safety criteria i.e.:
" angles of ¢C’¢L’¢F’ etc.,

— a range of +the possible

input values X,

-~ a range of the admissible

modification of ship proper-—

'tieS o,

- an essential requirements

about navigation or tra-

de-service,

— ancthers individual factors

which have an essential mean-

ing for proper roll control.

The ship’s reoll control is a hier-
archic decision making process in
which the following three levels can
be described:

— a strategic level which is noth-
ing else than ship’s designing.
Here the long—-term steering of the
ship properties denotes such a
choice of the body shape for which
the roll motion is a minimum for
all—-1live ship service conditions;
- a tactical level in which the

following activity are realized:
— a stowage and cargo secu-
ring and thus determining
.such ship properties as the
draught and the GZ-curve as

well as safety criteria,

'— an initial choice of ship

T 429 -

weather routeing based on the
forecast.
One should notice that for proper
safety control the both activities
should be coupled; ’
- a navigation level in which the
steering of the ship properties rel-
ies on choosing the ship velocity
i.e. choosing the ship advanced spe-
ed as well as the heading angle for
a given seaway.

4.3. Features of the ship’s stabili-

ty system

Basing on the .above characteris-
tics it is easy to notice that the
ship’s stability identyfied with the
roll moticn safety is entirely a sys-—
tem—-cybernetic problem. Man -~ both
the ship’s designer and the master -
acts as a homeostat,that is to say as
a searcher for the optimum ship's
safety at each service conditions.
The significance of his decision ri-
ses from level to level, and there-
fore it may be assumed, that the ship
with regard to stability is a subject
to continual designing; it is also
designed during its exploitation.

The design process of the ship’s sta-—
bility consists of:

— initial, statical determination of
ship’s properties, and

— dynamical adaptation of these pro-—
perties to the current environmental
conditions.

At the tactic level both the elements
appear +together. At the strategic
level the ship is subject to exclusi-
ve statical designing, whereas at the
navigation level the dynamical adap-—
tation dominates. For this reason
there is a possibility for a passage
from a coarse stability control (as
described ad c-item of chapter 3) at
the strategic level to a fine one
(a—item of chapter 3) at the naviga-
tion level. Increasing from level to
level precision of identification of
ship and environment properties is
conducive to this possibility. Howe-
ver, the possibility can essentialy
be reduced when the master knowledge
about stability control mechanizms as
well as a bulit-in ship’s stability
are too low, and it is rather a typi-
cal situation. This results both from
too poor seakeeping characteristics
of modern energy-saving ships and
from rapid progress of shipping tech-
nology these days; there is no pos-
sibility for seamanship settlement.
(It is rather usual that seakeeping
is not a object of ship designing).
Thus, for the ship adaptative pro-
cess to be most effective at the st-




rategic level it is necessary to work
out:

— a body shape having as good sea-
keeping characteristics as possi-
ble,

- an appropriate for this ship
stability manual containing, first
of all, the dependences of type
(1@) or (11) and, moreover, some
information about the proper way
of identifying all essential com-
mand signals.

On can say, that the essence of
the system—-cybermetic approach +to
ship’s stability is based on equiva-~
lent treatwent of the hardware ship
solution,which suits to bulit-in shi-
p’s stabiiity, and on the software
solution, which determines the opera-
tion stabjlity i.e. the ship's adap-
tability.

The final form of subject-matter
of the stability manual requires fur-
ther work. Anyway, two following que-
stions should necessarily be taken
into consideration: cargo stability
problem and relationship between shi-
p's stability and ship’s velocity,
Cargo shifting has been the cause of
many recent capsizing accidents and,
moreover, the problems of cargo sta-
bility and ship’s stability are sub-

stantialiy coupled; they must be solv-
ed jointly. The sea—-wave, in compari-
son to the calm—water condition, is
ananisotropic enviromment in respect
to the ship proprieties. Hence, the
adaptabiiity of ship is, first of all,
a question of the appropriate choice
of ship velocity.

Thus, the system approach to the
ship’s stability problem is a natural
and pragmatic soiution. It takes into
account all the fundamental principles
of seagoing ship functioning, that is
those which result both from hvdrome-
chanical laws and the shipping tech-
nology requirements. By inclusion
within the stability probiem such
aspects of the ship’s working as flo-
oding and above all the cargo stab-
ility the ship’'s service can in fact
be safe as well as profitable.Finally,
in system approach framework many
serious obstacles relating to pure
mathematical solutions ¢f the stabili-
ty problem can be overcome, and, at
same time, the existing seakeeping
methods can be better utilizated.
Taking  above into consideration one
can to state that there is no option
about the system approach to the shi-
p’s stability problem. " It has to be
used. It 1s a necessity !" - as Jen-
kins pointed /[1@]/.

5. A ROLE OF AN ADMINISTRATIVE AND LEGAL INFRASTRUCTURE OF SHIPBUILDING AND

NAVIGATION

Designing, treated as a discipline
in the fiejd of praclical sciences, is
intended to constantly raise the in-
strumental rationality of human ac-
tivities to attain the more and more
effective goals. The mare rationality
is appreciated, and socially important

are lhe functions of the ohject of

designing, the greater 1s the chance

to institulionalize ihe design pro-
cess.
The institutionalization of the

design and operation process of large
and complex engineering systems is a
necessity. However, this necessity can
easily change into an anti-need, and
become a source of artifical tensions
and difficulties. The poivnt is that
every formal system, and administra-
tive one in particular, is iunclined
to generate its own needs which, in
general, do not agree wilth the real
purposes of the designing object.
Unfortunately, the administrative and
.legal solutions of shipbuilding and
navigaticon are mnot free from this
phenomenon, and also due to the ship’s
stability solutions are not the best.

Functioning of the "measured cour-
se" institution is a distinguish mark
in this question. Ship owners normally
specify the requirements for calm-wa-
ter performance of the ship to be
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bulit such as the maximum cruising
speed and maneuvering capabilities be
achieved. Hence, the seakeeping chara-
cteristics are neglected during desi-
gning although these propriefies dire-
ctly afect the safety of ship and
cargo as well as the real ship’s spe-
ed. Finally, the ship designed for en-
suring of the measured course condi-
tions can be neither safe nor profita-
hle.

The necessity for institutionali-
zing the ship’s and navigation safety
solutions results mainly from the fear
that functioning of the ship, acco~
rding to the particular interests of
its owner, can disagree with the major
social reasons. In particular, the
point here is to give a guarantee to
protect human 1ife and the mnatural
environment, to secure the interests
of third parties.

There is obvious need for internation-
al ship’s safety rules but simultane-
ously there is ineffective democratic-
way of elaborating and passing these
rules. Equality of rights in thé es-
tablishement of ship’s safety rules
indicates nearly always a check of
development in merits of this gue-
stions.

Moreover, the IMO activities and Con-
ventions' effect weakens significantly




the activities of national maritime
administrations in the field of elabo-
ration and impreving the standard of
their own safety regulations.

The habit of waiting for the appeara-
nce of international safely regula-
tions is far too common. Whai more,
those countries which were ‘Thusily
engaged in preparing new international
rules, do not introduce these regula-—
tions to their codes even after they
have been agreed upon at an appropri-
ate Convention.

The fact that certain maritime ad-
ministrations transfer their authorit—
ies in ship's safety to classification
societies seems to be rather disad-
vantageous in question of a regulation
correctmness. This fact, makes, among
other things, it pessiblie that there
is still such a great "adhereunce” teo
the designing stability criteria and
particular, to GZ-curve criteria. Due
to this reason, the on board stability
information in current use is of in-
significant expioitational applicabi-

lity - its subject-matter provides,
first of all, a classification chara-
cter.
The commercial aims of the classifica-
tion societies have also some effect
upon the quality of their stability
requirements. To tell the truth, the
adequacy of these requirements is to
a great extent subordinated by fiscal
interests of the classification socie—
ties, and in fact the ship’s safety is
here alt most a secondary stimulatoer.
The purpose of the above remarks
is to give some hints that in process
of modifying the quality of the stab-
ility solutions the problem of ratio-
nalizing the administrative and legal
infrastructure of shipbuilding and
navigation is also of primary impor-
tance. It is hard to image that the
infrastructure can be hic et nunc sub-
ject to variations, but one should not
assume that its present solutions are
indefensible and that substantial
solutions of ship stability -should
submited to them.

&. CONCLUSIONS

"Primum not nocere'- it is well
known, +the fundamental precept of
medicine formulated by Hipocrates.
Unfortunately, at the ship’'s stability
question, this precept remain still to
be satisfied. There still deminates
artifical and unnecessarly tendency to
complicate the problem. However, nat-
ural solutions accounting inhérent
ship's adapltability have been not in
favour so¢ far. The system—cybernetic
approach presented here emphasizes
this. Its main points are as follows:

1. A ship is too complicated engi-
neering object to describe its
features, inclusive stability, in
sense and in the way as 1t is done
in physical sciences.

The so-called "raticnal” criterie
of stability are an illusion that
is to be rejected. It is not in-
tended, either, to search for
designing criteria of stability
the accomplishment of which will
provide, in fact, a global {(for
all exploitational conditions)
ship’'s stability. However, it is
of primary importance that. the
ship should be designed in view of
the optimum seakeeping proprieties

insted in view of the calm-water
resistance and propulsive proprieti-
es.

2. Exploitation is a further step of
ship’s designing process, and the
decision underfaken there, are of
great pricrity for real stability.
On the base of the available know-
tedge, in particular on the seakeep-—
ing knowiedge, it is necessary to
work out a useful, for the master,
and a specific one for a particular
ship, stability manual.

3. Attemps should be made to esta-
bilish more correct administrative
and legislative solutions referring
to ship’s stability.

The problem concerns mainly +the
elimination of these bureaucratic
mechanizms which are responsible for
the essential arguments to be "pus-—
hed aside" in competition with par-
ticular interests of respective
institutions. The point is aiso to
eliminate the mechanizms which sti-
mulate the psychological resistance
phenomenon against all innovations
in the sphere of the ship’'s safety.
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AN EXPERIMENTAL INVESTIGATION
INTO THE STABILITY AND MOTIONS
OF A DAMAGED SWATH MODEL

Bruce C. Nehrling!

ABSTRACT

The cobjective of this experimental work was to observe and partially
quantify the stability and seakeeping characteristics of a dead-in-the-watex
gscale model of a SWATH ({Small WAterplane Twin Hull) bhoth before and after

simulated flooding had occurred.

First, a conventional inclining experiment was conducted in order to
establish the model’s intact displacement and center of gravity. In addition,
the model was suspended in air and swung as a compound pendulum in order to

determine its mass pitch and roll gyradii.

Second, an intact and two damaged conditions were modeled. In each
condition, the untethered model was repeatedly subjected to both moderate and

severe, irregular, long crested seas.

In each sea state the model was

positioned to experience head seas, following seas and beam seas. Roll and

pitch motions were measured with a gyroscope. _
This SWATH, even though dead-in~the-water, had sufficient stability to

survive the specific intact and damaged conditions and sea states which were

nodeled.

INTRODUCTION

The purpose of this experimental
work was to observe and partially
quantify the stability and
seakeeping characteristics of a
dead-in-the-~water scale model of a
SWATH (Small WAterplane Twin Hull)
both before and after simulated
flooding had occurred [1].

MODEL DESCRIPTION

A scale model of a SWATH hull, which
had previously been used for a
series of seakeeping experiments and
structural lcading studies, was used
for these stability experiments.
The geometric characteristics of
this model are listed in Table 1.
This fiberglass, aluminum, and wood
nodel was cutfitted with a pair of
dihedral canards, a set of dihedral
rudders, and all around propeller
protection rings. There were no
propellers. The canards and rudders
were locked in place. The model was
not self-propelled nor were there
any active control surfaces. Figure
1 is a schematic drawing of this
model. For the intact stability
- experiments, the model was ballasted
to the displacement, center of
gravity location, and gyradii shown
in Table 1.

! professor of Naval Architecture
United States Naval Academy
Annapelis, Maryland 21402
USA
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MODEL PREPARATION

In order to confirm the ballasted
model’s displacement it was weighed
in air from a load cell. The model
was ballasted to the required center
of gravity by repositioning small

.onboard weights while the hull was

suspended in air on a "knife" edge.
For the longitudinal center of
gravity (LCG) and the transverse
center of gravity(TCG) this "knife"
edge was an inverted angle iron
properly positioned under a pair of
longitudinal aluminum tubes located
in the model’s cross structure. To
obtain the vertical center of
gravity (VCG), reinforced "L" shaped
brackets, which had been counter
balanced to have the required -
centroid, were attached at the bow
and stern to aluminum blocks which
extended through the corners of the
deck. By using these brackets, the
model’s VCG could be set to the
required height while it was hanging
sideways on the "knife" edge of a
heavy piece of inverted angle iron.

A conventional inclining
experiment was then conducted to
confirm both the expected draft and
the position of the vertical center
of gravity. ’

Once the model was ballasted to
the desired displacement and center
of gravity it was suspended in air
and swung as a compound pendulum in
order to determine its mass pitch
and rell gyradii. In a trial and
error process, onboard weights were




TABLE 1
MODEL
GEOMETRY AND MASS
CHARACTERISTICS

INTACT CONDITION

LOA 3.220 m
LBP 2.632 m
Beam, max @ DWL 1.108 m
Beam, extreme 1.295 m
Freeboard @ amidships 0.360 m
DWL draft @ amidships 0.343 m
Trim 0 deg
Heel 0 deg
DWL area 0.526 me
KB 0.141 m
LCB 0.044 m
LCF 0.042 m
Displacement @ DWL 322.1 kg
KG 0.418 m
LCG 0.044 m
Transverse GM 0.124 m
Longitudinal GM 0.366 m
Roll gyradius 0.510 m
Pitch gyradius 0.840 m
Natural reoll period 3.93 sec
Natural pitch period 3.58 sec
Natural heave period 2.14 sec

NOTE: Longitudinal dimensions are
from amidships (+ forward); vertical
dimensions are from the baseline

(+ upward) ; displacement conversions
are based on the model being in
fresh water at 20.6°C.

shifted in order to obtain the
desired values for the gyradii.
These weight shifts were done in
such a way that the center of
gravity did not change. That
equivalent weights were moved
symmetrically fore and aft to alter
the pitch gyradius and inward and
outward to modify the roll gyradius.
To swing the model, an "A" frame
assembly was buillt which would allow
the model to be suspended from a
forklift. Prior to attaching the
model the "A"™ frame was welghed and
its gyradius determined by swinging
it and measuring the period of
oscillation. With the gyradius angd
the mass known, the "A" frame’s mass
moment of inertia was computed.
After the model was connected to the
"AY frame this process was repeated
for the composite system. The
parallel axis theorem was then used
to subtract out the effect of the
"A" frame and thus derive the
model’s pitch moment of inertia
about its own center of gravity.

The model’s pitch gyradius was then
calculated. The roll gyraddius was
found by rotating the "A" frame
assembly 90° and then swinging the
composite system. As before, the
effect of the "A" frame was then
computed out in order to obtain the
model’s roll moment of inertia.
Finally, the model’s roll gyradius
was calculated.

is,

Two conditions of damage were
modeled. The first condition
simulated flooding of the starboard
strut and demi-hull near the stern.
This "flooding" of the meodel was

FIGURE 1
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accomplished by adding fixed ballast
until the model had the required
overall displacement and center of
gravity. After this "fiooding“ the
model had a measured trim of 5.2° by
the stern and a list of 9.,15° to
starboard. Table 2 contains a more
complete description of the model in
this damaged condition.

TABLE 2
MODEL CHARACTERISTICS

DAMAGE IS STARBOARD AND AFT

Change in displacement 23.85 kg
Lce of damaged water - 0.805 m
KCG of damaged water 0.270 m
TCG of damaged water 0.485 m
Displacement (Damaged) 345.9 kg
LCG (Damaged) - 0.014 m
KG (Damaged) 0.407 m
TCG (Damaged) 0.033 m
Damaged Trim (by stern) 5.20 deg
Damaged Heel (to strbd) 9.15 deg
NOTE: Longitudinal dimensions are

from amidships (+ forward); vertical
dimensions are from the baseline

(+ upward): transverse dimensions
are from the centerline (+ strbd):;
displacement conversions are based
on the model being in fresh water at
20.6°C.

The second damage condition
simulated flooding of the starboard
strut and demi-hull toward the bow.
As a result of this "flooding," the
model developed a trim of 3.0° by
the bow and a list of 11.0° to
starboard. This second damaged
condition is summarized in Table 3.

TABLE 3
MODEL CHARACTERISTICS

DAMAGE IS STARBOARD AND FORWARD

Change in displacement 25.00 kg
LCG of damaged water 0.418 m
KG of damaged water 0.229 m
TCG of damaged water © 0,489 m
Displacement (Damaged) 347.1 kg
LCG (Damaged) 0.071 m
KG (Damaged) 0.404 m
TCG (Damaged) 0.035 m

Damaged Trim (by bow) 3.00 deg
Damaged Heel (to strbd) 11.00 deg

NOTE: ILongitudinal dimensions are
from amidships (+ forward); vertical
dimensions are from the baseline

{+ upward): transverse dimensions
are from the centerline (+ strbd);
displacement conversions are based
on the model being in fresh water at
20.6°C.

It should be noted that these
two conditions of damage were
modeled as individual events and not
as simultanecus or seguential
coccurrences. Also, the model’s mass
pitch and roll gyradii were not
recalculated for either of the
damaged conditions. Furthermore,
since solid weights were used to
represent the flooding water, the
detrimental effect that any free
surfaces would have on the model’s
overall stability was not measured.

EXPERIMENTAL PROCEDURES

Sea Condjitions

The SWATH model was tested
untethered, in two different
irregular, long crested seaways, at
zero forward speed, in three
stability conditions, and in four
orientations relative to the
propagating wave. This test matrix
is delineated in Figure 2.

FIGURE 2 TEST MATRIX

( SEA STATE & ‘ SEA STAIE 7

‘Y

INTACT - DAMAGE DAMAGE
STARBOARD STARBOARD

AND AFT AND FORWARD

BEAM HEAD I ]

HIGH LOw
SIDE SIDE
L FOLLOWING | TO WAVES TS WAVES

Note: High side means that the
model‘s high freeboard side (port
side) was facing the direction from
which the waves propagated. Low
side means that the model’s low
freeboard side (starboard side) was
facing the direction from which the
waves propagated.

The waves used in this
experimental program were generated
by a servo-electro-hydraulically
driven dual flap wavemaker acting
under computer control. These
experiments were conducted in the
United States Naval Academy’s
Hydromechanics Laboratory’s 116
meter long towing tank. A
description of this facility is
given in reference [2].

The wave enerdgy spectra for the
two seaways were based on the
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modified ITTC spectral formulation
which is defined by significant wave
height and modal period.

Significant wave heights and modal
periods for the two seaways were
obtained from the summary of North
Atlantic wave buoy data presented in
[3]. They are representative of
fully developed seaways in the open
ocean. :

Model scale sea state 5, which
had a significant wave height of
0.146 meters and a modal period of
2,08 seconds, was considered to be
representative of a moderate
operational environment. -‘Model
scale sea state 7, which had a
significant wave height of 0.354
meters and a modal period of 3.23
seconds, was selected since it would
represent a severe operating
condition for this vessel. These
two repeatable sea states are
summarized in Table 4.

Testing

As mentioned previously, the model
was positioned in the desired

orientation and then,
handling lines slack,
to be buffeted by the
the model was free to

with the

it was allowed
waves. Since
drift it dia

not always encounter the same wave
at the same time in the 400 seconds
of data acquired per test.
Periodically the model had to be
man-~handled back to its original
orientation and location in the

TABLE 4

SEA STATE SUMMARY

MODEL SCALE

Sea State 5

Modal frequency 0.48
Modal period 2.08 sec
H 13 # 0.146 m
H 110 # 0.186 m
Highest wave * 0.229 m
Sea State- 7

Modal frequency 0.31
Modal pericd 3.23 sec
H 13 # 0.354 m
H 110 # 0.448 m
Highest wave * 0.536 m
# Significant peak-to-trough wave

heights are based on an assumed
Rayleigh distribution of the wave’s
energy spectrum.

* Greatest wave height which was
cbserved during the generation of
this wave sample,

towlng tank. A binary switch was
used to identify within the computer
records those time periods during
which this repositioning was taking
place. Figure 3 shows a typical
plot of the raw data. In this
example, the relling time history
for the intact model in moderate

FIGURE 3
TYPICAL PLOT OF ot
RAW DATA ©
L]
Unconstrained meodel o //
data was taken \\
during those time j "
periods when the rﬂ
step function plot S 4y IR
of the binary o

switch had a
value of three.

The model was
manually repositioned .
“during those time =

periods when the step
function plot

value of zero.

= N
© e

[
2.9 8@.9

329.0 u@e.e uge.e

160.9 240.0
TIME (SEC )
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seas 1s plotted as a function of
time. The step function plotted in
this figure represents the status of
the binary switch (on or off). When
the switch was on the model was
unconstrained. When the model had
to be repositicned this switch was
set to off, The status of this
switch enabled the erronecus data
which were gathered during those
times that the model was being
repositioned to be identified and
deleted from any subsequent
analysis.

Roll and pitch motions were
measured relative to an initial
condition of zero heel and zero trim
with a dual axis electrically
powered gyroscope which was mounted
on the weather deck. The cable for
the gyroscope was suspended from an
overhead hoist which was moved as
needed to remain over the model at
all times. The Hydromechanics
Laboratory’s computer system was
used to gather, store, edit and
analyze these roll and pitch time
histcries.

ANALYSIS OF EXPERIMENTAL DATA

In the analysis of the acquired data
the H /3 and H 1/1¢ significant peak-
to-trough roll and pitch amplitudes
were calculated assuming a Rayleigh
distribution of these events. Thus
the significant double amplitude
values were obtained by multiplying
the standard deviation about the
samplefs mean by 4.0 for the H /3
values and by 5.1 for the H /10
values. During most of these tests
the model’s heaving, pitch and roll
motions produced a wave system which
eventually began to reflect off of
the towing tank’s walls.
Consequently, after a pericd of
time, the irregular wave which the
model experienced was somewhat
different from the wave which was
being generated by the wavemaker.
While heave was not measured, its
magnitude and frequency were, at
times, guite noticeable. A SWATH
hull form appears to provide very
little heave damping. In addition,
the heave which did develop quickly
became coupled with the other
motions - particularly roll and
pitch. During this limited number
of tests, the model, whether intact
or damaged, never exhibited any
signs of becoming unstable.

Finally, given the box like profile
of this SWATH, it is important to
realize that the model was not being
simultaneously subjected to any wind
lpads.

Intact Condition

The intact model’s H 13 and H 1/10
significant peak-to-trough roll and
pitch motions, as a function of two
sea states and four orientations,

are shown in Figures 4 and 5
respectively. The intact model
would tend to hold its position in
head seas, surge with the waves in
following seas, and, while rolling
noticeably, move laterally and
quickly across the tank in beam
seas. While in this orientation,
the model’s largest angle cf roll,
which occurred during sea state 7,
was 18.4° to starboard. Solid water
never swept over the weather deck.

Damage_ Starboard angd Aft

Figures 6 and 7 show the model’s H
173 and H /10 significant peak-to-
trough roll and pitch motions, as a
function of two sea states and four
headings, after it had been
ballasted to simulate flcoding to
the aft starboard side. The damaged
model, though pitching, would tend
to maintain its direction and
position when subjected to head
seas. In following seas it would
maintain its heading but pitch and
surge as it drifted with the waves.
The largest observed single
amplitude pitch angle was 11.6° and
occurred during sea state 7 while
the model was encountering head
seas. When starting out in beam
seas, with either the starboard (or
low) side facing the waves or with
the port (or high) side facing the
waves, the model would tend to pivot
about the damaged "corner" and then,
with the bow turning away from the
waves, begin to move diagonally and
quickly across the tank. During
these limited tests, solid water
never swept over the weather deck.
However, rolling, wave splash, and
wave slap were very noticeable when
the port (or high) side was:facing
the waves. Whenever a substantial
wave would hit the model, a vertical
sheet of water would sheoot up the
side of the hull to a height well
above the weather deck. 1In this
orientation, the model’s largest
angle of roll, which occurred during
sea state 7, was 23.4° to starboard.

Damage Starboard and Forward

Figqures 8 and 9 illustrate the
model’s H 1/3 and H 1/10 significant
peak~to-trough roll and pitch
motions as a function of two sea
states and four orientations after
it had been ballasted to simulate
flooding near the bow on the
starboard side. The damaged model
would tend to maintain its direction
when subjected to either head seas
or following seas. However, in
either orientation, it would drift
with the waves while pitching
noticeably. The largest observed
single amplitude pitch angle was
12.7° and occurred in sea state 7
while the model was encountering
head seas. A nearly equivalent
maximum pitch angle was observed
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FIGURE 7: SWATH PITCH MOTIONS
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when the model was in following seas
When starting out in beam seas, with
either the starboard (or low) side
facing the waves or with the port
(or high) side facing the waves, the
model would tend to pivot about the
damaged "corner" and then, with the
bow turning away from the waves,
begin to drift diagonally across the
tank. During these limited tests,
solid water never swept completely
over the weather deck. However,
rolling, wave splash, and wave slap
were most noticeable when the port
(or high) side was facing the waves.
Whenever a substantial wave would
hit the model a vertical sheet of
water would shoot up the side of the
hull to a height well above the
weather deck. During sea state 7
and while in this orientation, the
model experienced a maximum roll
angle of 26.6° to starboard.

CONCLUSIONS

The results of these experiments
indicate that this SWATH model had
gufficient stability to survive the
damaged conditicons and sea states
which were modeled. However, the
full scale vessel’s structural
integrity, operaticnal performance
and maneuvering ability would most
likely be adversely effected by the
severe motions that the hull would
experienced. For example, the
propeller ring on the port side was
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only partially submerged when the
simulated damage was on the
starboard side near the bow. In
both damaged conditions, the
propeller rings would submerge and
emerge as the model rolled and
pitched. Finally, it should be
noted that while these limited tests
did not produce a capsizing, there
is absolutely no guarantee that this
hull would be able to survive all
possible combinations of waves, wind
conditions, displacement and center
of gravity wvariations, and damage
scenarios. .
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SHIP STABILITY IN WAVES: ON THE PROBLEM OF RIGHTING MOMENT
ESTIMATIONS POR SHIPS IN OBLIQUE WAVES

by L.K.Beroday *

ABSTRACT

An analysis 1is performed
moment of a ship moving at

on the structure of the righting
gpecified speed on an arbitrary

course in waves. Shown are the components determined by hydro-

dynamic forces of different nature:
tion force and the one induced by ship motions.
are given which may be used for calculation of the

the Krylov force, diffrac-
fxpressicns
righting

moment value for an arbitrary angle of heel in wave conditions.

The adverse effect of the follow-
ing seas resulting in a reduction
of the ship's transverse stability
and e situation dengerous from the
viewpeint of capsizing is well-lknown.
This mode of ship's motion mey by
accompanied by the developmeni of
intengive rolling oscillations of a
subhermonic (parametric) nature.
However, of no less danger are the
modes of ship's moticon on courses
cloge to the following ones when
stability changes are accompanied
by the ship's rolling, which in the
general case- represents a set of
subharmonic and regular "forced"
ogscillations. A correct assessment
of the righting moment under comp-
lex sea conditions is of paramount
importance for the prediction of
ship's safefy in waves. ,

The transverse stability of the
ship moving at an arbitrary heading
angle X to the direction of two-
dimensional waves in calm water is
charaecterized by the righting mo-
ment representing & supporting-
-force moment due to athwartship
inclinations about the central longi-
tudinal axis of the ship's mass.

Asa applied to the ship, let us
introduce the term "righting moment
in waves" M, which may be conside-
red as generaligation of the moment
in calm water [2].

" .
Krylov Ship Research Institute,
Leningrad, USSR.

The righting moment in waves is
defined as a moment about the longi-
tudinel central axis of hydrodynamic
forces acting on the ship which is
inclined at a constant angle of heel,
with a2ll other degrees of freedom
remaining unrestricted. For the ship
under consideration the righting mo-
ment in waves will be the function
not only of the heel bhut also of the
time. In the absence of waves, the
moment ™, 1is identical to the rigs-
ing moment in calm water in the con-
ventional sense. It follows from the
above that the moment Mg includes
the exciting moment as defined in
the theory of ship rolling motions.
In this respect, the term righting
moment in waves" intrcduced in this
paper does not essentially differ
from thet used in & number of papers
beginning from Froude's work 1[81 ,
i.e. from the term "supporting-
—-force moment" which includes the
action of hydrostatic restoring
forces of the inclined ship in calm
water and the excitation effect due
to waveg. A gimilar idea of the
righting moment in waves which had
been defined, however, taking into
account only hydrostatic pressure
due to free gurface curvature, was
used for instance by K.Wendel, B.
Arndt, S.Kastner, S.Roden [T, 9] .

FORMULATION OF THE PROBLEM

The snelysis of the righting mo-
ment for finite angles of heel will
be besed on the assumptions that the
fluid movement is potentiel, the
ghip inclined at a preset angle
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experiences heave, pitch and sway,
the emplitudes of alli modes of
ship's oscillations and waves in-
duced thereby are the values of the
first order of smallness, the solu-
tion is restricted to application
of the small amplitude wave theory.

Let us consider the ship moving
on a preset course in two-dimen-
sional waves. The fixed ccordinate
sysatem §,Z §, is so selected
that the g, - axis is coinci-
dent with the direction.of the wave
propagation, and the plane £,0, 7, ,
with the undisturbed surface of
water (Fig.1)}. The rectangular co-
ordinate system £ 7% 1is moving
at the ship's average speed ¥ ,
with e vector directed along  the
0 -axis. The plane £0¥ of this
system colincides with the center-
plane of the upright ship in calm
water, and the plane Ef? with the
undisturbed water surface.

The ship's heading is determined
by the angle %X between the G,E -
and 0F - axes. For the ship at
zerc 8speed the origing of the co-
ordinate systems £2&5 end & 77,
coincide. The origin of thexgz -
axes fixed in the ship wiil be at
it{s center of gravity maerked by
point G , and the piane x 66X will
be coincident with the ship center~
plane. Let us suppose that the
longitudinal 6X - axis is the msain
axis of inertia. Besides, let us
introduce axes X,Y,Z, haif-re-~
lated to the Shlp, which remeain
paraliel to E% & - @xes when the
ghip oscillates in waves. The ori-
gin of this system is in the ship's
center of gravity. At zeroc angles
of yaw and trim the plane Z,G ¥
is parallel to the middie section.

PFig.1 shows the waterlineWw, L,
for the ship's inclination at equal
volume in calm water and the ins-
tantaneous wave waterline WL .

The posgitive direction of the
heeling angle ©® will be taken for
the ship's inclination to starboard.
The pitch motions of the inclined
ship will be defined as ogcilla-
tiong about GY, - axis, with the
trim by the stern, usually corres-
ponding to the positive angle of
pitch,

In accordance with the existing
tradition the rule of signs for the
moment Mg will be assumed as oppo-—
site to the rule of signs for the
angles of heel. Thus, with & > O
the moment Mg > O, if it shows the
tendency to turn the ship from stor-
board to port. However in theore-
tical calculationg this rule of
gigng for M, 1is not always con-
venient. Therefore, let us dencte
the main moment of hydrodynamic
forces by My , and the rule of
gigns for this moment wiil be the
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same as for the angles of heel:

Mg = - Mh./3= Const 2

where the bar over the letter is
the vector symbol.

Let us &t first determine the
moment M, , as applied to the ship
whose behaviour in waves 1is deg-
cribed by eguations of roll, pitch,
heave and sway motions, excluding
yaw znd surge (¥P(¢)=0,E,&)y=0_ ),
and then take account of’ the Mk
variation following the restriction
of the ship's free movement due to
the heeling. : ‘

M;[P‘[zms(n‘y)—ym(n”z’)]dsz, e

L4

where P = excessive pressure
applied to the hull =s
compared to the pres-
sure on the free water

gurface;
d2 = component of the ship
gurface;
@, = instanteneous wetted
. aurface of the ship;
fl = outer normai {o the
surface;
Y,Z = coordinates of the
surface.

It ghould be noted that the mo-
ment M, determines the fluid res-
ponse to terminal rolling cscilla-
tiong of the ship.

Let the wave motion of the fluid
be so slow that the pressure can
ve defined by the linearized Cauchy
integral; 1in this case the poten-
tial @ of the absolute fluid move-
ment is obtained from the solutien,
of a nonlinear hydrodynamic problem
of the rolling motions of terminal
amplitude, when the oscillations of
different modes are smail.

A successive solution of this
problem using the small parameter
method is reported in Ref. [4] .

Using the results of that work
as the base, the potential  will
be given by the following sum:

P- b Grd+d, (2)
Here

@, = potential of the fluid
movement due to ship run-
ning in calm water;
potential of free oncoming
waves;

potential of fluid move-
ment induced by the ship's
motions in calm water;
potential of the diffrac-
ted wave motion.

o B
neow

uﬂ
il

It should be remembered that the
potentials @, , b, , ¢, , in
the problem under congideration are
dependent upon the angle of ship's




inclination.

To pass from the géneral expres-
sion (1) to the cage we are interes-
ted in, account must be taken of
the condition for fixation of the
ship's heeling angle.

Pirstly, the potentisl 42 shall
be calculated on the assumption that
no rolling motions occur (let it be
designated here as @;*); secondly,
relative changes should be introdu-
ced in the wetited surface over

which the integretion is performed
*

Qt/e:m:mst; =

Proceeding from the above, the
moment M, is given as the following
sum '

M= M+ M+ M+ M, | (3)

where

M, p j da %

[zm(ny) ycm(nZ]dQ (4)

M,= TIC[gms(ﬂZ) ans(ny):ldQ +

plad [z cos(1Y) - Yeos (n*z)J d®, )
Qﬂ“

M,= JD j ag tq%*[?{ ca.si(nl\y )-{cas (I??":'ﬂ de,

Q{*

e

*

[Tc”cos(ny) yco.s(nz)]dsz (7

The term M, in formula (3) de-
termines the component of the mo-
ment Mg Dbasgsed on the hypothesis
of A.N.Krylov. This component may
be treated as the main part of the
righting moment.

The value of ™, depends upon

the ship's motions at a given angle

of heel in calm water. From the
viewpoint of physics it is evident
that this component is associated
with the inertial and damping pro-
perties of the fluid.

The term M™Mj; =allows for dis~-
turbance of the fluid motion due
to the presence of the inclined
motionliess ship in the way of wave
propagation.

The term ™M, is the result of
changes in the pressure field of the
fluid due to disturbed motion in-
duced by the ghip running in calm
water, the ship itself being the
reagon of this motion. However, the
following considerations must be

kept in mind. Let us suppose that
experimental agsessment is made for
the difference between the righting
moment of the ship (model) running
or standing in calm water with a
given anglie of heel. In the written
expressions this difference is not
assessed by the term ™M, only. In
addition, account must be taken of
the change in the hydrostatic
component of the term M, due to
the difference between the wetted
surface of the ship running or
standing.

THE MAIN PART COF THE RIGHTING
MOMENT

Converting from surface to voime
integrals in formula (3) and intro-
ducing kinematic characteristics of
the wave particle, the moment M,
cen be expressed as

M, = M;+ M+ M+ M, (8)

Here

M;=fcas§"jydv—{)’sin9L?dV" (9)

is the righting moment of a ship
standing in calm water

=3~c059£gdv—rsmejz dv, (1)
; %

P.ﬂn@[ qu ﬁcnsGJ G Ydv +
+ﬁcusBJ2g2dV+fsin8J§sde, (1)
v° Ve

where
= volume of the submerged
part of the ship at a
glven angle of heel in
. calm water;
% .G, = components of accelera-
tion of fluid particles
in the coordinate sy-

stem £ 27 .

The values above the first
order of smallness are not included
in formula (8). In this case, it
has been taken into account that
the difference of volumnes

Vo= V.- V-V, , (12)

represents an additionali time-vary-
ing volume which is determined by
the position of the wave profile
in relation to the oscillating ship
inclined at angle © ; this value
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hag the first order of smallness.
In formula (12} V., 1s the ins-
tantanecus volume of the submerfed
hull, and V, is the volume of the
hull corresponding to the difference
between the wetted surfaces of the
ship running or standing in calm
water.

It should be emphasized that the
superposition of independent volumes
according to (12) suggests, &s in
the Ref. [41 that the results of
the theory of small amplitude waves
are valid for the problem  under
congideratiocn.

The characteristics of the mo-
ment Mg become the subject of
ship statics. ™y is the hydro-

gtatic component of the righting
moment taking into account the
change in the waterline form for
the ship running in calm water,

The term ™, 1is determined by
integration of hydrostatic pressu-
res over the additiconal volume

causing the ship's motions and
the oncoming free waves.
The moment M™.. considers the

peculiarity of pressure distribu-

tion in the disturbed filuid. In
literature this distribution is
sometimes inferpreted ss the so

called Smith effect.

For the case of plane progresgive
waves the potentisl ¢ is derived
from the formula

cpi(El‘Z:CJt)""‘Za%‘e—K%in(K‘E ¥
KR -@c ).

Then, the component

(13)

M=z P o cas@J e—Krcos(fo +K,Y)ydV-

in

&"sin (KX + K, Y )yd'V -

O

—casBsink | e l?sufl(K)HK y)rzdv -

W
g

—ﬁneje EMG&X*&gJZd

[

V] cos Wt +
2 Ky
+?f(.d [sinesinXJe cas(K X+ K, 4,) ydv+

Vd
+ £0S8 QJ
v

+ cosB sin X Jé“cas(K,X+ K,y)zdV -
vﬂ

- sin Qj’émsin KX+ K, l:/,)ZdVJ sin@, 2,
VD

e Sin (KX + K 4)ydv +

[

(14)

-moment
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Here the folliowing degignations

are uged:
7 = wave amplitude
K = wave form frequency
A= Kceos X
K, = Ksinx
Y = ordinate of the elementary

velume of dV in the coordi-
nate system X,y % fixed to the
ship, 1in which the plane Yy, 07 %, s
passes through the ship's C. G., and
the plane X, 07%Z, coincides with
the plane E£7C when no ship's mo-
tions occur (Fig.1).

Owing to smallness of pitch and
trim esngles of the inclined ship
in calm water, it 1is assumed for
derivation of relation (14) that

E- X=X

Let us anaslyse the moments M,
and M,, for small angles of heel
corregponding to the values of the
ship's inclinations considered in
the linear theory of rolling. With
an accuracy to the first order of
smalliness

M, ;rjydv (15)

At the headlng angle X 0 cor—
regponding to the ship running in
foliowing waves, we shall obtain
M,= O with the same accuracy, and
besides that, in this case for the
wall-gided vessel M, = 0 due to
the huil symmetry about the center-
plane.

Therefore, if the wall-sided
vessel 1is positioned in the beam
geas, the change in the main part

of the righting moment at small
angles of heel will be of - +the
second order of smallness. The

same conclusion may be derived from
the results obtained in Ref. {47].
It may be easily found that at
large angles of heel a change 1in
the main part of the righting mo-
ment in waves will be of the first
order of smallness, as are the
amplitudes of the oncoming waves.
While the ship is runnlng heam-
-on to regular seas (X =72 ) the
sum of expressions (14) and (15)
will give the value of the main
part of the execiting moment calcu-
lated on the basis of the linear
theory of rolling motions [17 .

THE RIGHTING MOMENT COMPONENT DUE
TO SHIP MOTIONS

Turning %o the analysis of the
component M, let us first for con-
venience find the hydrodynamic mo-
ment M,,= ~

2

Let us use the following re-
pregentation of the hydrodynamic
(3]




M ‘-’aIX _(A)_yI ""CL)}I

2h

(16)
*U_ng * UEB.S’ >

where 1}, I}, I, - projections on
to respective axes of the vector
of the main moment of pressure
impulses about the origln of the
ship fixed axes,

By , Bs - projections of
the mein vector of pressure
impulses,

Wy, W; - projections of
the angular veiocity vector of
the ship fixed axes,

Uy , Uz - projections of
the linear velocity vector at
the origin of the ghip fixed axes.

Taking into account that the
angle between axes G, and Gx is
small in this case the projections
of the vectors mentioned above will
be referred to axes X,Y.Z, end the
velocity prejections will be equal:

Uy = U=V, U=ty = F,, .
17

Uy = Us=Ty v V¥, W1=6=0,
Wy=U =¥, W=, -y,

where ¥ - yaw rate. .

If the potentiail . 18 represen—
ted a3 8 sum iaken over radiation
functions

(18)

the following relations obtained
with an accuracy of the first order
of smallness become valid

Bli_ ofé [v2%

3t P[Zg'(fz an IR+
&’ (19)
asa

P lPu’f&Pa(P" (20)

szyw-pMI Yy ::5 dQ, (21)

UyB,= Jozgfff $28dQ, (22

UB P v¥)v [SedQ . (23

Qﬂ
In regular waves we have
AR .
U; = U, € » o= 2,3,5,6
where tl; - amplitude of oscilla-
d tions.

Then by intreoducing & complex
quantity dependent on the frequency
of ship ogecilliations and, genmerally
speaking, on the ship speed

{
.- X = .
t é
juJ @ (24)
FJ Jan de
(7
where Ju. - added m&ass of gsea
¢ water
A, - damping coefficient
de to ship oscillations

we obtain an expression for the
hydrodynamic moment M,y :

Mzh:_(?s f’lae+ K?.g‘ﬁ'atf‘rilégﬂhf
* ng st qu}f'la'f le&'{“’ éi’:/l_’lsq !
* (/./‘ﬂ’suf ?‘9:/’/5« ’ Qb‘]l’sv)_ W[(jj\/um -
) '/u{; 23/”-3_ (&, UGU)/L/,ZJ-

Reletion (25) takes into amccour +
translational motion of the ship
along the longitudinal horizontal
axis GX, . From formula (24) it is
clear that in general the numerical
values of the added mass M, and
damping coefficient 343 vary with
the heeling angle.

Passing on to the componentl%
and asguming that no ghip yaw
exigts, we obtain

P42= Pqﬂ + Pqn s (26)

(25)
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' where
Moy Pl Ty By Pln*
* z’&gﬂ' ;u/%”y,ﬂﬂ - (g?_)
Mo T {9l ph) ¥R
+ Z.sf“rs'(cs + yw)ﬂjfz] ) (28)

The moment M, explicitely
takes into account the effect of
- the forward ship speed on the value
of M,. .

It should be noted that statlcal
moments (27) and added mass moments
(28) as well as damping coefficients
are related to the X, Y,%, axes.
If small heeling engles are congide-
red, it should be assumed basging on
the linear theory of ship motions

that o
‘/ufzﬂo’ 13=.0 ? qu6= 0’
ju;f=0{ ‘jusfro ’ ‘137:0=jg$=0

-because of the symmetry of the ship
hull about the centerline -plane.

In this case, consgidering the
" values of the first order of small-
ness, we shall have

- M,,= Z;J(HEJ Tyha . (29

The sum (29) accounts for iner-
tial and damping effects of the
fluid arising during trengverse
movement of the ship. In the linear
theory of ship motions this sum is
included in the roll equation [5].

Congidering relstiong (27), (28)

it can be concluded that the hydro- -

dynamic charascterliatics play un-
equal parts in these expressions.
In view of the lengthened © hull
form of the ship the terms with

M s Mo » Mo will be apparently
small. By neglecting them the compo-
nent under consideration can be ap-
proximated by

M,=M,, U[Styuﬂ m]

DIFFRACTION COMPONENT -

"Analyzing this component it is
convenient from the methodical point
of view to neglect at firast ‘the -
effect of the ship speed on the
amplitude, intreducing appropriate
corredtions after the structure of .

.the moment M, = is - found. Natu-
rally, the period of the moment
variation in regular weves will be -
expressed using the “encounter

‘Where E, R E,,,

I ) -
frequency GJ« 1in both ceses.
Beged on the results obtained in-
Ref. [6] the moment M, may be writ-
ten as

Wet

M;“fQZKEi' J ‘P*f (-ices f%’——,f—

(30)

-{sinX 3,;& - a% ) de,

where

lf*_ e,,"KC— tl((é cosX+Psin X)

Complex representation in (30)
ig uged for convenience. Later on
only the real part of the complex
quantities should be taken into
account.

First, let ua consider & cage
when the ship breadth and length
are small relative to the wave-
length. Assuming

K§——0, KE=0, K70, G

we obtain

M=-zufe" [bcos)((‘ju‘mm]tm)+
(32)

+£sinX(ﬂzz%lﬁ)+( ‘s'r_,h %ﬁ"")] P

where (24) is taken into considere-
tion.

By writing +the potential of on-
coming progressive waves in the
complex form (13) including rela-
tion (31) and designating: the moment
M,, for a smell ghip, as ™M, , we
may obtain

M‘,,"—Eﬂﬂqcosx E R, cos X =

-Gl b

- ZEI: /u.?v B C.;: Ry s

,e . ‘C,&. =abgo~
Iute velaclties and accelersa-
tions of wave particles at the
origin of coordinates &, 2, G

From (33) we may obtain a rela-
tionship between the moment My,
and linear components of wave mo-
tion veloclties and acceleraticna.,




In order to take account of com-
mensurability of the wave length
and ship size to a first approxima-
tion, we ghould represent the func-
tion ¥* as a series limiting the
expansion terms to the first power

yzl"ﬁciihfécwx+€sz).(3m

Further transformations wiil
give the following relation for the

moment M,
p43= P43fnlvté+ qua’ (35)
Here
P@;“%ﬂgrwx—&RWCNX—
- X M, sinX ~H R, sin X - (36)

- (.)'(.'/Usﬂ casX sinX - A, cosXsinX

o, A = absolute velocity and
acceleration of the sur-
face angle of wave glope
at the origin of coordi-

nates £, 2,¢,

The component M;, is unwieldy
and may be given as the product of
factor (- pwel, € ““"%)

3

where o, 1ig amplitude of the
angle o , by the sum containing
the integzrals in the form

Jyjf g,f"’ ds . (37)

@

Strictly speaking, the relations
(33), (36) correspond to the case
when the ship is at standstill. It
has been known [ 57 that the in-
fluence of the ship speed will
result in that the amplitude values
of the inertial part of the exciting
forces defining the hydrodynamic
components are proportional to the
product Ww, ; then the ampli-
tudes of the speed term isg deter-
mined from itrue frequency. This
condition shall be takén into ac-
count in calculation of the d4dif-
fraction component of the righting
moment for the ship underway.

The structure of expression (36)
shows that 1n the general case con-
sideration of the ship's dimensions
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leads to the terms proportional +to
the wave slope angle.

Agsuming in (33) and (36) that
the angles of heel are small, and
therefore the ship's hull is sym-
metric about the centerplane, we
shall have

Mm:—é;:ﬂm'smx— E',g-ﬂ'z;, sin X, (38)
M32= _&/j‘f”'sinx - d‘ ‘ﬁ'w ‘SMX -

S o it -
(39
- Ao, cos X sinX

In cage of the sghip travelling
across the crests (X = 0) it fol-
lows from {(38), (39) that M, = 0,

Ms, = O, and the moment M,,, also
turns ocut to be =zero. I

If the heading angle X = '/2
{(beam to the sea), we shall obtain
from (38) and (39)

Maf =T E!?ﬂ?# “Efs' ‘ﬁ'ztr ; (40)

M”_‘—"'OC‘/U“-OLJLW. (41)
Besides, for this case

=R A
> ds2
an (42)

. 2 _iwt
My2itpwe Jg,sg
QO

The sum M, + M,, + My the
terms of which are determined from
formulae {(40) - (42) is equal to
the expression for the hydérodynamic
component of the exciting moment
obtained in Ref. [4] when solving
the problem of small amplitude of
rolling.

CALCULATICON OF DIFFRACTION
COMPORENT

This component of the righting
moment for an arbitrary relation-
ship between the ship's dimensions
and regular wave length based on
{30) may be expressed as:

Mz ol 15+ B s (0,2-TM,), )




where LSIMS = agc ty %‘I
Here the following designations
are used

L= L+ LcosX+[ sinX,  (44)
I=-1 cosX - LsinX+I . (45)

[

L= fé”z‘qgm 2% ¢,
@° ‘

P=KX+KY . (46)

On the basis of the linear wave
theory relation (43) defines the
value of the moment Mg component
conditioned by wave diffraction mear
the inclined ship representing a
motionliess obsgtacle. The integrals

I; can be expressed in a first ap-
proximation in terms of the elements
of lines drawing, if the recommenda-
tions of [6] are used. In accordance
with these recommendations the func-
tion Y¥; is determined as the velo-
city potential on the surface of a
three-axis ellipsoid in infinite
fluid. Therefore, this method makes
it possible to consgider the inertia
forces only. It should be ncted that
the potential ¥; in (43) refers
to the fixed-in-the-ship coordinate
gystem X, Y Z, {(Fig.1). For the
functions ¢ and potentials ¥/
relating tc the coordinate system

X, Y Z the following relations
are valid: ¥=%', % = ¥ =¥,

W= 9¥-2 4 ; in this
case £, is the center of gravity
ebove the plane X, 07 ¥,

In the theory of ship's motlons
when the calculation procedure for
exciting forces is being developed
extensive use is made of the method
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based con introduction of the reduc-
ing coefficients taking into sccount
the relations between the regular
wave length and ship's dimensions.
Since the value of M; for small
ships is expressed as relation (33),
we can apply this method and write
the diffraction moment as

széf:(_/ugv,‘;et sinX _ﬂqxzcosx)—

. . (47)
-G M 2y R, sin

&

- ﬂ!qaf;cos)(,)—(;'{; A, %

Where %.n ma ’ %‘3 3 mf)\ Il %:' ] 2? =
reducing coefficients defined by
relations of typical hull dimensims
and wave lengths.

When solving the problem, let us
consider the means of calculation
of coefficients 2¢, ,98 ,32, , i.e.
let usg restrict ourselves +to con-
gideration of the inertial proper-
ties of fluid only. In this case it
should be noted that, in general,
these reducing coefficients may

also be used when estimating the

damping components, Jjust as it was
done in Ref. (5]

Comparison of expressions (43)
and (47) will give the following
relations of reducing coefficients

== P (Iz—six)

(48)
S
Zl‘3=_ﬁ I (49)

JO(I,, cos X "‘I5 St'nx*l:,)
S

It may be eagily seen that for
small ships the coefficients 2e, ,
2€,; €, Wwill be equal to unity.

It should be borne in mind i$hat
due to elongated huill form the values
of Uy and A, will apparently be
small and, in the first approxima-
tion, the terms containing these
values may be ignored. In this case
the formula for the moment M, takes
a simpler form:

M“E juzqat’ sin X - C,g {, %5
&R, sk - R, %

38; - (50)

(51}




For example, &n expression for
the reducing coefficient &€, is
introduced.

The integrals [, end I, may
be converted from surface to volume
integrals., As to the domsin of inte-
gration, let us restrict it to the
volume of a parasllelepiped, taking
into account the approximate defini-
tion of the reducing coefficients
end the fact that the values of
thege coefficients are mainly depen-
dent on the relationship between the
ship's linear dimensions and the
wave length. The length of the
paralielepiped L 1is taken +to be
equal to the ship's length on weter-
line at equilibrium in calm water
without heel. The calculation shows,
thet the breadth B™ of the paral-
lelepiped which is equivalent for
the purpose of this study to the
inclined ship may be taken as

- L (Bl BB,

%

where E) B* B, = values
equal to the breadth of the inclined
ship in the middle of the draft of
frames 5, 10 and 15.

It is advigable to determine the
draft of the parallelepiped T*in a
similar manner

T (THTLTLY,

with the draft on each frame to be
calculated from the formula similar

to
Ts s Pis > (52

where By, , T , P are breadth
on the waterline, "draft and coef-
ficient of fineness of the inclined
frame, respectively.

The parallelepiped ghould be can-
sidered symmetrlc about the vertical
plane X, 0% %, .

Integratlng in the domain of the
parallelepiped and assuming that

= 0, we obtain the reducing
coefficient in the gimplest form:

* = st

-K'T

2 KL [, B -€U-RT) -
=g " 3 [ZF 'R
KBS T* "4 KB
¥ cas 2 sinX K:Kiﬁ” 2
KRB KZB*)
2 v 2 T (53)

In formula (53) the need for a
limiting transition has been taken
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inte account

w—a
For a ship without heel the
inertia component of the moment M,
represents a certain item in the
hydrodynemic part of the roll-excim-
tion moment which is treated in the
linear formulation. It is seen from
Fformula (47) that in this case

Msaf—érs ﬂz#a‘p"s"”x' (54)

It is obvious that the proposed
method of asgsigning the values of
B* and T¥* should be appiied to
the ship in the upright position as
well.

Shown in Pig.2 are calculated
data on the amplitude of the excit-
ing moment M, which is acting on e
cylindrical model of the Lewis frame
section. The experimental points
are also shown. The moment M;, has
been calculated for X=T2 from fa-
muta (54). As is seen, the resuit-
ing amplitude of the exciting mo-
ment is8 in good agreement with the
experimental data.

Now let us turn teo derivation of
a formula for the reducing coeffi-
cient 7, based on relation (50}.

- Make in the formulame defining the

integrals [, , Is a substitu-
tion of the eliipsoid potential for
function ¢, . As regards the inte-
gration domain, it cannot be defined
by the parallelepiped volume, as wes
assumed in the derivation of the
coefficient &2, . This gomes from
the fact that the term €, 3,
of formula (47) goes 1dentlcally to
zero for a_ body symmetric about the
plane X, OV &, . However, for simp-
licity, the 1ntegration may be car-
ried out over the volume of the
cylindrical body of length L inec-
lined at a given angle with the
frames coilnecident with the ship's
midsection. Assuming this simpli-
fied acheme, the expression for the
reducing coefficient can be written
in the form

X, = X, (P cosX+PsinX+ ).

(55)

In this formula the follow1ng
gsymbols are used

T

f? K: sm( ZL)éK:‘IZ,[(COSKaan‘

- cos K, QA) + /\’z(a,, sinf, 0 -

>

- Q, sin K, aA)J dz,




T

(KL.) jZ(asmKQ—

/]

- 4, sinK,0,) d%,

4 (L) o5 _
R= H1{ KP+ K sm(2 )E’ J [cosKaun
-Cos K;(ZA)+ Kz (ansin K, - & sin Ka (1,\)} dz} ,

. -1
%, P0)cosx +R@)sin+ PO} |,
T 2 2

RI0)-KL |7~ a}) dz
R(0)= tgx P(0),

3

P(O)=’—:.—[-KE(O)+K,LJ('G:— a,ﬁ)dz] :

For simplification of this for-
mulae the exponent is removed from
the integral, and the coordinste T,
is substituted by the value of g,
equal to the depth of submergence
of CB under the free surface of a
ship inclined at & given angle in
calm water. Besides, Q. , 3, are
the distances of the points m port
and starboard surfaces of the above
inclined cylindrical body, measursd
in the real water plane, from the
plane X, O Z, (Fig.1).

When the Shlp is positioned
across the crests, X = 0 and the
reducing coefficient is expressed
as the following elementary tela-
tionship

2 , RL K&,

%3— —E‘Sln 3 e . (56)

It should be noted that for such
a position of the ship the term con-
taining M., goes to zero, and if
the added static moment A/, is neg-
lected, the inertia component of
the moment Me is determined by the
product ‘C’u > ,/uatr e, .

The reducing coefficient in the
form of the relationship (56) has
been used in the calculation of the
righting moment for models of fish-
ing vessels tegted in the following
gseag. As an illustration, Fig.3
shows the data on the extreme
valueg of the righting moment calcu-
leted with congideratioen for the
inertia component. As is seen, the
introduction of this component into
the calculation generally improves
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the convergence with the experi-~
mental data. Unfortunately, indi-
vidual calculastions, similar to the
one mentioned above, do not allow
on a quantitative evaluation of the
diffraction component in the right-
ing moment. In order to make this
kind of evaluation with confidence,
it is necessary to have systemati-
cal hydrcdynamic characteristics
of the inclined frames.
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ON THE INFLUENCE OF THE VARIATION OF RIGHTING
LEVERS IN WAVES ON STABILITY REQUIREMENTS

Peter Blume

1

ABSTRACT

Two extreme models designed to experience large and small variations of righting levers in
waves were tested in following irregular waves. The test procedure and sea states used in
the tests were the same as in earlier tests series. So the results also can be compared with
results for other hull forms. At the limit between safe and unsafe the common stability
parameters derived from the smooth water curve are significantly higher for the model with
large righting lever variations in waves than for the other model.

The hull form factor intreduced some years ago in a proposal for new stabilty criteria
serves in a simple way for stability demands depending from individual dimensions. The
factor contains with Cp/Cy already a part which should take care for righting lever
variations in waves. Due to the small variations of this part within the models tested
earlier however it was not possible to find a better correlation by variation of the power.
The new results indicate that e.g. a power 2 would lead to a better fit. Therefore a

modification of the hull form factor is proposed.

INTRODUCTION

There are well-founded doubts that existing
recommendations regarding stability
requirements are sufficient to keep the safety level
with modern designs as existing in ealier years.
In comprehensive tests it has been shown that
stability requirements should depend on hull
form characteristics. Introeducing the hull form
factor a practicable method was proposed and
also presented to IMO which serves for a better
judgement of safety against capsizing for-a wide
variety of hull forms (1, 2].

" The investigation reported here should clarify
a special aspect, namely the relation between the
variation of righting levers in waves and stability
requirements. Therefore two extreme hullforms
were designed named Model F and G in
continuation of our series. The first one
experiences large variations and the second one
very small variations of righting levers in waves.
Both models were tested in the same manner as
the models used before.

! Seakeeping Department, Hamburgische
Schiffbau-Versuchsanstalt GmbH
Bramfelder Strafie 164, D-2000 Hamburg 60,
Federal Republic of Germany

DESCRIPTION OF MODELS AND TESTS

Modern ship designs have very often wide
transoms with flat afterbody sections due to the
trend to large deck areas. Such hull forms are
disposed to larger variations of righting levers in
waves because of the large variation of the
transverse moment of inertia of the water plane.
Therefore at first a hullform named Model F was
designed having extrem flat afterbody sections
and a vee-shaped forebody.

Also more moderate hullforms experience a
loss in transverse moment of inertia at the fore-
and afterbody on a wave crest. This can be
compensated by an increasing breadth with draft
in the midship section. Burcher showed this
effect for slender frigate hull forms [3] which have
nearly any variation of righting levers in waves.
Following these principles the lines of the second
Model G were designed under consideration of
some restrictions given by the Model F. Length,
depth, breadth in CW L, the lateral view and the
hatches are the same for both models.

Table 1 contains the main parameters of the
models for three draughts used in this
investigation. The Figure 1 shows the cross
section of the hull forms.

For both models extensive hydrostatic
caiculations of righting levers in calm water and
in waves were executed. The different behaviour
of both models in waves can be seen from the

- 452 .




i

f

1.15-| TfTews |-]

1.10

1.05

Model F

/)
S, k\\

M

Model G

" Figure 1 Cross sections of the models

1.00
15
0.95 -
20
0.90 4
0.85 4
0.80
0.75 -
w = A/15

0.70
0.65 o)

s T T T T e T —.

10 20 30 40 50

60 0 80

Figure 2 Loss of righting lever on a wave
crest for Model F

TABLE 1

Main Dimensions of the Models

1.10

1.05]

1.004

0.95+

0.90

0.85

0.80 4

0.75

4704 -

0.85

\
\ \\\ ls/f.'],l
\ \\17//'

e = AS15

LAy

T T T T 1

20 30 10 50 60 70 80

Figure 3 Loss of righting lever on a wave

crest for Model G

40

Model F

>IN

30

10

AGZy [mm] 6 \
/ A

D 0
- SN

77< E1

Model F G
Model No. 3350 3351
Ly [m] 5.000 5.000
Loa [m} 5.280 5.280
Bewt, frn] 0.852 0.852
Tewr [m] 0.285 0.285
D [m] 0.426 0.426
Lyp [ Bewr [—] 5.87 5.87
Bewr /D[] 2.00 2.00
T [m] |0.285 0.222 0.185(0.285 0.222 0.185
By [m] [0.852 0.852 0.852|0.852 0.830 0.817
Bwr/T [-] |299 384 461}299 3.74 4.42
DT [-] [149 1.92 230|149 1.92 2.30
1% [m®}]0.703 0.495 0.389(0.722 0.544 0.444 0
Cp [-] [0.579 0.523 0.489
Cp [—] |0.601 0.548 0.517{0.640 0.630 0.626
Cw [-] |0.830 0.725 0.671/0.689 0.658 0.650

T
/ /
$w = A/15

/1 : —] 1:10’ (-

0.594 0.590 0.588 0z 03

Figure 4

- 453 _

T

0.4 0.5 0.6 0.7~ 08 0.9

Comparison of righting lever losses
at 30° heeling on a wave crest




Figures 2 to 4. The first two figures show the loss
of righting lever on a wave crest calculated for a
wave of ship length and a wave hight of length
divided by 15. There are drawn lines of constant
righting lever loss as function of heeling angle
and the draft ratio.

Model F has a pronounced maximum of 33
mm loss at CW L and 35° heeling. At Model G
the maximum seems to be shiffed to a larger
draff. The values are much [ower. At smaller
heeling angles there are already ranges with
negative losses, this is an increase of righting
levers on a crest compared to the calm water
condition. Figure 4 shows the righting lever loss
at 30° heeling as function of the draft related to
the weighted depth (which includes a correction
for the hatches) for both models in comparison to
the models tested earlier. From this figure it is
evident that the Models F and G represent
extreme cases with regard to the variation of
righting levers in waves. All other models are
between these extremes and the differences in
their behaviour are small.

All tests were performed in the same
approved manner as the tests with the earlier
models with the intention to get comparable
results. The free running models were steered
through the tank mainly on a desired relative
course of about 30° to the direction of wave
propagation. Due to the restricted width of the
tank thereby a zig-zag course had to be steered.
But usually only the first leg was of importance
because in most cases the models there
experienced the largest heeling in a distinct high
wave group. The encounter with this wave group
was guarantied by starting the tests with a
certain time lag after starting of the wave maker
for which always the same control signal was
used.

The models were tested at 3 draughts with
different heights of the centre of gravity to find a
limit between safe and unsafe. During all tests
the models had a static heeling of 2° to port
which was the lee-side in the first leg. Beside
some other quantities the rolling motion was
measured. The maximum heeling angle of each
single test run was used for the judgement of the
safety. Despite of the quasi deterministic
character of the seaway one has to take into
account a larger scatter of the results due to
unavoidable variations in speed and course
influenced by the seaway. Therefore there is a
need of a larger number of repeat runs at the
same conditions to get reliable statistical values.
Usually at least 10 runs were performed at the
same conditions and near to the limit between
safe and unsafe even more up to 22 runs.

In this test series two irregular seas named
P 1.2 and J 2.2 were used. The first one has a
Standard-ITTC-Spectrum (Pearson-Moskowitz)
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and the second one a JONSWAP-Spectrum with
an enhancement factor of 5. The significant wave
height and peak period of both seaways were
nearly the same. These values and other
quantities are compiled in the following table:

TABLE 2
Data of the test seaways

4\/7'?(_)‘ Tp [ aig_fw mazx H ?
mm] | [s] |[mm)| [mm] |(mm] | fmem)
P 1.2F 374 |2.58; 375 | 728 | 667 | 483
J22| 376 [2.49] 370 | 631 | 850 | 307

[Foni]

The first columns are average results from
measurements at two fixed locations in the tank.
The last two columns contain the mean wave
height H and the height %' of the crest above the
calm water level averaged over the highest 3
waves of the actual wave group encountered on
the first leg of each test.

RESULTS

The whole test series with the Models F and G
consists of more than 600 test runs. For the
Jjudgement of the safety against capsizing during
each run the remaining area Ey below the calm
water righting lever curve between the maximum
heeling ®,,,. and P of vanishing stability was
used. From all runs at the same conditions the
mean value E and the standard deviations s
were calculated. Thereby the values of Fp were
set to zero, if the model capsized or heeled more
than ®,. For the determination of the limit
between safe and unsafe the following condition
was used:

"Egp ~3-5=0
This procedure is the same as in the earlier
investigations. Figure 5 shows an example. There
are drawn Ep and Ep — 3 s as function of the

40 - T T T _
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30+
/%ER — 35
=0° /
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T
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Figure 5 Mean value Ey and Ep — 3s as

function of the metacentric height,
Model G, draught 285 mm, Seaway J 2.2




TABLE 3

Stability at the limit between safe and
unsafe for both models, Seaway P 1.2

TABLE 4 '
Stability parameters at the limit between safe and
unsafe for both models, Seaway J 2.2

Draught [mm] 285 222 Draught[mm] 285 222 185
Model F G F G Model F G F G F G
GM, [mm] 98 - 37 | 94 29 GM, [mm] 108 42 | 112 33 | 136 29
KG [mm] 320 294 | 345 299 ; |KG [mm] 319 280 | 328 205 | 327 310
¢, ] 31 35 | 32 40 o, il 32 37 | 83 41 | 38 37
% [ 63.3 628 | 653 67.8 | |9 ! 67:4 65.7 | TL.5 60.6 | 74.3 66.7"
GZy - [mm)] 441 22.5| 509 290/ |GZsy [mm] 493 250 61.5 310 60.1 29.1
GZy fmm] 40.0 229/ 475 336 | |GZym [mm] 46.3 26.2| 60.5 36.1| 650 34.0
G2, jmm] 442 2381 513 336 |GZ, fmm] 494 266| 622 362]| 655 34.6
Ey [mmrad|| 13.40 .6.14| 1342 592} |Eg [mmrad]| 14.84 6.80| 16.39 6.53| 17.39 6.02|
Eq [mmrad]| 20.87 10.21| 22.15 11.49| |Eyw [mmrad|| 23.32 11.37] 27.16 12.48| 28.57 11.85
Eiw — Es [mmrad]| 747 407| 8713 557| |Eq — Ex [mmrad]| 848 4.57| 10.77 595} 11.98 5.83
E, [mmrad]] 30.22 15.61| 34.83 21.59] |E, [mmred|| 36.08 18.42( 47.15 24.04| 52.45 21.78

metacentric height GM,. For the GMy-value
defined by the condition mentioned above
righting lever curves valid for the limit between
safe and unsafe can be calculated. Some usual
stability parameters derived from the calm water
righting lever curve are compiled in the Tables 3
and 4.

From the ealier investigaiions it is known
that mainly the parameters GZ,, and E, are
suitable to distingish between safe and unsafe.
The values of Model G are about 50 to 60 per
cent of the values of Model F. The model with
the large variation of righting levers in waves has
to have much larger calin water righting levers.

COMPARISON OF STABILITY
PARAMETERS
FOR DIFFERENT HULL FORMS

The stability-parameters at the limit between
safe and unsafe determined for different hull
forms cannot be compared directly. Different
values depending on hull form properties have to
be expected. In earlier investigations therefore a
hull form factor C was introducted. The variance
of the products of the weighting factor and the
stability parameters is remarkable less than the
variance of the parameters itself (1, 2]. The
original factor is defined by

TD' T
o GC‘W

With the ratio Cp/Cy the factor contains
already a part which should take care for the
tendency to righting lever variations in waves.
The linear dependency was taken because a
better approximation could not be found because
of the small variation of this ratio within the
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model series at that time. The idea was to use
the ratio of the waterline coefficients of the mean
waterline to the actual one as a measure for the
tendency to righting lever variations in waves. -
For not rectangular main cross sections as at
Model G therefore the factor has to be slightly
modified:

<

S T
T BulL

Cw

G- £
Cw

Then for comparison of Models F and G a factor

A

can be used. Here the length L; is set instead to
100 m to a value L, = 100/28 = 3.57m
according to the scale ratio of the Model A, the
first model we started with about 10 years ago.

The Table 5 contains the maximum righting
levers G Z,, and the areas F, below the righting
lever curve weighted with the hull form factor C;
for all tested condltlons

C, =
L BM

‘TABLE 5
Stability parameters weighted with hull form
factor Cy
Seaway P12 |  J22
Draught [mm] . |285 222|285 222 185
C.-GZ, [mm)] _ _
Model F (4.31 3.4814.90 4.32 3.50
Model G 3.20 3.34|3.61 3.62 2.65
”F”/”G”V 1.35 1.0411.36 1.19 1.32
C,-Ey [mmrad] '
Model F 12.95 2.36|3.57 3.28 2.80
Model G 2.10 2.15(2.50 2.41 1.67
»Fm 2 G" 1.40 1.10{1.43 1.36 1.68




The values for the Model F are in average 32
per cent higher than for Model G. That means
that the hull form factor in the original form does
not reflect the different behaviour of both models

-in a suffcient manner. Compared to other models
the results for Model F are at the upper limit
and for Model G at the lower limit of the spread
of values as it can be seen in Figure 6. There are
drawn the weighted maximum righting levers as
function of a seaway parameter

4, /rmg ®Y5, exp(—0.5(A/L — 1)?)

introduced in {4). The standard deviation around
the regression line is 14 per cent of the mean
value of all results compared-to 33 per cent for
the unweighted maximum levers.

By a better fit of the hull form factor the
scatter can be reduced. For hull forms with
larger variations of righting levers in waves the
form factor must become relatively smaller. This
can be done easily by a higher power of the ratio
Cw/Cw because of simplicity preferably power 2.
Tests with other values gave no better results.
Then the adapted hull form factor Cy records as
defined in Figure 7.

Pro =

5
Q
o o)
X
4 X X
X
v
3
Ci-GEZ, [mmj 7
o =)
- oi
a, —
- Fend
a a
2 - i H
A @
QO Model F
V. Model G
11 X Model A, C, E
Boo [mm]
0 T 1]
150 200 256 300
Figure 6 Maximum righting levers weighted with

C, for different models and conditions

T |

_ T.p [T (Cg\® (L
Cn = EZA;\JKC’(U%) {5
L, = 100m
L > 100 m
KG > T
D = D+ d- B e b > B

b |
|
— P
[ o
D ¥ LI
T ke | fl 1z
NE L Al

L

—

-..-.__.Jl —
i

o

L/

Lf4

¥

- asg -

Figure 7 Definition of hull form factor Cy

v
4
v X5
3 $ %
X
X X
o 8
X
2 - o -
. - o
=1 ]
-y Fy
@ @
Cy-GZ, [mm|
1 7 O Model F -
t7 Model G
. X Model A,C, E
Py |mm]
[ T T
150 200 250 300

Figure 8 Maximum righting levers weighted with
Cn . for different models and conditions




The following Table 6 shows GZyy and Ey
weighted with the modified form factor Cp.

Now the value for both models are in average
the same. The standard deviation around the
regression line as shown in Figure 8 is reduced to
10 per cent of the mean value. A further
reduction can hardly be expected because of an
unavoidable scatier of the test results in the same
order. '

TABLE 6
Stability parameters weighted with hull form
factor Cy
Seaway P12 J2.2
Draught [mm] 285 222|285 222 185
Cn - GZp [mm]
Model F 3.01 2.51(3.42 3.12 2.55
Model G 2.04 3.14/3.31 3.41 2.50
"F” 7 G" 1.02 0.80{1.03 0.91 1.02
Cn-Ey [mm rad] :
Model F 2.06 1.70]{2.49 2.37 2.05
Model G 1.93 2.02{2.29 2.26 2.57
"Fr PG 1.07 0.88/1.09 1.05 1.30

All considerations up to now are relaied to
stability parameters derived from calm water
righting lever curves. Because the danger of
capsizing is mainly caused by the seaway it seems
to be reasonableto look at the righting levers on
a wave crest. A proposal given to IMO by Poland
and the German Democratic Republic is based
on such a hydrostatic righting lever on a wave
crest [5]. ,

The Figure 9 shows in the upper part
righting levers on a wave crest calculated for a
wave length A equal to the length between

. perpendiculars and a height of A/15. This
dteepness is often used by Germanischer Lloyd in
such calculations. The curves for Model F and G
-at the same draughts are similar. But the large
differences between different draughts indicate
that hull form properties have to be considered,
too. However it seems to be a hasty conclusion
that these curves give a better basis for the
judgement of the safety than the calm water
righting lever curves, The results for the other
models also drawn in Figure 9 show a wide varity
and it is hardly imaginable to find common
criteria from these curves.

On the other hand the choice of the steepness
of the wave is arbitrary. In the GDR-Proposal a
wave height is used depending on the severity of
the seaway which shall be determined following

" the concept of the effective wave by Grim |6]. For

the Seaway J 2.2 the GDR-Proposal comes up
with a wave height ¢, = 0.044- A. For this
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6 = 00667 - X

Curve |Model [T/D'| [mm]for ¢, =
0.067 - A | 0.044 - A

1 F |041| 445 52.4
2 G |041]| 354 39.0

3 F {049 300 39.9
4 ¢ |o49| =207 33.4

| 5 F |063| 163 28.8
6 G |o63| 135 17.3
7 A |o71] 15 7.3
8 c |os58| 65 12.5
-9 | B1 |048} 273 36.0
10 | E1 |056| 163 25.6
i1 | E2 |043| 236 315
12 | E2 |o050] 203 29.3

Figure 9 Righting lever curves on a wave crest
‘ - for the limiting K G in Seaway J 2.2

smaller value other curves for the righting lever

“on a crest are valid as shown in Figure 9 in the

lower, part. The curves for Model G don’t change
to much whereas the curves for Model F are quite
different dite to a strong dependency on wave
height. The relative magnitude of the righting
levers also compared to the other models changes
with different steepness. For example in the
steeper wave the smallest maximum lever on the
crest is only 3.4 per cent of the largest one and in
tlxe smaller wave it is 14 per cent.
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Figure 10 Maximum righting levers on a wave crest
for the limiting K G in Seaway J 2.2 as
function of the draught to depth ratio

The Figure 10 shows the maximum righting
levers on a crest as a Tunction of the draught to
depth ratio T'/ D' for both wave heights. There is
a significant trend to smaller values with
increasing T/ Y-ratio. But with this dependency
alone the differences between the models cannot
be explained. Also for criteria based on the
righting levers on a crest the individual hull form
characteristic has to be considered, but there is
no idea how to do so at the moment. By the way
in this figure also the influence of the wave height
becomes evident. The values for Model ¥ are in
average 16 per cent higher than for Model G in
the higher wave but 40 per cent higher in the
smaller wave.

It can be concluded that stability parameters
derived from righting levers on a crest itselves are
not suitable for a fair judgement of the safety
against capsizing. The hydrostatically calculated
values do not reflect the physical phenomenon.
Stability parameters derived from these curves
therefore also can be seen only as comparative
values which are not necessarily better than those
derived from the calm water righting lever
curves. They are rather not as good as the latter
because of the dependency on the wave height

which cannot be determined on a sound base. It
seems to be more successful to take into account
the tendency of a hull form to variation of
righting levers in waves at the requirements for
the calm water curve. Exactly this can be done
using the modified hull form factor Cy.

CONCLUSIONS

During the last ten years eight models of seagoing
merchant vessels were tested in the HSVA with
variations of draught and sea state. In this way
KG values at the limit between safe and unsafe
could be determined for altogether 59 cases
always with the same method. These data give a
sound base for more general conclusions. This is
unfortunately not true at the comparison of
single results from different sources because there
is a larger and in detail unknown influence of the
conditions on the results. With these results the
HSVA has an unique treasure of experience in the
field of the safety against capsizing.

Already in an early stage the hull form factor
C' could be introduced evaluating the hull form
properties regarding the safety against capsizing.
In the basic elements this factor has been
preserved up to today. The experience with more
models led to further improvements which have
been finished with the modification proposed in
this paper.

In combination with usual stability
parameters derived from the calm water righting
leve:r curve the hull form factor Cy serves for a
good equability of the weighted parameters.
Thereby the parameters Cy - GZ,, and Cy - Ej are
the best to distinguish between safe and unsafe.
Further parameters were selected according to
the IMO-Recommendation A 167. Herewith new
stability criteria are at everybodies disposal
which deal with the complex problem of stability
assessment for a wide variety of hull forms much
better than the criteria recommended in A 167.

Limiting values for the new criteria cannot be
fixed directly from test results. Test conditions
and the analysis has a influence on the absolute
values. Therefore limiting values were derived
from a statistical analysis of data from real ships
in service {1, 2). Now these limiting values have
to be changed due to the modification of the hull
form factor. The ratio Cy/Cy was set into power
2. Within the Models A to D at 3 draughts each
this ratio showed a small variation with a mean
value of 0.810 and a standard deviation of 0.038.
Within the 143 vessels used in the statistical
analysis the mean value was 0.848 with a
standard deviation of 0.046. The new limiting
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values can be found by multiplication of the old
ones with 0.80 to 0.85. Then the proposed
criteria with the actual factor Cy are as follows:

Cx - GZs > . 0.033 [m]
Cy - GZm > 0.042 [m]
Cy - E3g > 0.009 {m rad]
Cn-Egw > 0.016 |m rad]
Cn - Ey > 0.029 [mn rad]
Cu-(Ew— Es) > 0006 [m rad]

With the modification given in th's paper the
hull form factor concept can be seen as a fully
ripened method. The new criteria are applicable
for merchant vessels with a wide variety of hull
forms. The proposed limiting values serve for a
safety level which has been established with the
IMO-Recommendation A 167 for traditional hull

forms only. If the hull form properties are not
" taken into account at the assessment of stability
there is the danger of a decreasing safety level
with extreme modern hull forms.

LIST OF SYMBOLS

B, Bp, By Breadth in WL, on deck
and half draught
C, €y, Cy Hull form factors

Cg Block coefficient

Ca Waterplane coeflicient
D, D Depih

E,y Total area below the

righting lever curve

Ex Remaining area below the
righting lever curve

GM, Metacentric height

GZ Righting lever

Ka Height of centre of gravity
above base

L,. Length over all

Ly Length between perpendiculars

meo Variance of the seaway

Pro Seaway parameter

s Standard deviation -

T Draught

T, Peak period of the seaway

v Volume displacement

Cw Wave height

X Mean wave height

¢ Heeling angle
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DESIGN CONSEQUENCES OFVPRACTICAL
SHIP STABILITY CRITERIA

DR. f. RESAT OZKAN

In this paper, an account on the Concepts
of "Rolling motion”,"Stabllity” and
"Mechanism of Capsizing® is presented
together with some design recommerda tions
based upon the results of Practical
Stability Analysis and its Applications.
A discussion on the elements and
formation of an ad~hoc equation for a
nonlinear forced rolling motion is given.
Some considerations concerning the

relevance and importance of roll damping

1) INTRODUCTION

Naval Architecture, like every
other engineering branch, deals with the
problem of why and, so how to determine
the main dimensions of a system, the

design of which are dictated, mainly, by

i- Economical targets
ii- Technical Requirements
iii- Safety Aspects.

The above listing dees not imply
an order of importance among themselves
however, only apart from a few
distinctions, reflects a common
metholodogy of the design problem of an

engineering system.

Proffessor of Naval Architecture at
Istanbul Technical University
and
Secretary General of Turkish
Chamber OfVShipping,
Istanbul, Turkey.

moment is, also, discussed. Major finding

of theoretical Practical Stability Analysis
is outlined for the purpose of the
completeness. A General discussion-on

the Applications of Practical Ship Stability
Crieteria espedially with a refererice to

the .comparisons of the concepts of “Initial
Stability™ and "Stability in large Rolling
angles" as well as a general discussion on

design features of a ship for the stability

‘and its efficiency points of view are included.

A ship, as an engineering system,
is a very costly economical investment
and its efficiency and profitability
does, most certainly, depends upon its
endurance, reliability or #Tore generally,
its survival capacity. Unless the latters
are satisfied, mentioning of the others
would be of no significance as the
existence of a ship would be always at

risk.

At this stage it is worth
mentioning that one may, for the purpose
of clarity, find it useful to bring into
the discussion of a conceptual misjudgenent
is making some conclusions i.e., “"Resistance
and Stability of a ship are of
conflicting nature”, This, to the present
author, may not be true and is a
consequence of our tendency of wiling
to pose some rules despite the limited
information available with us in terms
of the motion of a ship in a seaway and
of the mechanism of capsizing, the

instability. Tndeed, the phenomena
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governed by thé axioms of classical
mechanics, that is to say the laws of
motion, do not appear to become prosperous
at the expense of the others however, the
these stemmed from different viewpoints
like share of cargo capacity of.a ship

in its total displacement and its

stremgth are of conflicting nature.

In today's maritime world enormous
efforts are being spent by a number of
national and international advisory and
requlatory bodies to achieve this end of
safety standards and the same will, no
doubt, he one of the major items of the
international maritime agenda for many

years to come.

2) INDPOMFCHANICAL PROBLEM

In what follows we shall restrict
ourseives to rolling motion only, however,
the arguments may be considered to be
covering the entire ship motions with
some exceptions like assumptions concerning
linearity of moticn, kinematic borly surface
condition i.e., thecretical rigid body and
similar. It, therefore, may be appropriate
to examine the entire hydromechanical
problem under some subtitles for the

parpose of presenting a better definition.

2-a) ship, a Dynamical System

In studying a forced rolling motion
off a ship in waves for a stability analysis,
first of all, two basic assumptions are

made. They are, namely;

i— The frequency of external wave
excitations is time-invariant i.e..
constant.

ii- Ship's hull hehaves as a

thecretical rigid body.

The first assumption enables one
to avoid the complexity of modelling the
motion is a time-domain and hence to

empley a frequency-domain analysis,instead.
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The second one together with the
above furnishes one with some means of
confidently using an ordiniary differential
equation and, furthérnore, an important
facility in the numerical evaluation of
the sclution of the hydrodynamic boundary
value problem via the use of the kinematic
rigid body surface condition by way of
ignoring even every local infinitesimal

deflections of the hull as well.

Under these general assumptions,
the rolling motion of a ship may be easily

derived from General law of motion, i.e.,

— —
M¥ = I (1}
Where;
-
M¥ = Inertial forces
F o= External forces
M = Generalised Mess
moment of Inertia.
——
¥ - rcceleration field.
2 ol {2)
A %— T N e N e L A1
ar” at
Where;
[of : denotes, at present, a displacement
A,B,C : Some coefficients
Kit) : Time—dependent external excitations
t : time

2-b) Ship-Sea Interaction Phenomencn :

It is not the intention of this
paper to present a detailed account on
the hydrodyﬁamical aspects of the
interacticn penomenon however, making an
attempt to underline the nature of fluid
damping (Roll damping) may be considered
to be relevant for the explanation on the
results of Practical ship Stability
mnalysis laterin the paper.

A ship, during being excited by an
incident wave system, assumes_some enegy
onto itself from the environment and in

consequence of which ship starts to




perform a rolling motion.During this
motion the surrounding fluid domain is
disturbed and some of the kinetic energy
of the ship is then retumrmed back to the
fluid domain. This, sco—called radiated
waves, are modelled at the infinity by a
statical réddiation condition which implies
that the subsequent fluid reactive forces
are conservative which can be derived

from a potential field, 1.e., the velocity
potential. Based upon this assumption,
ocutgoing radiated waves should do a work
on the ship by means of the subject
conservative force and that force act in
the direction of limiting {damping} the
rolling motion.Therefore it is referred
te as the "Roll damping” and it is in
phase with rolling velocity. As it is.
clearly seen, roll damping is a very
important item in stability analysis as
it, together with the potential enerqgy
gained during the rolling motion due to
the anti-symmetric shape of the portion
of the hull remalned undet the seé surface,
tries to reduce the amplitudes of rolling
angles. It 1s aobvious that the potential
energy is the integration of the righting
moment which is in phase with rolling
angle. After writing down the terms in
the equation (2) by assuming that the
hody-related inertial force and
abovementioned fluid reactive and active
force are accurately calculated, it is
seen that the egution can not be
satisfied, showing an important difference
between the both sides. This differsence
is, apparently, in the dimession of force
however, no further disturbance on the
sea is present. Therefore it is in phase
with the acceleration and referred to as

the “Added mass moment of inertia®

In addition to what has been
expained sokfar, viscosity effects tend
to gain more importance in a large

amplitude rolling motion of a ship and
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therefore a further, so-called, "Visous
Pamping” is taken into account in the

equation.

Following the above argument one may
choose the following ad-hoc equation for

the nonlinear rolling motion of a ship.

L L3 L] _ fp——
(I+J)x+fl(x)+gl(x? = el(t) + WM (3)
Where;

I,J : Mass and added mass moments

of inertia

fl(il = ali+bli|%E, Roll damping moment;
al,b1)>0 5

qllx] = dlx C e, Righting moment;
d,, el>0

el(t) = Wave excitation

WM = Wind heeling moment

X, %, ¥ = Rolling angle, velocity and
acceleration, respectively.

(") = Derjvation with respect to time.
Dividing each term by (I+J)>0, one cbtaifs.
%+ F(X) +g(r) -elt) +p (4)

and by introducing a change of variable
i.e., x = vy, the following phase {state)
equations are obtained.

X =y

y = g(x) - f{y) +ef{t) +P {5

3) CONCEPT OF STABILITY

Although the term "Stability" is
commonly used in almost every branch of
science there does not exist a universal
definition covering all applications; it
differs from one application to another
according to the ultimate purpose for
which the system is intended. As far as
the engineering systems are concerned the
term "Stability" means to confine the
deviaticn or the errcrs from the original
state of the system to a limited range sc
that the system can fulfil its task,
satisfactorily, under the effects of initial
disturbances, that is to say perturbations,

which cause deviations from the original




state. This definition of stability is
virtually limited to free systems on which
there exists no continucously acting
excitations. In the absence of such
continuous external excitations the system
is required to return to its original
state and that is referred to as

"Asymptotic Stability".

In cases there exists continuously
acting excitations upon the system which
forms the subject of this paper i.e., there
exists a wind heeling moment and time-
dependent wave excitations causing non-
linear rolling motion of a ship, the
mechanism of the motion of system i
entirely different so is the definition
of stability. In these circumstances the
ability of a system to survive despite
the presence of continuous excitations
can not be explained within the framework
of the concept of Asymptotic Stability
furthermore, Asymptotic Stability does
not need to be assessed as this would not
be required in studying this problem of
stability. This can be best illustrated by
saying that the returning to the originat
undisturbed state of the system is not
possible as long as the excitations
continue to exist. In other words, studying
stability of a forced system i.e., forced
rolling motion of a ship as it happens to
be in our case, by asymptotical means is

of no use and totally misleading.

Marine casualties caused by the
capsizing of a ship are, unfortunately,
frequently encountered and these capsizing

incidents may be grouped in varicus types:

i- Capsizing of vessels during
loading and unloading operaticns (mainly
Ro—-ro vessels and similar)

ii~ Capsizing due to shifting of
cargo during loading and/or unloading of
cargo and during a voyage in a calm sea.

iii- Capsizing in waves.

iv- Capsizing due to a structual

failure, in consequence of a collision
case and due to water entry whilst the
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vessel is intact (Damage Stability-Water
Entry)

The first two capsizing cases
start and develop in consegquence of the
loss of initial stability characteristics
and terminate as the ship can not assume
a new equlibrium position during the

increase of heel angles.

The third item is caused by the
effects of external environmental
excitations like waves and windds and occur
during a rolling motion, in due course.

In this case assuming a new equilibrium
position after leaving the initial
ecquilibrium state is not of any concern

as this does not, practically, take place.

As it is clearly seen from ahove
there happens to be different mechanism
of roll, heel and capsizing and therefore
it should not be expected that one set
of eriteria may apply to all types of

abovementioned capsizing cases.

Damage stability may take place in
both calm and wavy sea conditions and it
should, therefore, by treated as per the
above definitions with contributions
coming from statical and dynamical effects

of water entry intc the hull.

Mathematical modelling of the ship's
behaviour and its subsequent stability
analysis must be so carefuly made that
the model should reflect the physical
aspects of the phenomenon at the most
possible level and the criteria to be
derived from the stability analysis should
have a character permitting generalisaticns.
Such a Qeneratisation is inevitable if one
requires to set up a criteria and this can
only be achieved by using rather qualitative
approach instead of a guantitative one
which would only provide information for

4 specific input data.




4) FORCED ROLLING MOTION

Nonlineer forced pure rolling moticn
of a ship is, generally, given by the
equation (3). The rolling wotion does not
necessary need to be a periodic system
neither of'a symmetric character in
general and therefore, can be considered
to be a non-autonomous system which is

represented by the following vector

equation.

- R

® = f{xt} (6)
Where;

P : tat +

X = [gl,xz, ..... J%] state vector

£« Time, s.t. I{tltﬁ[to'+oa)J
<EET - B x3 (An Tnmer Product

¥t Fd

space)

Ei‘ . it &imensional Buclidean space.

Xt

It is a well-known fact that, in
most cases, rollihg motion cccurs in
coupling with other modes of motion
especially like "Heaving™, “Pitching',
"Yawing” particularly in the following.
and cuartering seas. With this character,
representing the rolling motion and the
evaluation of hydrodynamic coupling terms
make the problem even more difficult. In
the present analysis only pure rolling
motion is considered and all coupling

effects are ignored.

5) PRACTICAL STABILITY

In view of various character of
capsizing mechanism it is extremely
impertant to choose or to pose the mest
appropriate definition of stability for
the stability definitions available.
Prior to mentioning about the definition
of Practical Stability let us give the
basic definition of stability which forms
the starting point of ail others.
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Definition (Stability) : Iet the
system be defined by the vector equation

. FEe
i.e., x=fix;t}

— PR
s K= (XX, Keweno Y. Tor a
given arbitrarily small mmber & >0,
i.e., |f§¥t)]f<8, there exist a positive

numser % »0 such that | }?(to) |12 holds.

Mhove definition simply indicates
that the problem of stabilty is, in fact,
concerwr to the problem of existence of
a region of initial states {7) in view
of the fact that ultimate values ot
displacement, velocity and acceleration

should be less than required valus, it ).

ks mentioned previously, awong the
various available definitions of stability,
"Practical Stability” is, probably, the
most appropriate one and defined as

follows. Ref. (1)

Definition: (Practical Stability)

"Practical Stability is the Uniform

Boundedness of the solutions with respect

to the set of initial states and the

family of excitations”.

The interpretation of this
definition in naval architectural terms
states that the maximum prossible values
of displacement, velocity and acceleration
of the entire cycles of roll should be
smaller than a set of required limits and
the values of these limits should be
independent of the initial time or the
initial state {initial values of
dispiacement etc.) from and with which the
motion initiates and developes. It is not
the intention of this paper to go into
the details of the theory and applications
of "Practical Ship Stability” as the same
have been already publisheed elsewhere
Refs. (2-3) . However, for the completencss
of this present account, the following
summary might be appropriately accomodated
within this paper.




The uniform boundedness of
solutions of the equation (3) was first
examined by using a theoren given by
Yoshizava,Ref, (4) via the use of a time-
dependent Lyapunov function. The analysis
carried out in a sufficiently large was
definigion interval of the rolling angels
and it was shoyn that the solutions would
be uniformly.bounded in range which 15 a
subset of the definition interval providea
that )
jﬁ(xkb(?P.x+he(U!dt (7

=]
The interpretation of this inecquality in

Haval architoctural terms resulted in the
evaluation of the open form of above which
is nothing else in the sense what presoent
IMO criteria states for the minimam angle
of roll where GZ curve should reach to

its maximun value, Figure 1.

— f-2 — e
WM+JWM Y104 .CH (BT 454 .g5)

Xm[:@m)> 5.1{}! .éﬁ

for positive rolling angles xm(=¢h);>0

— -2 — . ]

% (=0 }<\/WM+ WM +10A.GM(L1T +5.4 5
mem —
5.4 .M

for negative rolling angles xm(=@m)<:0

Where;
szmm : The angle of roll on or after whict

Bz curve should assume its maximum

valye

FAN : Ship's displacement {Tonne)

WM ¢ Wind Gust moment (Tonne-Metre) ,
Constant.

E, [max(el(tlll; {Tonnc-Metre)

T : Quarter roll period... {Scconds)

M Initial Mctecentxric height (Metre)

Note : A new GM criterion will be proposed
later in this paper.

5 : Area under Gi~@ curve. (radians-metre)

As it happens to be for every
nonlinear system, stability is a local
concept for rolling motion and the

conditions of stability would apply only
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Figure 1- Domain of IPractical Stability

in a region to Le determined mainly, by
the nonlineer features of the motion.
Such a region of Stability was constructed
in the phase—plane by using piece-wise
continuous curves which are independent of
initial time and that reglon is the domain
of Uniform Boundecness, a Jordan domain.
whilst constructing the subject domain
further conditions in terms of the
comparisons of external excilations with
damping and restoring characteristics were
obtainad.

6) A CM CRITERION :

apart from the stability analysis
hitherto swmnarised, a new (M criterion
was devised by using the phase eguations
(5) and a requirement imposed on the analysis
that rolling towards both sides should
terminate on or before GZ curve assumes
its maximum value. It was found that,
Ref. (5)

Gh > ;ng Vi e, (9)

Metacentric height, GH, is in
principle, a measure for the initial
stability of rolling motion. However the
present one deals with the stability at

large rolling angles.
7) SAMPLE APPLICATION

Practical Stability has been applicd
to a number of already capsized and
operational ships i.e., Fishing vessels,
LPC tankers, Cargo ships and similar and
the some results of application have been

already published elsewhere. Refs. (3,6,7)




in this paper we shall content with
presenting the results of an applicantion

to an LPG tanker which already capsized,

Main Particulars :

L = 55.5 metres

B = 9.0 metres

T. = 4.25 metres

FAN = 1122 m,tons

x = 0,567 radians (32.48%)
max ;

GZ = 0,500 metres

Tmax . .

GM = 1.13 metres

1 = 488.190 ton.m/sec2

J = 217.917% ton.m/sec2

— 3 5 7 9

GZ(x) = 1Ox+11x +12x +l3x +14x

with;

1oxéﬁ, 1,= 0,334911

12:-5,280952 132 6,526840
14= -2,517549

Let us, now, apply the above results for

various loading conditions :
Case-I

Wave Excitation : El: 33.842 tonne-metres
Wind Excitation : WM= 23,850 tonne-metres
Maximuam '

Rigtithing Momcnt:él.éﬁmax=J61 tonne-metres

Intersection points of
[}
Rastoring and Excitations:,al=0,084 radians

1
Q a2=1,057 radians

’

Intersection point of

Damping moment and

Excitations: by = 0,272 radians/sec.
_fl(bl) =86.678 tonne netre

The scalar values of the curves are:

Cl=0,047 C2= 0,034

Comparision of the values of
metacentric height and the angles of

maximum GZ values are as follows:

Present: xm= 0,56 Radians
M= 0,868 metres(for initial
stability)

Practical Stability:
X.= 0,9877 radians
Gri= 8,330 metres {Stability
at Large angles)

Case-11
E,= 135.701 tonne-metre

W= 23,858 tonne-metre
N.GZ=

561 tonne-metre

\ :
a;= 0,233 radians
a,= 0,929 radians
b1= 0,458 radians/sec.

fl(bl)= 239.338 tonne-metre

The Domains of Practical Stability are shown
in Figures 2 and 3.

C1=0,292 C2=0,190
C3=0,377
Comparison of x and GM values are as
follows:
Present:

'xm= 0,567 radians
M= 1,13 metres

(For Inltial Stability)
Practical Stability:

x,= 0,790 radians
M >>0,765 metres
{Stability at large angles)

8) DISCUSSION OF APPLICATIONS :

0

it is seen ffom the above application

that the size and the type of domain of
Practical Stability are decided by the
magnitude of the excitations. In the first
case the domain of practical stability

is surrounded by the first two curves.

This apparently shows that there exist

no risk of capsizing whilst being subject
to unimportant excitations (Figure 2).

-This, also, indicates that maximum
angle of roll can not exceed 0,383 radians
(21.9 degrees). This result does not imply

. that roll angle should assume this value

but only shows that even this maximum
angle is attained the motion will, still,
be reversed.

Depending upon the infinite number
of confiqurations of ship and excitations,
the motion path in the domain may reach

to some roll angles and this angles may,
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still, bé comparatively smaller than the
abovementioned maximam angle of roll.
After all, this is a qualitative approach,
therefore, one should not expect a

quantitave evaluation of motion's path.

In the second case Curves I and I1
do not cover the entire domain in the
first quadfant and curve 1IT emerges, It
means that if an angle of roll shown in
figure ¥ is attained, the vessel will
continue to have increasing rolling
diplacemont and will eventually capsize.
Therefore one may call this angle as
the "Angle of Capsizing". It is quite

important to observe the fact that, even
in this case, the restoring moment is

substantially higher than the values of

excitations however, the danger of reaching

the capsizing angle is, still, present.

This clearly shows that righting moment

is not, by on its own, encugh to reciprocate

the rolling motion. Refering to the equation

(31 onz can easily see that acceleration

0.3q

0z

01

0 0. 02 03 Vo4

Figure 2~ Domain of Practical Stability

valucs are of negative sign. The motion
towargs one side is being tried to slow
down however, the magnitude of the
nzgative aceceleration is not sufficient to

terminate the rolling motion i.e., to make

the ralling velocity zero so that it
starts to gain values of opposite sign,
afterwards. It shows that rolling

acceleration should start, much earlier,

" to assume values of opposite sign to that

of rolling velocity during the rolling
motion continues to progres in one
direction and, magnitude of opposite

signed acceleration should be large enough

50 thiat rolling veloclity asswnes opposite

signs as well whilst the restoring moment
is still higher that the excitations.

Following such a lenlgthy arqument
one may, now, say that values of roll
danping is so ihwportant that, only by
its éupport, the required opposite signed

accelerations can ke attined.

In fact, in some other applicatibns
of Practical Ship Stability it was
demonstrated that the domain of stability
could be constructed after by increasing
the value of voll damping in the amount
required by the theory whefeas, originally,
the domain did not exist beforehand with
the actual values of ship.

The angle in the instances like
in case-I can be named as *Maximum

rttainable Angle of Roll" whereas for

cases of the nature similar to the
case-I1 should be regarded as “The amqle
of Capsizing'. Not let us try to present
discussion on the implication of the CH

value i.e.,

Gyt 3\/(E+m;ze1 (9
iy

A5 it has been already explained,
this expression of initial metucentric
hiight has been derjved under the
consideration of a forced rolling motion.
Therefore it differs from the present
one which is, generally, treated to be
a meagure of initial stability. The
evaluation oE present GM value is bascd
upon the discuésion that rolling motion

should terminate at an angle (i.e.
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f0lling velocity should become zero)
where the maximum acceleration of the

opposite sign should have been assuned..

tihﬁi‘j
053
041
ai
iy
1
;
0.1 ”’}f '
Capsizing &ngle —"———\r: E
0 02 04 06 08 10 12 "

Figure 3- bomain of Practical Stability

Apparently,

this present M value tries to limit the
maximum angle of roll from above. In fact,
maxinwin roliing angle during the motion
may hecome any value within the range

of a; X a;. Therefore it might be the
best solution to have this happens where
GZ curve assuaines its maximum value so
that the maximam magonitude of acceleration
of the opposite sign can be obtained.
Even in cascs where there is a risk of
emcrgence of the third part of the carves

i.e., P.b. (Curve III) this present GM

23
value can have a control over the rolling

motion.

9) GENERAL DISCUSSION .

1- The wiiform boundedness, Domain
of Practical Stability and Lower limit
for a CM value have been considered
together ,in assesing the Stability of a

Forced Relling Motion of a ship.

2~ Analysis on Uniform Boundedness
of the solutions yielded to a lower limit
for the rolling angle where G2 curve
assumes its maximum value. This requirement
is entirely in agreement with Present IMO
requlations i.e., 30 Qeqrees, however,
appears to be a more realistic one as it
takes the main characteristics of a ship

as well as environmental conditions.

3- Pommation of a domain of
practical stability resulted in a
significent account on the cowparisons
of enviromental excitations with restoring

and damping moents.

4- e above, also, yieided to a
possibility of making a qualitative
evaluation of rolling motion within the

sama doinain.

5- It has been demostrated that
ships become quite vulnerable against
capsizing after the rolling angle of
maximan GZ value i.e., restoring moment
again starts to become smal ler than the

excitation terms.

6~ Fmergence of the Curve 111 indicates a
divergent character of rolling motion if
reaches to that particular angle which
was described to b2 capsizing angle. In
such cases an additional damping moment
in the amount shown in figure 1 is
nacessary, perhaps, by providing a roll
damping mechanism to be fed by the values

of angle and velocity of rolling motion.

7- The results of the theoretical and
numerical work (2}, (3] have, various
time, demonstrated that the CM value

“should be also bounded from above. In

other words GM value should be taken in

both lower and upper limits. This lmportant
result have not been nuwerically applied
here however, other finding like M and

X also imply this situation. It was
interesting to observe that all vessels
appear to have excessive GM and insufficient
x values. It is, also, interesting to

note here once more that this feature of
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fore and aft sections and increasing
) V2-
Length/displacement i.e.; L/A ratios

especially for small size vessels, i.e.

Practical Stability completely agrees i_n
principal, today's IMO criteria. It is

also worth of withdrawing the_attentiqn . .
to the fact that ships are, genecally, fishing boats. In other words prlsmaplc

designed with excessive M values despite coefficient should be increased by

IMO's recomeendation of 20 cm. for a having rather fine forms and more

minimun GM. lengthy vessels.

B8~ T6 achieve large GM values by way of
increasing beam/draft ratio dees not
appear to be reliable approach. For a
ship of specifiéd toennage, the potential
energy, i.ex; the area under restoring
roment (A .GZ) curve does not vary in
great amount by changing the dimesions

of a ship. Hence obtalning a réquired
sufficiently large GM value by increasiﬁg
the beam/draft ratio will confine the GZ
value to a narrower band of rolling angle
and cause to end up with higher GZ curve
in that range. Howover it should be bear
in mind that cﬁpsizinq is an incident

starts and develops at large angles roll

and therefore, this approach of designing
vessels with large beam values would
yiéld to weak stability characteristics.
it can, therefore, be séid that initial
‘stability and Stability at large angles
.are of conflicting nature and designing
vessels with higher initidl stability -
standards worsen the stability

characteristics at large angles.

At this stage oné, may, further recommend
the followings for the design

considerations,

1~ Beam/Draft ratio should be.
reduced by means of'increasing*hength/Beam
ratio rather than reducing Length/Draft
ratio.

2- Required metacentric height
@M should be assessed by decreasing the
vertical distance of centre of gravity
i.e., KG/D, rather than increasing
metacentric radius, BM.

3- In hull form design circular~
- shaped cross sections and hulls with
large parallel bodies (ratio of length
of parallel body to ship's length) must
be avolded as possiblé as one can. This

can be assessed by introducing lbnger
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HYDRODYNAMIC PHENOMENON GENERATED BY BULWARK
SUBMERGENCE AND ITS INFLUENCE ON SHIP SUSCEPTIBILITY TO
CAPSIZING

Stefan Grochowalski !

A comprehensive study of the mechanism of ship capsizing in heavy seas is
being conducted at the National Research Council Canada. The focus is put on the

behaviour of small fishing vessels in quartering extreme waves.

The paper

presents some detailed analyses of model experiments. The composition of ship
motions during the whole cycle of a quartering wave passing the ship length, and

the hydrodynamic forces, exerted on the hull, are identified.

The majority of

the paper is dedicated to analysis of the influence of bulwark and deck edge
submergence on a ship propensity to capsizing. The hydrodynamic phenomenon and
the subsequent couplings and-heeling moments created in such a situation are

y

discussed.

INTRODUCTION
The solution of the problem of ship safety
against capsizing is not achievable without
full knowledge of the physics invelved in
the capsizing process. The mathematical

medel,which has to be developed, must

represent adequately a general case of ship
behaviour in extreme waves and has to be
validated against reliable data. Therefore
a fundamental study of the physics of the
capsizing process should be undertaken
first,in order to 1lay out a sound
scientific base for any future stability
regulations. With this' in mind, the
research program which was commenced
several vyears ago at the Institute for
Marine Dynamics of the National Research
Council of Canada and aimed at formulating
stability criteria for fishing vessels, was
focused in its first phase on the study of
the mechanism which brings a ship to
capsizing in quartering, extremely steep
and breaking waves. The program contains
theoretical studies, model testing and
development of numerical simulation codes.

1]

As the experiment data are considered
to be the main source of information on the
complex physics of the capsize phenomenon
and at the same time the best base for the
validation of the theoretical formulations,
the model testing was specially designed in
order to provide this necessary data.

The philosophy of the experimental
approach, the test technique déveloped, and
the program of experiments performed have
been presented in [4]and [{5]. The work is
not completed yet. The detailed study of
the test results is still ongoing. Part of
the analysis of the kinematics and dynamics
of ship motions 1in quartering breaking
waves, as well as analysis of various types
of capsizing have been reported in {5],
while the first wversion of the computer
code was presented in [6].

! Head, Ottawa Laboratory,
Institute for Marine Dynamics,
National Research Council
Ottawa, Capada

Although the experiments were
performed with the model of a small f£ishing
vessel, the adopted methodology and the
results provide insight into the mechanism
of capsizing process and the findings have
a more general sense. They can be applied
to other classes of ships.

This paper presents a hydrodynamic
phenomenon which has been revealed during
the experiments and confirmed by the

-analysis of the test results. The

phenomenon can be created when the bulwark
and part of the deck become submerged
during dynamic motions of a ship in
quartering breaking waves, and it can bring
to capsizing a wvessel which, according to
the existing criteria, may be considered
safe. It is believed that because of the
dramatic influence on ship susceptibility
to capsizing, these hydrodynamic effects
should be brought to the scientists’
attention at first.

MODEL TESTS

A typical small Canadian hard-chine stern
trawler of 18.6 m length of waterline was
selected as a subject of the experimental
studies. The body lines are presented in
Fig. 1. The tests were carried out at the
SSPA maritime Consulting AB (Sweden).

The model in the scale 1:14 was tested for
two leoading conditiens: port departure
(condition T) and full load {condition II),
with two different stability character-
istics for each. The righting lever curves
for each of these conditions are given in
Fig.s 2 and 3. Conditions I/A and II/B
satisfy the 1IMO stability requirements
while I/B and I1/A do not.

According to the philosophy developed, the
model test program consisted of:

Free-rumning tests - with the objective of
investigating the dynamics of motions and
capsizing at wvarious loading conditions,
various breaking waves and forward speeds;
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Fig. 1 Body lines of tested model

Captive tests {(fully and partly captive) -
with the objective of identifying the
hydrodynamit  forces exerted on a ship by
extremely steep and breaking waves for
various wave directions, forward speeds,
heel angles and drift velocities.

In order to provide the possibility
of reconstructing the capsizing mechanism,
the free-running and captive model tests
were correlated 50 that for any
instantaneous position of the model with
respect to the wave profile in the free-
running situation, the appropriate
situation in the captive tests could be

found and as a result the composition of.

the hydrodynamic forces can be
interpolated. This was made possible by
use of video-recording in which the time
counter was synchronized with the time base
of the main data acquisition system,

As many as 440 runs all together were
performed in the experimental program. The
results were recorded in the form of time
histories of motion components or
hydrodynamic forces, and in the form of
video-records.

SETP BEEHAVIOCUR IN QUARTERIMNG WAVES

When a ship is moving in large quartering
waves, it performs a wvery characteristic
composition of motions. A typical example
of such a composition is given in Fig. 4
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Fig. 3 Righting arm curves for fuil load conditions

. the previous wave.

wnich presents a fragment of time record of
motions during one wave cycle in the free-
running model test, ‘The wvertical lines
indicate the time points at which the model
was in a wave trough (T) and when the wave
crest reached the after perpendicular (AP),
a quarter of the model lemgth (!/, L), the
midships (0), three quarters of the length
(3/, L) and the forward perpendicular (FP).
I order to facilitate the analysis, the
time history of Fig. 4 has been transformed
into a sequence of situations occurring for
these time points, and is presented 1In
Fig.5. The numerical walues indicate the
instantaneous position of the model in the
adopted reference system (roll @, pitch 8,
2yaw %, and heave Z), while the vectors
represent the insfantaneous velocity In
each mode of motion. : :

The motions im the wave trough are a
result of the action of the back slope of
Surg‘é'.: and sway
velocities are directed toward oncoming
wave, yaw turns the bow. .closer to a
position perpendicular to the wave crests,
The ship is essentially without a trim but
in a large weatherward heel angle, and just
starts recovering from this heel.
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FIG. 5. Motion components in quaitering waves (Free Run No. 13}

On the front slope of the oncoming
wave the ship moves upward and gets
increasing trim by the head. The roll
motion becomes very dynamic and the ship
changes its heel position from the weadther
to lee side. .

. As a result of a wave impact on the
stern, the ship is dynamically pushed
forward and aside (leewards) and acquires a
large leeward heel. The stern, which 1is
being pushed violently toward the lee side,
causes turning of the hull towards beam
position (see the motions for AP and 1/, L).
Advancing of the wave crest toward the
midships increases further the forward
speed and leeward sway, while the roll
continues to increase the heeling to the
lee side. The combination of sway and yaw
causes a large lateral motion of the after
body toward the lee side while the ship is
in large leeward heel angle and the wave
crest is at this part of the hull.

When the wave crest approaches the
midships the ship starts to recover from
the maximum leeward heel if the bulwark was
not submerged. Large yaw, leeward sway and
surge forwards are still maintained.

After the wave crest passed the
midships (about 3/; L) the directions of yaw
and.surge are reversing and now the bow is
being pushed towards the ‘lee side and
upwards. Dynamic roll toward weather side
develops.

On the back slope of the wave (FP)
the hull moves down, turning toward
"following ‘waves" position, and acquiring
significant surge backwards. The roll
continues to heel the ship towards the wea-
ther side.  Shortly, the ship gets to a
wave trough and a new cycle of motion begins,

D= +17 deg Ap

L]
P

v=i 0.1rd/sec

The presented composition of motions
is consistent with the hydrodynamic forces
generated on the hull in quartering waves,
An example of a composition of forces and
moments in a corresponding partly captive
test is given in Fig. 6 (forces = solid
line vectors). It is worth noting that the
roll moment M,, which on the front slope of-
the oncoming wave acts as a heeling moment
and tends to heel the ship to the lee side,
changes its direction and becomes a
restoring moment. after the wave crest
passed approximately a quarter of the hull
length. In the case of the tested ship
form, this moment reaches its maximum value
when the wave crest is at the midships.

THE 7 HYDRODYNAMIC PHEROMENON
GENERATED BY BULWARK AND DECK EDGE
SUBMERGENCE

The characteristic composition of the
motions in quartering waves when the wave
crest Is travelling between the stern and
about three quarters of the hull length is
very unfavourable from the capsizing point
of view. As a result of fast yaw and sway
motions to lee side with a simultaneous
dynamic leeward roll after a wave impact,
the after part of the deck edge at the
leeside is moving down and sidewards,
attaining a large lateral velocity. At the
same time, the wave crest is moving forward
increasing the dynamics of the lateral
motien of the after part of the hull,

. reducing the. restoring moment and
~increasing a chance of the bulwark and deck

edge immersion at the lee side. The
increase in forward speed, caused by the
wave impact, makes the duration of this
dangerous situation relatively long.

In the previously analyzed case, the
bulwark remained. unsubmerged during the
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Fig. 6. Forces and motions in a semi-captive model test (Run No. 225)

whole cycle of wave action. If the bulwark
and, as a result, part of the deck became
submerged, the ship is 1in danger of
capsizing.

The bulwark and deck edge submergence
causes radical alterations in the roll
motion. During the rolling a hydrodynamic
reaction R is generated (Fig. 7A) on the
immersed part of the deck and bulwark which
constitutes a resistance of the surrourding
water to the hull motion. This reaction
creates a moment éMx which counteracts the

/\) 'SMX
ROLL MOTION \h;ITH A SUBMERGED BULWARK
400
ROLL ANGLE {deg)
Cond. N4 v=135misec
¢
200
00 1 1 1} 1 13 s 1
3 -1 378 9.4 412 430 s
_‘J TIME {seconds)

Fig. 7 Decay test with the bulwark submerged
/

restoring moment. The resistance to motion
of the immersed part of the deck may be so
large that it prevents the ship from the

- usual rolling back to the wvertical

position, Such effects were observed
during decay tests with forward speed if,
initially, the bulwark was submerged (fig.
7B). ‘

The influence of bulwark submergence
becomes much more emphatic. if the ship
exXecutes lateral motions towards lee side.
As a result of a lateral movement of the
hull the submerged part of the deck is
being forced to plough under the water.
The resulting pressure on the submerged
part of the deck generates a hydrodynamic
resistance to the motion and the resultant
reaction R (Flg. BA) creates an additional
moment $Mxs which tends teo increase the
heel angle. 1f, on the other hand, the
weather side bulwark becomes submerged and
the lateral ' motion 1is leewards, the
hydrodynamic reaction on the immersed part
of the deck is much smaller (Fig. 8B) and
does not create any significant danger. It
may prevent, however, the ship from
returning to the up-right position and, as
a result, the ship may roll about the
heeled position {so-called pseudo-static
angle of heel). The difference betwéen
Fig. 8A and 8B cases provides some
explanation of why, during some reported
model tests in beam waves, [2,3] the low -
freeboard model which was heeled to the
weather side a8nd systematically subjected
to water shipping on deck, never fully
capsized to the weather side during the
tests in beam waves, but did capsize on a
next wave 1f, accidentally, a large wave
impact heeled the model with the water on
deck to the lee side.
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Fig. 8 Hydrodynamic effects generated by
lateral motion during bulwark submergence

The hydrodynamic effects created by
the underwater ploughing movement prevents
the bulwark and deck edge from coming out
of the water. This causes local restraints
to the hull motion. The stiffness of this
restrairit depends, first of all, on the

lateral relative velocities of the sur-
rounding water and on the size of the
immersed part of the deck. 1f,

simultaneously with a fast lateral motion
and bulwark submergence, the ship is forced
by the wave to heave up, the restrained
deck edge causes the hull to turn about a
longitudinal axis located close to the
bulwark and a pivet-like effect occurs.
This creates a strong coupling between
roll, lateral motion, and heave, increasing
strongly the heeling moment (Fig.9).

The restraint of the metion of the
submerged bulwark and deck edge has also
another negative influence on stability
safety. If this restraint lasts long
enough and causes the ship to remain in a
heeled leeward position at an angle ¢%*
{Fig.10) until the next wave crest reaches

the hull, then the potential restoring
energy of the ship 1is significantly
reduced. Assuming that the GZ curve
reflects, to some extent, the restoring

potential energy of the ship, the mew zero
level (0') of this energy is established
due to the heel angle ¢*. It can be seen

leeward heel angles.

that only a significantly smaller wave can.

be counter balanced by the ship in this
configuration.

Fig. 9 Pivot-like effect caused by bulwark
submergence, lateral motion and heave
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Fig. 10 Reducing effect of buiward submergence
on ship potential restoring energy

Furthermore, if the ship remains in
the restrained heeled position, the initial
conditions of the next wave action are
altered. The whole energy of wave impact is
applied to the ship with the bulwark
already submerged. As a result, all the
negative effects generated on the submerged
part of the deck are significantly
enhanced, and the phenomenon lasts much
longer than during the first wave action.

As a result, the leeward heel angle
increases further, threatening the ship
with capsize.

In order to investigate the
hydrodynamic phenomenon created by the

bulwark/deck edge submergence, some of the
captive tests were carried out with a
lateral leeward drift and the hydrodynamic
forces were measured for various
combinations drift wvelocities and
The tested situations
correspond to that presemted in Fig. 8A.
An example of the results of the partly
captive tests for two different fixed heel
angles: 20 and 45 deg. to lee side, are
presented in Fig. 11. At the heel of 20
degrees the bulwark and deck edge were
submerged when the wave crest was between
the AP and 3/, L. At the heel of 45 deg.,
the leeward bulwark and deck edge were
deeply submerged throughout the whole
action of the quartering wave. The graphs
present the time histories of the moment Mx
during one cycle of a wave action. The
position of the wave crest with respect te
the model (Trough, AP, L/4, 0, 3/4L, FP, T)
is marked by vertical lines.

of

It can be seen.that for 20 deg. heel
angle the roll moment 1is all the Ctime
positive which, according to the adopted
reference gystem, means that it 1is a
restoring moment. When leeward drift
occurs, the moment 1is decreasing. The
larger the darift velocity, the larger the
reduction of the restoring moment, This
confirms the generation of an additional
heeling moment which counteracts the
restoring action of the Mz moment At a
certain velocity of the lateral motion, the
yoll moment becomes a heellng. moment
throughout the whole cycle of the wave
action. ’

An even more dramatic change occurs
for the larger heel angle (45 deg) as the
leeward bulwark remains submerged all the
time.
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and lateral motion on roll moment
in quartering waves (semi-captive model)

The influence of drift wvelocity on
the total roll moment is alsc shown in Fig.
12, where the moment Mx is presented as a
mean value and the responses to the action
of wave crests and wave troughs (measured
with respect te the mean Mx). If there is
no drift, the mean moment at the tested
heel angles is positive. When the leeward
drift occurs the mean value of Mx is
shifted toward negative values. The larger
drift and heel angle, the larger the shift
of mean Mx. The change of Mx is very dra-
matic particularly for larger heel angles,
as larger part of the deck remains deeply
submerged through a longer time period.
For instance, at the heel angle 45 deg. the
mean Mx changed from about +8Nm without
drift (restoring moment) to -26Nm (heeling
moment) at. the drift velocity 0.6 m/sec!
The difference hetween these two values
(i.e. 34 ¥Nm) is. a measure of the heeling
moment generated by the lateral motion of
the hull when the bulwark and part of the
deck are submerged.

Clear evidence of the discussed
phenomenon can also be found in the time
histories of the free model runs. Fig. 13
presents a fragment of a Tun at the light
load condition (I/4) with the formally
sufficient GZ curve. The full scale
nominal parameters of this test were: wave
height « 8.0m, wave period 6.4 sec and
the vessel’'s speed v« 8 kn. The time when
the bulwark on the lee side is submerged is
marked as a horizontal thick line at the
bottom of the time histories of yaw, sway
and heave. The horizontal lines above
these graphs mark the time intervals when
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Fig. 12 Influence of drift speed
(semi-captive tests, regular waves) -
sway, yaw and heave are conducive to the
generation of the additional heéling
moment, that is: for sway and yaw - the

direction from the weather to lee side, for
heave - upwards. Then all these lines are
cellated on the record of roll motion.

The dashed line represents the anticipated
roll motion if the bulwark does not become
submerged. Similarly “to Fig. 4 the
position of the wave crest with respect to
the model are marked by vertical lines (T,
AP, /L D)

After the impact of the first wave,
part of the bulwark became submerged and
the characteristic composition of sway and
yaw started to create the additional
heeling moment due to bulwark and deck edge
submexgence. As a result, the model was
heeling further instead of coming back to
the up-right position. (point A). Although
the moment due to the wave is a restoring
moment after the crest passes the midships,
the model remains at a large heel angle as
long as this hydrodynamic phenomenon
generated by sway and yaw on the submerged
part of deck, exists (point B). When these
two motions change their directions the
model starts to recover and gains large
angulaxr velocity. Even though at a certain
time point heave motion became conducive,
the lack of lateral motion meant that the
discussed wmechanism did not appear. The

energy of the returning roll was balanced
by the heeling energy of the next wave and
the model started rolling again to the lee
side. But this time the bulwark was
essentially above water and, although there
was some conducive sway motion, the
additional hydrodynamic coupling was not
created, The model rolled back to the
opposite side. :
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In the next run (Fig. 14) the loading
and the wave conditions were the same. The
only difference was the larger forward
speed in this run. The first wave met the
model in the position perpendicular to the
crest (see: yaw graph). The wave impact
pushed the model forwards without any
heeling effects. The model was riding on a
wave crest and started to broach a little
bit. Although it wds heeling to the lee
side and the bulwark became submerged.
there was no conducive lateral motion and
therefore the additional heeling moment was
not generated. The model came toe the up-
right position.

Duriﬁg’ the action of wave 2 the
situation is different and due to sway, yaw
and heave the heeling mechanism is created
during bulwark submergence and the model
remains in deep heel after the first wave
passed. Because of a permanent action of
the discussed phenomenon, the third wave
met the model in a large heel. The
generation of the additional heeling moment
by the submerged part of the deck during
the third wave action was enhanced and
heeled the model further. As a result, the
model capsized up-side-down.

It must be emphasized that the
vhenomenon discussed here has a
hydrodynamic nature and is generated by the
reaction of the surrounding water to the
movement of the submerged part of the deck.
It should not be confused with the effects
of water trapped on deck. In the latter
situation, the water moving in the space of
the deck well does not constitute a
continuous extension of the surrounding
water and the dynamic effects are of
different nature. In order to present the
difference between the discussed
hydrodynamic phenomenon and the influence

of water accumulating on deck a history of
capsize due to water on deck is presented
in Fig. 15. A systematic increase of heel
angle due to accumulation of water during
the action of =several waves can be
observed. It can be seen that the whole
capsizing process is different from the
previous one.

OTHER FACTORS INFLUENCING SHIP
BEHAVIOUR IN EXTREME WAVES

The model tests analysis which has been
carried out S0 far, confirmed the
importance of some traditionally recognized
elements and put some other factors in a

new perspective. The findings have been
reported in [5]. They can be outlined as
follows:

1. The tests confirmed that, to some

extent, the behaviour of a ship in extreme
waves 1s correlated with the shape and
values of the GZ curve. However, capsizes
were recorded at the 1light loading
condition I/A with the GZ curve satisfying
the IMO criteria, when the model was
running in quartering breaking waves, The
described phenomenon created by
bulwark/deck edge submergence is deemed to
be the reason for this situation.

2. The experiments in beam breaking waves
have indicated that this course does not
constitute the most dangerous situation.
The model operated safely when running beam
to the waves In which, in the same locad
conditions, it always capsized when moving
at quartering courses. Running in
following waves may cause the vessel to
ride on a wave crest, which facilitates the
reduction of the restoring capability.
With sufficient GZ curves, running in the
following waves does not induce dangerous
roll unless some additional heeling moment
occurs, or the ship loses course and starts
to broach. Then the typical situation of
motions in quartering waves is created.
The tests proved that the most dangerous
situations arise when the ship is moving in
quartering seas. It seems that the most
hazardous course lies in the range of
heading angles of 15 to 45 deg. Some
phencmena which are characteristic for
operation in quartering seas, do not occur
in beam or following waves. They also
cannot be obtained by a superposition of
the hydrodynamic effects which appear in
these two separate cases. This means that
the stability level which could be achieved
by the separate studies of ship behaviour
in beam and in following waves may not
provide sufficient safety for a ship
operating in quartering seas. :

3. Significant differences in the model's
behaviour in waves were observed at the two

~load conditions tested. At the light

condition, the model was more respoensive to
wave actions. The motions were very
dynamic and with large amplitudes. A
greater tendency to riding on wave crests
and to broaching was noticed, The heeling
mechanism created by the bulwark
submergence was mostly invelved in model
capsizing. At the full load, the motions
were smaller and less dynamic. Less
tendency to broaching and crest riding
cccurred. Water on deck was the dominating
factor in the majority of the capsizes.

4. The degree of danger which impends over
a ship exposed to wave actlion depends on
two wave characteristics: wave steepness
and wave height relative to ship size.
Extremely steep and breaking waves generate
the most dynamic course of the induced
phenomena, while wave height stimulates the
magnitude of energy applied on a hull.
Obviously the magnitude of energy necessary
to capsize a ship depends on the size of
that ship. Thus, the wave height to a ship
depth ratio may be one of the indicators of
the potential threat created by the waves.

5. The influence of forward speed on ship
propensity to capsize 1is different for
different load conditions. In light load
conditions, the greater speed enhances

large ship motioms, ~facilitates the
occurrence and enlarges the negative
effects of broaching and bulwark
submergence and, thus, significantly

increases the probability of capsizing. At
full 3Ioad, when the hull motions are
smaller and water on deck constitutes the
main cause of capsizing, the higher speed
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prevents a ship from intense water shipping
on deck {(in particular, through the stern)
and increases a chance for ship survival.
At the EFull load condition 1II/A, the model
capsized many times when rumning with a low
or moderate speed, but survived despite
large motions and difficulties with course—
keeping when running in the same waves but
with a high forward speed. ‘

6, The model tests have demonstrated an
essential influence of the initial
conditions at the moment of wave impact on
the subrsequent history of ship motion and,
thus, on a probability of ship capsizing in
waves, The position of a hull in space,
the direction and the velocity of the
motions, as well as their composition at
the moment of wave impact, decide the
ship’s response to a wave action.

CONCLUSIONS

The submergence of bulwark and part of the
deck at the lee side during dynamic motions
of a ship in steep quartering seas, creates
a dangerous hydrodynamic phenomenon.

After wave impact on the stern the
ship is pushed violently forward and aside,
acquiring a large heel angle to the lee
side and dynamically yawing toward beam
position. These cause a large lateral
motion of the after body toward the lee
side. 1If as a result of large heel angle
and advancement of the wave crest, the
bulwark becomes submerged, the lateral
mption of the submerged part of the deck
generates a reaction of the surrounding
water. A hydrodynamic heeling moment is
generated, which either increases the heel
or restrains the immersed bulwark and deck
edge preventing them from coming out of the
water. The stiffness of the local
- restraint and the magnitude of the
additional heeling moment generated depend,
first of all, on the lateral relative
velocities and on the size of the immersed
part of the deck. - This restraint activates
new hydrodynamic couplings between roll-
sway-yaw-heave increasing further the
heeling moment, In addition, the whole
process. is happening when the ship is onmn
the wave crest.

.This phenomenon requires further study, in
particular with respect to the quantitative
influence on the total roll moment and to
its mathematical representation. However,
the experiments demonstrate that the
effects created by bulwark submergence may
dramatically increase a ship’s
susceptibility to capsizing, and may cause
a capsizing of a vessel which, according to
the existing stability criteria may be
considered safe. Furthermore, it is not
just. the roll but its composition with
other modes of motions which determine the
probability of ship capsizing.

The tests also confirmed that the
most dangerous situations are created when
the ship moves in quartering waves. Some
phenomena which are characteristic for
operation In quartering waves never occuy

in beam or following waves. They also
cannot be obtained by a superposition of
the hydrodynamic effects which appear in
these two separate cases. This means that
the stability level which could be achieved
by the separate studies of ship behaviour
in beam and in following waves would not
provide sufficient safety for a ship
operating in quartering seas. Therefore,
ship movement in extreme steep/breaking
quartering waves, and the hydrodynamic
phenomena generated at this course, should
be considered as a basis for the
establishment of future stability safety
requirements.
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The Prediction of Deck Wetness in Obligque Waves
and Effects of Shipping Water on Stability of Ships

*
Chanik Shin

ABSTRACT

A theoretical method of predicting the critical wave height for deck wetness
of ships in obligue waves and effects of shipping water on the stability of
ships 1is presented. The dynamic swell-up due to the disturbance of orbital
motion of water particles in the oblique waves, named dynamic swell-up due to
the oblique'waves, on the ship's sides in the obligue waves was investigated
theoretically. The critical wave height for deck wetness of ships considering
that effect in the oblique waves was calculated by using the strip method.

The model experiments on the dynamic swell-up due to the obligue waves
were carried out for a model ship with the Lewis form cross sections fixed in

the oblique waves.

waves were carried out

vessel.
Numerical

results and

repeatedly,
situation,
of the ship occur in waves.

1.INTRODUCTION

Shipped water caused by waves
exceeding the critical wave height
for deck wetness produces stationary
oscillation around an equilibrium
heeling angle, .and increases the
likelihood of capsizing.

Considerable attention has been
given to the problem of the critical
wave height for deck wetness.

Ganno [1] took the effects of

dynamic swell—up into the
computaticon of the c¢critical wave
height for deck wetness. However,

the diffraction waves he included in
his computation were approximate
ones in which the diffraction waves
are expressed in the same form as
radiation waves by Tasai [2]., in
Ganno's case, the ship section's
velocity and acceleration are
replaced by the relative motions of
the incident waves.

Shin [3,4] conc luded that
unless the diffraction waves are
computed correctly, prediction of
the critical wave height for deck
wetness in beam seas 1s not accurate

even when the wave frequency ig
close To the heave resonant
frequency or  higher. Grochowalski

{51 pointed out that "the deformed
wave profile on the ship's side has

to be determined by means of the
radiation and the , diffraction
potential".

exXperimental
wetting occurs on a ship when the magnitude of
critical wave height for deck wetness.
some amount of shipping water
stationary oscillation around heeling condition and/or capsizing

Another model experimets on the safety of ships in the
for that model ship and a model

ship of fishing

teach us that
incident waves exceeds the
In such case if deck wetting cccurs
is accumulated on deck.

observation

However, the dynamic swell-up
due to the oblique waves on the
ship's =side is not obtained, and the
critical wave height for deck
wetness in the oblique waves can not
be predicted correctly. .

To know really the critical
wave height for deck wetness in the
obligue waves, it is neccessary to
predict the dynamic swell-up due to
the oblique waves.

The  purpose of the present
study is to develop a prediction
method of the critical wave height
for deck wetness considering the
dynamic swell-up due to the obligque
waves and to indicate the stability
of ships when the deck wetting
oCccurs. '

2 _COMPUTATION OF DYNAMIC SWELL-UP
BUE TO THE OBLIQUE WAVES

We assumed that hydrodynamic flow
field around a hull is two
dimensional ignoring three
dimensional effects for wusing the
strip method. In other words, the
orbital motion of water particle
around the hull in obligque waves

consists of transverse component only
along cross section of the ship.

The 2-D flow field around a
section of the ship fixed in the
incident waves

* HNagasaki Institute of Applied Science, JAPAN
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-Kz i(Kx cosy — Ky sinxy + wt
¢ = ¢pe KZei(K X — Ky sinx )
coming at angle of encounter x 1is
expressed by the wvelocity potential

{see Fig.1):

%wa):m{L%g&Mm

.G(P,Q)ds el®Wt

Po(1)
where ¢, 1is the amplitude of the
incident waves, K the wave number, &
the incident wave frequency ( in the
case of V%0,the encounter frequency )

g acceleration of ¢gravity and

G(P,Q}elwt is the velocityv potential
at P(v.z) of a pulsating source
located at Q(y',z'), which satisfies

the linear free surface condition:

[ K¢D + 8¢D

oz ]z=0= 0

G(P,Q) is given by,

G(p,Q)e’®t -
oo eikz'cos kK(y — v"') ., i@t
-2 Lim [ E-K + 3z K€
O,(Q} 1is the density of source

distribution
contour GC.

along the section's
O,(Q) in eguation(1l) has

to be determined S0 that the
velocity potential satisfies the
boundary conditions on the
diffraction problem.

Velocity potential of the
apparent incident waves along cross

section of the ship is expressed by

. -Kz
by = 1‘%‘Cae
ei(Kx cosy — Ky siny + ot)

For the diffraction problen,
the boundary condition on the hull
is expressed by

d .
an N *1%4}
a (esz + i{Kx cosy - Ky sinx))
T )
iwt
-e

where n is the outward normal to the
contour.

Actually equation (1) is

rewritten in the form of the stream
function instead of the wvelocity
potential for computational
convenience; the section contour is
approximated by a polygon with 30
sides on each of which O05{(Q) is
assumed to be constant.

With ©,{Q) thus determined, the
dynamic swell-up, that is, the wave
elevation due to the diffraction on
the ship’s side, is expressed by

¢y =Ref zigaoD(Q)[zje_Kz"iK(y A

™ k cos kz' - K sin kz'
L k + K
iwt

e Y T Y ) g1ds e Y (2)

where 6, 1is the density of the
source distribution giving the
diffraction potential.

We have the dynamic swell-up at
the weather or the lee side on the
ship’'s side with substituting y=-B/2
or y=+B/2 into the equation (2).

3.THEORETICAL PREDICTION OF CRITICAL
WAVE HEIGHT FOR DECK WETNESS

The deck wetting occurs on the ship
when the amplitude of the relative

wave motion between the hull and
wave surface on the ship's sides
exceeds the effective freeboard

height whose magnitude is defined by -
the distance between the bulwark-top
and the water surface on the ship's
sides[1,4,5]. Therefore this is the
condition of the deck wetting.

This condition also defines the
critical wave height for deck
wetness in the waves as follows:

H__ 1 £
)\ r)RW'RL )\
where H denotes height of the

regular incident waves; J the wave
length:; f the effective freeboard
height; 7rpw.pr the nondimensicnal
amplitude of the relative motion,
Newerr/H: Tpw:rrr the amplitude of
the relative motion on the ship's
side.

The relative motion, assuming

the linear superposition principle,
is a sum of all the effects -
vertical displacement of the
incident waves on the ship's sides,
vertical displacement of the ship's
sides due to ship motions,and
vertical displacement of the dynanic
swell-up due to ship motions and due
te the obligue waves.

Theoretical prediction of the
latter two effects, which are called

dynamic swell-up, needs a rather
lengthy computation.
Ganno [1] took approximately

the effects of dynamic swell-up due
to the oblique waves into the
computation of the relative motion.
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Shin [3,4] showed that the
prediction of the relative motion in
" beam seas becomes accurate enough to
be available for the prediction of
deck wetness with inclusion of the

diffraction waves computed exactly
as well as the radiation waves.
Grochowalskil {51 pointed out the
same idea, too. ‘
The relative motion including
effects of the dynamic swell-up in
the obligue waves, at the weather
and at the lee side, then, are
- B
Tkw = &€+ 59 - (x — %518 — Cw
- &y - (p - CRw - &sw ~ CYw
~ Cow
{3)
_ B , .
TIRL—E_TQ’“(X‘“X(;)B_CL
_CH'_CP_gﬁL_CSL—CYL
~ ZpL
where B 1is breadth of ships; ¢£
displacement of heaving motion; g
displacement of pitching motion; ¢

displacement of rolling motion; (x -
X;) the distance from the center of
gravity of the ship to the square
station where the relative motion is
calculated; {y.p:r:s:y the dynamic
swell-up due to heaving, pitching,

rolling, swaying and yawing motions
[1,2,4,6]; (¢ the dynamic swell-up
due to the obligque waves; subscript

w denotes weather side on the ship's
side, that of [ denotes lee side.

4 .RESULTS OF CALCULATION
AND EXPERIMENT

The numerical calculations and
experiments on the dyhnamic swell-up
due to the obligue waves were

carried out for a model ship with
the Lewis form cross section, named
model ship A. Another calculations
on the critical wave height for deck
wetness and experiments on capsizing
of model ships in the obligue waves

whose height is higher than the
critical wave height were carried
out for the model ship A and the

other model ship of fishing vessel,
named model ship B.

4.1 Models

Body plans of the model ships used
in this experiments are shown 1in
Figures 2, 3 and the principal
particulars of those model ships are
given in table 1.

BULWARK TOP LINE

Fig.2 Body Plan of Meodel Ship A

N 1LY
e /]
e
=

—

=

Fig.3 Body Plan of Model Ship B

The model ship A has wall-sided
at all sgquare station with Lewis
form cross section and the model
ship B has the wide over—hanged deck
above water line.

Figures 4, 5 show the righting
arm curves, GZ-curves, of each of
the models. In Figures 4, solid line
shows GZ-curve on bulwark height of
2 cm (the effective freehoard height
f=5 cm) and dotted line shows it on
3 em (f=6 cm),

TABLE 1
Principal particulars of The Model Ships

Model Ship A

Model Ship B

Length, Lpp
Breadth

Depth

Draft at midship
Displacement

GM

KG

G

TR

150.0 cm l144.0 cm
30.0 ci 30.5 cm
15.0 cm 13.8 Cchm
12.0 cm 10.6 cm
36.9 Kg 33.61 Kg

2.4 cm 1.4 cn
9.9 cm 15.29 c¢cn
0.0 cm -16.0 cm
1.21 sec 1.95 sec
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Fig.4 GZ-Curve of Model Ship A

~R.0
=
=
N0 ,
D \. A{deqg.]
20 40 B0
-1.0

' Fig.5 GZ-Curve of Model Ship B

4.2 Dynamic Swell-Up due to

" The Obligue Waves
The model ship A was used in this
experiments. The model ship was
fixed by cramp iron in the obligue
waves and it had no freedom of
motions. :

Measurements were made on the
dynamic swell-up due to the oblique
waves, the angles of encounter
X¥=30°, 60°, 90¢, 120° and 150°, at
various stations (at sgquare stations
172, 5 and 8) of the fixed model
ship with wave height meter by using
electric resistance.

The results of the calculations

and the _experiments are shown in
Figures 6, 7 and 8. S5olid 1lines in
Figures show the theoretically

predicted dynamic swell-up with the
incident waves at the weather side
of the model ship B fixed in the
oblique waves and dotted lines show
it at the 1lee side. @/ L/g wave
frequency non—-dimensionarized with
the model's length. ]

Figure 6 shows the results on
square station 1/2. The calculated
values at the weather side is larger

than the experimental values for
each of +the angles of encounter
x=30°,60°%, 90° and 120° and good

agree for x=150°. At lee side, the
calculated wvalues for x=120°, 150°
is much smaller than = the

12.0 X:aodag‘
Woathar Side
Cal.
i3 e Exp. ® o
l o © wJL/g
N e
126 g7 3.0 4.0
& T~ e
Len Slde O
0.5
——Cal.
« Exp.

2.0 X =80deg.

2.0 X = 120deg.
1.5
H—o o
170 2.‘0"0.\0390 4.0
\\ s ¢
0.5 N
S~
2.0 % =150dsg.
o)
1.5 5

- JLZg
1%@"2.‘%@\9&?0 5.0
—

"'-..,.._._‘-

G.5 : -

[=e]

(AMP. OF ({ + C)l/CulAHP. ofF ({ + Caz/Ca taMP. OF (( *+ C)]/CQ[AHP. oF (¢ + C}]/CatAMP. oF (¢ + CJI/C&

Fig.6 Dynamic Swell-up at Sqg.5t.1/2
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Fig.7 Dynamic Swell-up at $g.St.8

experimental values and others
almost agree.
As show in

calculated

Figure 7, the
values on the sguare
station 8 agree approximately with
the experimental values at the
weather and the lee side for each of
the angles of encounter x, exclusive
at the weather side  for x=120°¢,
150° .

Figure 8 shows that close
agreement between the calculated
values and the experimental wvalues
was obtained at the. weather and the
lee side on the square station 5 for
each of the angles of encounter xy.
The experimental wvalues which
measured on the side of the

model ship in "the oblique
waves include three dimentional
effects, however, these results can
be explained approximately by the

were
fixed

two dimentional theory, equation
{2), exclusive some c¢onditions for
near ends of the model ship.

The results of the calculations
and tne experiments teach us that
‘the effect of the dynamic swell-up

due to the oblique waves at the

ship's side cannot be disregarded.

o12.0 X = 30, 150deg.

Y.
\:ﬁ Weaetheor Side
-~ . Cal. o
1.5 o Exp.
» © ° o7
IR g s 3.0 4.0
&
Lee Side- & ﬂkﬁ@‘f‘——
0.5 -
——GCnl. . &
« Exp.
2.0 X = 80, 120dag.

0 .
TI»Q&%\ 2.0
! AR
0.5 Ny
& e

-2

tAMP. OF ({ -l-.C)}/ﬁ‘,,l LAKP, OF ({ *+ CDH/CQ(AMP.' oF (£ + ¢

Fig.8 Dynamic Swell-up at Sq.5t.5
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However, it can be considered that
there is: less effect on that at the
weather side of the sgquare station
1/2 within x<90° and at the lee side
x>90°, and at the weather side of
the square station 8 x>90°0.

4.3 Critical Wave Height for
Deck Wetness and Capsizing

The critical wave height for deck
wetness on the model ships is
calculated by equation (3)
considering the dynamic swell-up due
to the obligue waves, The
calculations for the model ship B

with over-hanged deck were performed
assuming that its side above water
line 1is wall-sided at all square
stations. S

Experiments are made to find
out the relation between the
critical wave height for deck
wetness and capsizing of ships for
various frequencys of the incident
waves.

The experiments
out for two types of
ship A and model ship B, in the
condition of the incident wave
height considering the critical wvalue
for deck wetness. The wave frequency
varied from lower than the roll
resonant frequency to the heave
resonant frequency or higher.

The model ship was stopped and
floated in the incoming regular
waves and had six freedon of
oscillations.

The direction of +the "floating
model ship relative to the incoming
waves was chosen bow seas.

were carried
ships, model

In the experiments, it was
cbserved that from the bow seas
condition, free behavior of the
model ship in waves 1is gradually
transferred to stationary
oscillation around an equilibrium
heeling angle because of shipping

water on deck and/or to capsizing in
beam seas. .

The results of the calculations
and the experiments are shown 1in
Figures 9, 10 and 11. Figures 9 and
10 show the results on the model
ship A with the bulwark height 2 cm
and 3 c<m respectively. Figure 11
shows it on the model ship B. Solid
line in . the figures shows the
theoretically predicted critical
wave height for deck wetness for
each of the models tested. In the
Figures, less wave height does not
ship water on the deck as marked by
the open circles;: the semi-black
circles 1ndicate that shipping water
gets on the deck but the model does
not capsize; the black circles show
the model ship capsizes after the
shipping water gets on deck.

It is to be noticed that the
shipping water gets on deck in the
condition of the wave height
exceeding the <critical wave height
for deck wetness for several
frequency, as is two—-dimentional

CALCULATED VALUES
T:7o CRIT. WAVE HEIGHT FOR DECK WETNESS

EXPERIMENTAL VALUES

(O DRY DECK (P WET DECK @ CAPSIZING

01 MODEL SHIP A Y
h At Sq. St. 5 p
. ——— x =90(deg.} //
\ ——— % =B0(deg.} ad
S— x =30(deg.]

lca) ® e

\ f =5.0

R.R. H.R. wfl/
2]o | 3.6

Fig.9 Relation between Crit. Wave
Height and Capsizing
Model Ship A {(f=% cm)

CALCULATED VALUES
— CRIT. WAVE HEIGHT .FOR. DECK WETNESS

EXPERIMENTAL VALUES

G)I DRY DECK (I WET DECK ® CAPSIZING
LD, 10 HODEL SHIP A
¥ =20 f(deg.)

f =6.0 lcn)
GM=2.40 (ca)

Tr=1.21 (sec! ®
~d
~
xr
~0. 05
0]
R.R. H.R. wfL/
2]0 3.0
1 t

Fig.10 Relation between Crit. Wave
Height and Capsizing
Model Ship A {(f=6 cm)

model ship [7].

At the roll resonant freguency,
the critical wave height is very
low, because the roll motion is very

large, the shipping water, however,
does not occur in succesion.
Therefore the model ship does not
capsize.
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- CALCULATED VALUES
CRIT. WAVE HEIGHT FOR DECK WETNESS

EXPERIMENTAL VALUES _
(O DRY DECK (D WET DECK @ CAPSIZING

MODEL SHIP B
At Sgq. St. O
x =80 (deg.)
f =t0.6 (cal
GM=1.40 (cn)
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~0.¢20

d
O

~G. 05
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Flg 11 Relation between Crit. Wave
Height and Capsizing
Model Ship B (f= 10.6 cm)}

The black circles, indicated in
the Figures as capsizing of the

model ships, show that the deck
wetting occurs @ even for small
rolling when the the freguency of
the incident waves 1s the heave
resonant frequency and higher, then
the model ship capsizes under the
effect of the shipping water
accunulated on deck. However, the
semi-black circles at the high
frequency show that the model ship

does not capsize
frequency of the incident waves is
higher in the <condition of its
height exceeding the critical wvalue
for deck wetness.

even if the

5.CONCLUDING REMARKS

theoretical and
experimental results nade it
possible to suggest +the relation
between the critical wave height for
deck wetness in the obligue waves
and capsizing of ships.

From the present results, the
following conclusions are reached:

1) The dynamic swell-up due to
the obligue . waves 1is required to
predict the critical wave height for
deck wetness and can be
approximately calculated by using
the two—dimensional linear theory.

2} The method of calculation
for the critical wave height for
deck wetness considering the dynamic
swell-up enables us to predict the
occurrence o0f the deck wetting . of
ships in the oblique waves.

The present

3) Capsizing does not occur for
the incident wave height less and
slightly higher than the critical
wave height for deck wetness.

4) Capsizing occurs easily for
the incident wave height higher than

the critical value when wave
frequency is nearly the heave
resonant frequency. In future, the

method o©f the prediction of the
critical wave height for capsizing
is necessary.

5} In case the shipping water
occurs on deck, the bulwark height
has direct effect upon capsizing of
ships, however, the relation between
them is not clear.
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NOMENCLATURE

B :ship breadth

G :section's contour of ship

f :effective freeboard height

(the distance between the

bulwark-top and the water
surface)
at P(v.z}

G{P,Q):velocity potential
- of a pulsating source located
at Q(y'.z'")

g racceleration of gravity

H :incident wave height

K :wave number

Ca :incident wave amplitude

<o :dynamic swell-up due to the
obligque waves ‘

on :dynamic swell—up due to
heaving motion

<3 :vertical displacement of
incident waves at the lee
side on the hull surface

<p :dynamic swell—up due to
pitching motion

Zr :dynamic swell—up due to
rolling motion

s :dynamic swell-up due to
swaying motion

Cw :vertical displacement of
incident waves at the weather
side on the hull surface

<y :dynamic swell-up due to
vawing motion

L :amplitude of relative motion
at the weather side

NrL :amplitude of relative motion
at the lee side

& :displacement of pitching
motion

A :incident wave length

£ :displasement of heaving
motion

Cp :density of source
distribution along the
section's contour

& :diffraction potential
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[ 9 :velocity potential of the
incident waves

X rangle of encounter

W : frequency of the incident
waves
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COMPUTERS ON BOARD A GENERAL CHALLENGE

Bruno Arndt, Cert. Eng. 1}

ABSTRACT

Digital computers on beoard now offer the possibility of performing comprehen-—
sive calculations, but the accuracy - or better confidence - of the results
depends o¢n. that of the input data, and there are great differences in
quality. But even when attempts, to reduce the tolerances of some essential
parameters are successful, it mav be a problem to adjust calculated results
with measured ones. Other items suffer from the fact, that they are based on
methods or regulations which have their roots in times prior to the computer
era, and do net match the conditions or necessities of E.D.P., or are not
standardized on an international base.

80, the presence of a digital computers asks for precision in definition and
theory, where guesswork might have been sufficient 1in the past. The supplier
of onboard computers has to find solutiond momentarily, but final and
comprehensive ones could be constributed by research institutes at Techrnical

Universities,

THE ELECTRONIC CREW MEMBER -
RELIABLE AND ACCURATE

Since some ten years a new crew
member ig boarding our merchant
vessels, supported by safety regu-
lations and c¢lassification socie-
ties® requirements: The freely
programmable digital computer,
mostly in form of a personal com—
puter. This new crew member 1is
ready for 24 hours round-the-clocck
service without overtime payment,
with-out demand for vacation or
even recreation time, more resi-
stant against seasickness than his
human <¢ollegues, and f£it with a
memory, which stores only what is
told to him to be important. His
outstanding feature is the capabi-
1lity to perform calculations extre-
mely guickly and always with the
same and accurate result, if input
data are accurate and the calcu-
lation method unchanged. And where-
as the computer basically is com-
pulsory for 1longitudinal strength
control calculations, it is also
used for stability calculations,
thanks to its versatility.

Sometimes the opinion is met, that
normal micro computers, especially
so-called personal computers, are
not fit for usage on board of ship-
s. But based upon the installation
of some 130 board computers of PC~

type with altogether approx. 400
operational years. among them some
40 systems with harddisk (Winche-

-several modules

Classification Scocieties etc.

ster type) and 100 operating vears,

with respect to failures it can be

stated, that

- the frequency of breakdowns is
of the same order of magnitude
than that of the same systems
ashore, .

- the systems are working exact-

ly - or not at all. Interme-
diate stages are in general
caused by the software,

- the weak point may be the mo-
nitor — if ever -, but not the
harddisk,

- with respect to vibrations and
climatic stresses, the opera-
tors are less resistant than
the hardware,

- the type-approval testing con-~
ditions have the chardcter of
guick-motion {(cr statistical)
procedures, and therefore e.g.

local wvibrations of inward
beards should not be over-—
estimated (this is an appeal

to the classification societi-
es!}): If the wvibraticns impo-
sed upon the specimen during
type—approval tests would
o¢cur on board during normal
service, the wvessel would not
get the =sailing permit from
the authorities.

The reliability of the software is
somewhat different, because even
simple lcading contrel programs for
general cargo vessels consist of
with cross refe-
rences, so that odd combinations of

1) Manager, TECHNOLOG GmbH, Hamburg, W.-Germany
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figures may result in breakdowns,
but in course of time the probabi-
lity of such failures should be re-
duced to nearly nil.

Apart from the strange behaviour

that sometimes 2+4+3 are summed up
tec 8 or 10, due to the fact, that
less decimal places are printed
than were used during the calcula-
tions, the same hardware is produ-—
cing always identical results, if
the input data remain unchanged,
i.e., they ¢an be reproduced as
often as wanted.

It may alsoﬁhappen, that results of
calculations, performed with soft-
ware of different origin, differ
from each other by one unit, i.e.
0,1 t or 1 cm. That are not the
tolerances which are causing heada~
che, because they have no essential
effect upon the safety against
capsizing . If necessary, certain
calculations may be performed with
double word length, and generally
speaking, the accuracy even of
personal computers is sufficient
for the basic computations of sta-
bility, longitudinal strength and
many others.

And even if there should be a defi-
nite demand for more powerful com-
puters, it would be a matter of
financial effort only, to install
larger and quicker systems on board
with 12 MHz clock freguency, 4
MByte RAM, 80 MByte harddisk capa-
city, or even higher.

S0 it can be stated,

calculations result 4in identical

and accurate output, if the used

input data are corect and not modi-
. fied.

that repeated

This trivial statement is not wvery
exciting, but the inverse, not less
trivial form may broach serious
considerations:

If the input data are wrong,
the results cannot be correct.

THE CONFIDENCE OF DATA

The data, used for c¢alculation of
static and “dynamic¢c" stability,
consist of twe groups:

Constant or fixed data, most
of them depending wupon the
geometry and construction of
the vegsel in guestion,
Variable data, mainly
deadweight items and
positions.

all
their

For calculation of GM, data of both
types are used. The distance of the
metacentre M above the reference
point K is available from the hy-
drostatic curves (or tables), and

the accuracy can be assumed to be
sufficient. The other end of the
initial stability, the centre of
mass G, is nermally the result of a
momentum calculation, where the
light-ship weight and its c¢entre of
mass can be locked upon as consi-
derably accurate figures, whereas
the items of the deadweight may
have more than only small toleran-
ces. Thus it may happen that the
calculated draughts are differing
remarkably from the read-cut ones.
That means that also the calculated
displacement is faulty, and if this
valiue is used for further calcula-
tions, not only the righting levers
GZ are 1naccurate, but even the
position of M, in spite of the
fact, that KM has been derived from
the lines plan.

In literature about ships gtability
no advice c¢ould be found how to
solve this problem. So the "field
engineer"” had to find a solution by
himself. The first idea, to put in
only the read-out draughts, and let
the program then take the correct
hydrostatic data from the stored
tables, is no good one, because KG
is not the result of a hydrostatic
calculation and therefore the se-
cond point of the distance GM is
yet missing. So the so-called "ad-
justing bale" method was introdu-
ced: After input of the read-out
draughts the program calculates the
weight of an adjusting bale which
would bring the computed draughts
into coincidence with the actual
ones. The centre of gravity of this
adjusting bale can be derived 1in
longitudinal direction from the
trim situation of the vessel, whe-
reas in vertical direction it is
assumed to be in the centre of gra-
vity of all dry cargeo, as long as
no better information is available.
This assumption would result in a
completely correct position of G,
if the deviation of weight would be

in the same  percentage for all
items of the loading, e.g. for all
containers.

1f then the adjusting bale is added
to the deadweight, which has been
introduced already by "dead recko~

"ning®”, the basic situation for
stability calculations is suffi-
cient or possibly even c¢orrect
(Fig. 1)
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The position of the centre of gra-
vity of parts or all of the dead-
weight is the most serious source
of considerations when discussing
the accuracy .of stability calcula-
tions. For tanks, 1f their data
have been calcu-lated properly, the
CoG values have a good degree of
trustworthiness, and that of bulk
cargo — especially when loaded with




INITIAL STABILITY

Designation weigh CGL
Crew &, 00 125.00
Provision 20.00 119.5G
Stores 130,00 60,45
Fuel o0il 535.00 71.60
Diese! oil 64,70 30.75
Lubric. oil 53.70 23.61
Fresh water 217 .40 127.83
Ballast-water 85.30 23.08
Misc. tanks 82.30 52.06
Empty ship 5834.00 68.63
Adjust .Bale 233.87 37.03
Cargo 6167.40 74.24
Displacement 13449.67 71.34

CGV CGT Ib* gamma
27 .50 0.00 Q.0
23.50 0.00 0.9
11.50 ¢.00 0.0

1.31 1.19 720.0

2.03 ~2.83 67.3

1.57 ~2.32 64.0

4.94 -0.44 97.0

5.92 ~2.85 227.6

1.90 2.43 126.0

9.2 8.04 0.0
10.7% 0.00 0.0
10.71 ~0.08 .0

9.77 ~8.00 1301.9

fig.1: loading Condition Sheet with Adjusting Bale

levelled surface - are of similar
degree of accuracy. For containers,

a standard height of CoG as
fraction of the height of con-
tainers 1s used, namely 40, 45, or

50 %. A value of 45 % of container
height may give good approximation
to reality, because most containers
will be filled to an extent less
than 100 % and due to physics the
free space will be below the top of
the container.

With rolling «cargoe 1like cars,
trucks, railway carriages, cater-
prillars, graders, scrapers etc., it
is somewhat more difficult to get
reliable CoG values, but as far as
ferry boats are concerned, the
payload is merely a fraction of
approximately 15 - 30 % of the
displacement, and therefore a fai-
lure in payload CoG is affecting
the GM in a reciprocal ratioc only.
With RoRo-ships . the sgituation is
similar, because in most relations
a mixed cargo of containers and
rolling cargo is carried. aAnd mo-—
reover, both types of vessels have
in common, that at least the verti-
cal position ¢f the different cargo
decks is very well known.

The worst situation is met with
general - cargo vessels, where the
vertical position of the numercus
bales, boxXes, palettes etc. cannot
be indicated with sufficient accu-
racy. Experiments, performed some
decades ago by members of the chairx
of Prof. Wendel, Hanover, resulted
in a failure of 0.3 mn and more,
compared with the results of in-
service inclining tests.

MEASUREMENTS AS ALTERNATIVE

The key-word "inclining test" may
give reason to hope that the pro-—
blem of determinating KG with suf-
ficient accuracy could ke solved by
this well-known indirect measure-
ment method. From the past it is
known that sufficient ~ accuracy
could be reached only, if the test

was performed carefully by experi-
aenced people. Nowadays when more
precise gauges for inclination,
draughts and tank contents are
available, the preésuppositions for
successful inclining tests are much
better as was found by an investi-
gation (1), the results of which
were presented by S. Kastner.

A progranm for the ewvaluation of an
inclining test itself is simple,
and existing here and there already
since years. But after having de-
termined an accurate GM', i.e. GM
including the free surface effect
of 1ligquids in tanks, the conse-
quences must be drawn with respect
to the loading calculator, because
- additional stability wvalues
must be determined,
- the actual 1loading condition
nmust be recorded .,
- the facility to derive future
loading conditions must be
established,

i.e. KRG of the system lightship -
plus deadweight must be adjusted
according to the result o¢f the

inclining test. For that purpose it
nust be decided, whether KM, light-—
ship weight and CoG of lightship
can be assumed as to be faultless,
how the reduction of GM through the
free surface effect can be recon-
structed and whether CoG of only
the cargo shall be adjusted. To
meet these decisions, the user must
at least be supported by an offici-
al guide line, derived from further
investigations or at least consi-
derations and issued by national or
international authorities.

THE OTHER SIDE OF THE BALANCE

GM, righting levers, and the areas
below the righting lever curve as
eguivalent of dynamic stability are
only one side of the balance. On
the other side there are heeling
levers due to moving liguids, beam
wind, asym-metrical loading, shif-
ting g¢grain, and others, which may
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‘occur with special ships. Naval
architects with special interest in
ship's stability know wvery well,
that e.g. the free surface effect,
represented by the transverse mo—
ment of inertia of the c¢ross-sec-—
tion of a tank, gives accurate
values only as long as this cross-~
section does not change its shape
by touching bottom or top of the
tank. The calculation o¢f heeling
levers due to beam wind suffers
even from several doubtful parame-—
ters: The wind resistance coeffi-
cient lies in a range from 0.9 to
1.5, depending of the shape of the
element of the lateral area, and -
especially with container vessels -
this area is sometimes a collection
of separated towers, with canyons
in between. Further, a heeling can
only be generated by beam wind if
below the waterline a beam resi-
stance occurs, acting upon the
underwater lateral area. The centre
of this area is assumed to lie at
half draught, but this too iz only
an approximate value with the cha-
racter of a standard, as most of
the coefficients used in calculati-
on of heeling moments.

With asymmetric loading and shif-
ting cargoe the situation may be
somewhat better, but there are at
least two effects, which are not at
all taken inte account by definite
calculation: The variations - of
righting levers in waves, and rol-
ling amplitudes. ;

STRATEGY QF STABILITY CONTROL

With these latter remarks it is by
no means intended to pull down the
whole building complex of stability
control. The author, when acting
decades ago on the opposite side,
namely participating in the elabo-
ration of stability regulations for
the surface vegsels of the West
German navy (2) (3}, c¢ame to the
conclusion, that as many elements
as possible of the stability balan-
ce should be determined accurately,
so that the margin for uncertain
interior or environmental effects
could be reduced to practical 1li-
mits. For the other ones, algo-
rithms and coefficients should be
standardised internationally. This
method has several advantages:

- Error areas will be restricted

- The order of magnitude of

heeling effects can be made
- wvisible

Characteristics of different

types of ships will becocome

obvious . :
- Discussions with "field sur-—
veyors" of . classification

societies, which not always
are specialists in ship's

stability, <can be reduced,
when performing test calcula-
tions with 1loading computers
on board

Special emphagsize should be 1laid
upon international standardization.
Nowadays, every classification so-
ciety has regulations for stability
contrel of its own, which are iden-
tical to a certain extent, but also
differing in some essential details
so ag if the danger of capsizing
would be graduated, depending upon
the flag the respective vessel
flies, or the society, under which
surveillance it was bullt. In some
cases even the regulations of two
societles must be satisfied, e.g.
of the Polish and the Chinese regi-
ster, or of the Indian and Lloyd's
register, etc., but obviously wWit-
hout the effect of doubling the
safety mnmargin. Something similar
happens to the hardware, which has
to undergo type-approval procedures
of several classification societi-
es, when supplied to vessels of
respective surveillance, whereas in
the area of ship construction mutu-
al acknowledgement of the rules is
common use already. (But at least
one of the important classification
societies does without hardware
type approval, obviously trusting,
that the instruments will not be
installed on the flving bridge or
mounted on the casing of the main
diesel engline respectively).

A further approach to uniformity of
calculations and reliability of
software could be achieved, if the
basic algorithms would be program-—
med and distributed to all makers
of leoading calculators by the c¢las—
sification societies or even by
IMO. The author makes this proposal
in full awareness of the fact, that
the realisation of it would mean a
restriction of his creativity as
well as a loss of corporate identi-
ty of his company, but around the
basic procedures of stability, and
longitudinal strength calculation
there is yet a lot of input, out-
put, and statistical tasks to be
elaborated, to say ncothing of other
problems which could be assigned to
the electronic crew nember, like
optimizing of trim with respect to
fuel saving, lashing of containers,
control of separating rules of con-
tainers with dangerous gocds etc.
And above all, one should not for-
get that the dintroduction and
spreading of board computers has
the purpose of increasing the safe-
ty against capsizing {and to aveoid
over—-stressing of the ship's struc-
ture} and not, to give the makers
the opportunity to earn money.
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If the idea mentioned above would
be realized, they would have to
expect a loss of profit, but this
could be compensated for to sone
extent, if the installation of two
identical and self-sufficient sy-
stems would become compulsory at
least for ships in worldwide traf-
fic. Then the same degree of red-
undancy would be achieved as with
two radar systems, but much chea-
per.

PROGRESS, ADVANTAGES, IMPROVEMENTS

Basically,” a computer . on board
offers the opportunity for steady
control of stability by momentum
calculation, whereas in the past
stability calculations on board
were executed only - if ever - if a
critical lecading condition seemed
to be expected. At the same time
the probability of mistakes has
been reduced, because the calcula-
tion method is stored errorxfree,
and the input data are controlled
to some extent by means of plausi-
bility checks. The trustworthiness
of results can be improved by com-
bination of momentum calculation
with adjusting bale module and in-
service inclining tests. Telecommu-
nication with stowing centres asho-
re shall be mentioned only as a
means of preplanning of stowage
free from the hustle and bustle on
board. Computers with mass storage
device offer the opportunity to
save standard loading conditions
for later modification and reuse.

Accuracy and trustworthiness can be
improved further by on-line input
of measured data 1like tank con-
tents, draughts, temperatures of
fluid cargo, and others, provided,
the respective measuring gauges and
instruments are installed. Even
simple PCs are prepared for such
tasks, and several installations
have proved already the feasibili-
ty.

The introduction of the third

(transverse) axis in momenitum cal-
culation opened not only the way
for calculation of list, but alsc
for control of torsicnal or even
combined longitudinal and torsional
stress calculation. ’

The longitudinal strength calcula-
tion can be carried on to calcula-

tion of bending ©f the hull, and
then the guestion arises, whether
it would be meaningful, to adijust

the hydrostatic data. The answer
should not be left to the field
engineers, because it seems to be
somewhat difficult to define KM for
a vessel in bent condition, not to
speak from GZ values.

A LOOK BEYOND THE EDGE
"OF THE PLATE

A freely programmable computer on
board is by far not occupied fully
by standard loading calculations,
but when preparing programs for
other tasks, the analyst very ocften
comes to the point, that investiga-—
tions and algorithms have not yet
been developed to a state, which
allows the transformation into a
program for practical usge on board.
E. g. a program for prediction of
rolling amplitudes due to ship's
gspeed and direction of encounter of
waves has been developed already
({PCs are indeed guited tco solve
Mathieu differential eguations in
due time), but the results are hore
or less of qualitative character,
because the roll damping coeffi-
cients are not very precise. A
weather routeing program also could
be improved, if the findings of
theoretical investigations could be
transferred reliably into practice.

Quite other problems arise, when
the stowage and separation of dan-
gerous goods according to the re-
quirements of the International
Maritime =~ Dangerocus Goods (IMDG)
Code shall be controlled. The goods

. defined to be dangerous are marked
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with a class and a UN-Number, but
already here begins the trouble,
because for several goods there are
different separation reguirements,
depending upon the content of wa-—
ter, or the state of matter. So, in
these cases different goods have
the same UN-Number, and the problem
is, how to teach the computer the
method of distinctiodén. (Fig. 2)

If a dangerous good is to be stowed
"away of” or "apart from" food-
stuffs, or strong acids, or dusts
of heavy metals, the analyst has to
find ocut these groups of goods from
among over 2000 UN-Numbers. The
worst case are foodstuffs, or goods
which emit strong smells, because
they have no UN-Number at all, i.e.
they have no identification mark,
which fits to electronic data pro-
cessing.

Nowadays in most cases computers on
board of ships are used only for
control of &tability and longitudi-
nal strength, but they are prepared
to take over additional and more
difficult tasks, provided, that
they can be translated into the
language the computer is able to
understand. In order to overcome
this problem, the cooperation bet-
ween scientists, dinstitutions and
users should be intengified, with
the connecting link of the systems




Packaging group: Il

Label

POISON

If flash-
point
6t°Cc.c,
ar below

Observations
Toxic if swallowed, by inhalation or by skin contact.
Corrosive to skin eyes and mucous membranes.

Packing
See table 1 in the introduction to this class.
~ For tanks see section 13 of the General Introduction.

Stowage

Category B.

For tanks—see also section 13 of the General Introduction.
Keep as coo} as reasonably practicable.

"Away from’” acids

if flashpoint 61°C c.c. or below, segregation as for class 3,
but "‘away from’’ class 4.1

Packing., Stowage & Segregation
See aiso General Introduction and intreduction to this class

Fig.2: Stowege Advice for UN-Number 2683 with Condition "if"

analyst in between. The advantages
with respect of safety and econo-
mics then even may justify the in-
corporation of a special EDP-opera-
tor into the ship's staff.
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AN EXPERT LOADING SYSTEM FOR CHEMICAL AND PRODUCT CARRIERS

3

L. Bardis? T. A. Loukakis2 G. A, Vouros

ABSTRACT

Chemical and product carriers are highly specialized ships, carrying a mul-
titude of ¢argo types, sometimes very hazardous to the sea environment. The
operation of this ship type is a complex task, requiring sometimes the
cooperation of experts from several engineering disciplines. A great amount
of regulations exists, pertaining to cargo/tank compatibility, safety proce-
dures during loading/unloading and tank cleaning. For the above reasons the
preparation of a loading plan for a chemical carrier is a complex procedure
requiring high skills and a lot of experience.

The primary objective of this work is to investigate methods to make expert
knowledge available to ship masters. This is achieved by applying artificial
intelligence techniques to deal with the problem of loading of chemical car-
riers. A scheme for encoding existing rules and requlations in a fact base
is provided and a preliminary version of a rule-based system has been
developed to. assist the expert during the preparation of a loading plan. A
prototype able to communicate with algorithmic routines performing standard

hydrostatic and strength calculations has been created and its operation is

explained.

INTRODUCTION

The Loadmaster is a very common tool
used on board ships to perform stan-
dard hydrostatic and strength cal-
culations. Advanced equipment of
this type is interfaced to measuring
instruments installed in tanks of
ships carrying liquid cargo, such as
liquid level and temperature sen-
sors, thus enabling real-time
moenitoring c f cargo
loading/unloading processes. Con-
tainer ships are often equipped with
loadmasters providing extensive
bookeeping facilities for the con-
tainers.

Ordinary Loadmasters require
data pertaining to cargo distribu-
tion from the user. They may be
classified as "dummy" instruments,
in the sense that the user takes the
decisions on the basis of the

results provided by the instrument.

On the other side, modern software
technology has made available the
tools, which help to simulate human
actions in complex situations such
as loading/unloading of special
ships. These tocls are known as ex-
pert shells and the resiylting com-
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3. Doctoral Candidate, NRCS
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Mational Techn. Univ. of Athens

Naval Arch. Laboratory

42, 28is Octovriou str.

106 82 Athens GREECE

puter programs” are called expert
systems. In an expert system, domain
knowledge is encoded in a. suitable
form and is applied to solve the
problem following logical steps emn-
lated by some reasoning mechanism.
Ref. [1] gives an overview of expert
systems in the marine industry.

Loading of specialized ships
such as chemical and product car-
riers is a complex problem requiring
skilled operators, [3], [4]. A great
number of rules and regulations re-
lated to stability and strength oén
one side and handling of dangerous
chemicals on the other side have to
be taken into account. Compatibility
between cargo and ship equipment
(tank coating, carge piping), chemi-
cal compatibility between cargo
grades stored in adjacent tanks,
disposal of cargo residues are ex-
amples of critical issues, which
have to be taken into account when
cargo allocation and handling is
considered. Economy in ship opera-
tions affects also the load plan. It
is generally recognized, that load-
ing and unloading of the ship in a
minimum time as well as trim op-

timization resulting in reduced fuel
consumption contribute to the over-
all economy goal.

In the present work, we propose
an Expert 8System for 1lcading of
chemical and product carriers. This
system, the Expert Loading System
(ELS) is a component of a larger,
integrated system, named KBSSHIP,
which is developed in the ESPRIT P
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2163 project. This project 1is
funded in part by the EEC within the
framework o¢f the ESPRIT II
praogramme. Private firms and
research organizations from four
european countries are participating
in the above project, which started
in January 1989 and is scheduled to
finish in June 1992. Feasibility
studies were carried out 1in a
predecessor project, funded under
ESPRIT I.

The main objective of KBSSHIP
is to integrate a number of expert
systems related to operation of
ships. KBSSHIP is ccrcepted as a
decision support tcool with coordina-
tion and reasoning capabilities. The
individual subsystems are
The System Manager Expert System
(SMES) providing communication and
high level control over the other
subsystems.

The Expert Voyage Pilot (EVP), whose
task is toc set up a wvoyage plan
taking intc account charter require-
ments and the propulsion and
seakeeping characteristics of the
particular ship.

The Expert Loading System (ELS),
which is used for the preparation of
an optimum lcad plan and the
specification of a sequence of
operations regquired to realize this
plan.

The Expert Maintenance System (EMS),
which produces maintenance plans for
the ship machinery and equipment by
distributing available resources.
The Expert Diagnostic System (EDS)
for the identification of faulty
components and issuing of warnings
about imminent ship equipment mal-
function by analysing sensory infor-
mation.

The Statutory regquirements Clas-
sification Expert System (SCES),
which provides advice about rules
and regqulations applicable for the
particular ship using an expert
query and information retrieval
scheme.

Further, XBSSHIP includes an Infor-
mation Storage and Retrieval System
(ISRS) maintaining a common data
base for data shared by all subsys-
tems.

Each subsystem performs reasoning by
using its own knowledge base and
data coming either from cther sub-
systems or the ISRS. Handling of re-
quests for supply of data issued by
individual subsystems is performed
by SMES.

The Naval Architecture
Laboratory of the NTUA is the task
leader in the work package dealing
with the development of the ELS and
is involved in the development of
the EVP. In this paper, the design
of the ELS- and the environment used
to model domain knowledge are. dis-
cussed. Section- 2 contains the

description of the ELS in terms of
its components. Section 3 gives an
overview of knowledge modeling tech-
niques, 1in particular the PHOS con-
ceptual formalism. Finally, in Sec-
tion 4 scme conclusions are drawn.

THE EXPERT LOADING SYSTEM

Fig. 1 gives a overview of the ELS,
[2]. Xnowledge or data bkases are
represented by ellipses. Rectangles
are used to represent modules ef-
fecting transformations of the above
data. The ELS is designed to func-
tion either as a stand-alone system
or as a subsystem integrated within
the KBSSHIP environment as explained
in the introduction. It consists of
two layers (Fig. 1), an upper or ex-
pert layer and a lower or algo-
rithmic laver.

The lower layer contains two
modules, the Algorithmic Module (AM)
and the Visualization Unit {VU). ALl
routines performing low level tasks,
such as trim, stability and strength
calculations, interacticn with the
operating system of the host com-
puter and the user, and plotting
routines are located in this layer.
The upper layer contains the Loading
Planner (LP) and the Cargo Handling
Unit {CHU). This is the expert layer
of the ELS, whose main tasks are the
optimization of the distribution of
the cargo among the cargo tanks
while observing all constraints im-
posed elther by internaticnal and
naticnal authorities or by opera-
tional restrictions of the ship
equipment in connecticon with cargo
to be transported. The KBSSHIP &
User Interface (XUI) takes over all
communication between the ELS and
other KBSSHIP subsystems through
SMES.

The upper and lower layer
modules and the KUI communicate with
several data and knowledge Bases.
These are the Rules and requlations
Knowledge Base (RKB), the ship and
tank Gecmetry Data Base (GDB), the
Charter requirements Knowledge Base
(CKB), the cargoc handling Equipment
Knowledge Base (EXB)},,6 the Products
Knowledge Base (PKB), 'the Stability
and longitudinal strength Data Base
(SDB), the cargo Distribution Data
Base (DDB), the Loading/unloading
operations Knowledge Base (LKB) and
the INstrument Interface (INI). The
components of the ELS are described
below in detail.

The Loading Planner {(LP)

The Loading Planner plays a central
role in the ELS. The main task of
the LP 1s to produce a load plan,
i.e. a table containing the quantity
of liquid cargo to be placed in each
tank. In order to prepare the lcad
plan the LP takes intc account the
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Lions I

Rules and regulations by clas-
sificaticn societies, national and
international organizations and
international conventions. The
pertinent data are drawn from the
RXKB. Stability and strength limits
are included in this category ;
Charter requirements contained in
the CKB. The description and quan-
tities of cargo items is the most
important information drawn by the
LP from the CKB ;

Properties of the cargo to be
transported, which prohibit con-
tainment of special liquid grades
in some ship tanks, for example
due to chemical interaction be-
tween the cargo and the tank coat-
ing ;

Compatibility between cargo and
cargo handling equipment such as

cargo pipes, pumps, valves, pack-
ings, etc.
Further, the LP :
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The Expert Loading System

places requests to the AM to per-—
form hydrostatic and strength cal-
culations ;

draws data from the SDB to test
compliance with ship operating
Iimits ;

updates the DDB after producing an
acceptable load plan ;

performs optimization of the cargo
and water ballast . distribution.
The objective function is usually
the trim, which 1is eithex
prescribed by the user or is com-
municated teo the LP from other
KBSSHIP subsystems, such as the
EVP ;

includes a rule base able to
handle data and coded knowledge
ceontained in the other components
of the ELS. The rule base is able
to handle restrictions and encodes
empirical knowledge acquired from
experienced ship operators. The
strategy used by experts to lcad
chemical and product carriers is
implemented in terms of Prolog
rules in the prototype. Thé provi-




sion of an explanation facility
showing in a succinct and concise
way the reasoning steps to reach
the final load plan will be imple-
mented ;

- accepts user requests (via the
KUI) overriding the load plan
produced by his rule base. This is
a necessary feature, since ship
operators are often reluctant to
let a computer program perform
their job.

The Cargo Handling Unit {CHU)
The main task of the CHU 1is +to

prepare a plan showing the sequence
of loading/unloading operations and
all actions and precantions to be
taken by ship or shore personnel
during these operaticns. It is
generally known, that for most load
conditions stability and strength
limits are satisfied, since they
have been already investigated in
the Trim and Stability Manual.
However, intermediate loading stages
may become dangerous as large bend-
ing stresses may arise due to a se-
gquence of filled and empty tanks.
Further, trim has to be continucusly
monitored to facilitate discharging.
Therefore, detailed instructions for
the loading of the ship including
intermediate steps are necessary. To
accomplish this task the CHU :

- uses information contained in the
CKB related to the voyage schedule
with respect to loading/unloading
at intermediate ports. Further, it
draws information from the RKB,
the EKB, the PKB and the GDB ;

- places requests to the AM to carry
out additional stability and
strength calculations to test
critical values during inter-
mediate stages. The CHU detects
critical phenomena (e.g. high hull
stresses, loss of stability)
during loading/unloading and
prescribes progressive ballasting/
deballasting to alleviate them ;

- updates the LKB with the operation
sequence- plan ;

- includes a rule base capable to
handle suitable encoded empirical
knowledge. The rule base of the
CHU and the associated inference
mechanism exhibit similar charac-
teristics to the rule base of the
LP ;

- accepts user requests prescribing
operations departing from the se-
guence produced by the CHU.

The Alqorithmic Module (AM)

The Algorithmic Module contains all
routines implementing typical tasks
of a conventional Loadmaster such .as
trim, stability and strength cal-
culations. The AM reads data from
the GDB and the DDB and updates the
SPB. The main output is the final
fleoating condition expressed in
terms of hydrostatic parameters such

as drafts at several locations along
the ship, the metacentric height and
the bending moment and shear force
distribution. The AM contains also
routines to provide trim, stability
and strength data in cases where the
watertight intergrity of the ship
hull is not preserved due to damage.

All AM routines are written in
the C programming language to allow
portability in different computer
environments using the Unix operat-
ing system. Interaction with the
databases is performed through ap-
propriate input/ocutput routines,
which are separated from the
routines implementing the algo-
rithms. Thus, portability between
different Data Base Management Sys-
tems is ensured.

The Visualization Unit (VU}
The VU is the module of the ELS,

which implements the Man Machine In-
terface (MMI)}. The VU contains all
presentation routines and makes max-
imum use of the hardware and
software environment offered by
modern Unix workstations. Plots and
graphical representations are made
with the PHIGS graphical standard.

Maximum use is made of the win-
dowing techniqgue available in modern
workstations. Fig. 2 shows a typical
output from the VU of the prototype
EL5. Unnecessary information disap-
pears from the screen if it is no
more needed. Mimic diaqrams of ship
piping will be implemented for the
visualization of loading/unloading
operations. Maximum use of a point-
ing device (mouse) for input of data
is made.

The KBSSHIP and User Interface (KUI)
The KBSSHIP and User Interface is
responsible for the communication of
the ELS with other KBSSHIP subsys-
tems and the user. The KUI handles
all requests by SMES to make avail-
able local data to other subsystems
and all ELS requests to other sub-~
systems. Further, XUI handles any
user supplied data, which affect the
ELS data and knowledge bases. All
routines translating data from the
common to the local representation
reside ‘in the KUT.

The Rules and Regulations Knowledge
Base (RKB

This knowledge base contains all
rules and regulations by national or
international authorities pertaining
to the loading, unloading and dis--
tribution of liquid chemicals among
the cargo tanks of the particular
ship. Sources for the above are :

~ SOLAS (Safety of Life at Sea).

- International Load Line Convention
- MARPOL (Marine Pollution), [5].

- IMO International Code for the
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Construction and Egquipment of
Ships Carrying Dangerous Chemicals
in Bulk, [6}].

- International Maritime Dangerous
Goods Code, {7].

- specific national or port regula-
tions (e.g. U.S. Coast Guard
reqgulations)

In particular, the RKB contains
the description of precautions and
special arrangements for handling of
ligquid cargo grades allowed to be
carried by the specifiec ship,
usually incorporated as notes jin the
Procedures and Arrangements Manual.

The Ship and Tank Ceometry Data Base
{GDB)

The GDB containas all geometrical
data pertaining to the ship hull and
the liguid cargo tanks, which are
necessary for the calculation of
trim, stability and strength data by
the AM. The data are organized in
files of the indexed sequential
type. The structure adopted in the
implementation enables the easy and
quick access to the data. Such data
are, for example, tabulated Bonjean
curves for a number of ship stations
and a number of drafts, tabulated
capacity plans for all liquid tanks,
etc. ’
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The Man-Machine Inﬁerface of the ELS

The Charter Knowleddge Base (CKB)

In the CKB all data related to.
charter requirements which affect
either the load plan or the sequence
of operations during
loading/unloading are stored. Such
data jinclude, for example, types and
amounts of chemical products, ports
of call and amount of cargo to be
discharged or loaded at each port,
special cargo treatment required
(heating, mixing with grades of
similar type), etc. The CKB may be
either filled by the user or draw
information from the the XKBSSHIP en-
vironment.

The Products Kncwledge Base (PKB)

This knowledge base contains physi-
cal and chemical properties of
chemical products allowed to be
carried by the ship. More specifi-
cally, information about :

- physical and physioclogical
properties such as colour,
specific gravity, viscosity, boil-
ing point, flash point, upper and
lower explosive limits, MARPOL
category, effects on the human or-
ganism upon skin contact or wvapour
inhalation, etc ;

- chemical formula,
solubility ;

- chemical reactivity with other

pH value, water
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products and sea or fresh water

- compatibility with tank coatings
and ship piping ;

- precautions to be taken during
transportation such as heating,

- blanketing, vapour release ;

is included. It should be emphasized
that the above list is by no means
exhaustive. The structure of FPKB
enables incorporation of new type of
information, which will be even-
tually needed during the course of
implementation.

The Cargo Handling Eguipment
Knowledge Base (EKB|

The EKB contains all information
pertinent to the cargo handling
equipment, especially thowse charac-
teristics related to interaction be-
tween the equipment and the liguid
cargo. Such information is, for ex-
ample :

- type, material and operating
curves of cargo pumps ;

~ object oriented description of
piping arrangements, cargo pipe
material ;

-~ location, type, material of pipe
fittings such as wvalves,
manifolds, gaskets, stuffing
boxes.

The Stability and Strength Data Base
[SDB)

This data base accepts the results
of the calculations from the Algo-
rithmic Module. These data include,
among others :

- the draft at a number of ship sta-
tions in the final floating condi-
tion ;

- stability data such as the lon-
gitudinal and vertical position of
the center of gravity, the
metacentric height and the GZ vs
heel curve ;

- shear force and bending moment
distribution along the ship.

The SDB is fed exclusively by
the AM in response to a reqguest
placed by the LP to perform standard
stability and strength calculations.
On the other side, the information
contained in the SDB is available to
any ELS module. Further, a data link
to other KBSSHIP subsystems is es-
tablished wvia the KUTI.

The Cargo Distribution Data Base
(DDB}

The DDB is essentially a table con-
taining the quantity of liquid cargo
stored in each ship tank for a par-
ticular voyage. Further, the DDB
contains some statical data such as
lightship, machinery and equipment
weight distribution. Other weight
categories, such as consumables and
crew provisions are also contained.

The DDB is updated by the Load-
ing Planner or by user requests
through KUI. The information con-
tained in the DDB is made available
to the ELS modules and other KBSSHIP
subsystems.

The ILoading/Unloading Operations
¥nowledge Base (IKB}

This knowledge base accepts a
description of the sequence of
operations during loading/unloading
of the ship as produced by the CHU.
In particular, the LKB contains the
loading sequence for each individual
tank.

The Instrument Interface (INT])

The Instrument Interface handles all
incoming data from instruments in-
stalled in ship tanks, like level
gauges, cargo temperature and pres-
sure in the tank.

KNOWLEDGE REPRESENTATION IN ELS

Domain knowledge of the ELS 1is
modeled using the PHOS (Procedural
and Heuristic knowledge Organization
using Structural primitives)
knowledge representation formalism,
[8], developed in NRCS "DEMOCRITOS".
PHOS is a conceptual formalism,
which provides a uniform framework
for dealing both with structural and
procedural knowledge. The way
knowledge is structured as well as
the reascning mechanism in PHOS are
akin to those of semantic nets,
[97.

Knowledge Representation

Objects and procedures are repre-
sented in a uniform way as concepts.
A concept C is described in terms of
its attributes, ¢:;. Attributes are
attached to concep%s with the primi-
tive link "attr". An attribute may
be associated with a pair {(A,a} con-
sisting of another concept, A, and
an attribute a of A. This pair
specifies the set of values an at-
tribute c; may take and is connected
to c; via the "vr” (value restric-
tion) link. In some cases, the at-
tribute a of the pair (A,a) may not
be specified, thus associating the
entire concept A toc the attribute
c;. For example, the concept TANK
(Fig. 3) has a ‘code’, a
‘coating material’, a ‘content’, the
'volume occupied’ by the tank con-
tent and the tank ‘capacity’ as at-
tributes. The attribute ‘code’ of
the concept TANK is associated with
the pair {STRING, ‘'char*'), the at-
tribute ‘coating material’ with the
pair (MATERIAL, ‘code’) and the at-
trikbutes ‘volume occupied’ and
‘capacity’ with (REAL,’value’). The
attribute ’‘content’ is connected to
the entire concept PRODUCT.
Moreover, specific values may be as-
signed to attributes of a concept,
for example in order to describe in-
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dividual tanks.

Another type of link used for

defining concepts in PHOS is the
"cd" (conditional dependency) link.
The "cd™ link specifies conditions

for the attributes of a concept in
order for that concept to be wvalid.
For example, the. requirement that
the ‘volume occupied’ should be al-

ways less than the ’capacity’ of the

tank is expressed by a "cd" 1link
connecting the concept TANK to the
LESS concept.. The definition of a
"cd" link requires further the
specification of those attributes of
the concept TANK, which are related
to the attributes of the concept
LESS. Compatibility between tank
‘coating material’ and tank
‘content’ is enforced by a "cd" link
between the concepts TANK and COM-
PATIBLE. Fig. 4 shows another con-
cept, LOAD CONDITION. For this con-
cept to be valid, the draft amid-~
ships should be less than a maximum
value, as implied by the Loadline
Convention. This restriction is ex-
pressed by the "cd" link between the
conceépts LOAD CONDITION and
DRAFT RESTR. The Eoncept HYDRO is a
primitive concept, which cannot he
further detailed with PHOS. This
concept is attached to a C routine
délivering the computed draft, dis-
placement, bending moment, etc. |
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Fig. 5 shows an example of a
procedure described by the concept
ASSIGN PRODUCT TO TANK. The concept
CHOOSE A TANK is also a procedure.
The concept COMPATIBLE_
WITH NEIGHBOURS assoclates a tank
with a product and is valid if this
product does not react chemically
with the contents of all neighbour
tanks. This concept is dttached to a
Prolog rule. : '

are organized in a
hierarchical structure. The hierar-
chical relation among concepts is
realized by "is a" links. The child
concept inherits the . definition of
the parert concept and refines this
definition by eventually adding at-
tributes, new "vr™ or "cd" links or
specific values to attributes. Fig.
& shows such a hierarchy with TANX
as the parent corcept.

Concepts

Reasoning in PHOS

In PHOS, concepts are templates in-
stantiated during execution, i.e.
during evaluation of a concept, the
inference engine assigns particular
values to its attributes. These
values must be in accordance with
restrictions imposed by "vr" and
"cd" links. In order to evaluate the
attributes of a concept, a depth-
first search 1is performed to
traverse the hierarchical network.
When the engine reaches a terminal
concept P, then the attributes of P

I,_-_, TAN;

MID _TANK FORE_TANK

PORT_TANK STB_TANK

NO_5_CARGO_TANK

Figure 6
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are either assigned those values
that have been specified as par-
ticular values or they are evaluated
through their "vr"™ links. Then, the
conditions attached to the concept P
through "ed" 1links are checked.
Backtracking delivers alternative
solutions.

CONCLUSIONS

In this work, we have investigated
the possibility of applying artifi-
cial intelligence techniques to
solve a complex problem, that of
loading chemical and product car-
riers. An expert system for the
solution of the above problem, the
Expert Loading System, has been
designeéd. The system differs from
commercially available Loadmasters
in the sense that a solution to the
cargo allocation and the planning of
sequence of operations during
loading/unlcading is provided. This
solution is found using encoded
knowledge used by experts in the
field. Knowledge elicitation ses-
sions have clarified specific
problems encountered in loading of
the above ship types.

The structure of the proposed
system is modular, enabling easy
customization to a specific ship.
Blgorithms implementing common tasks
such as calculation of stability and
longitudinal strength data and
presentation of results are grouped
in modules separated from and subor-
dinated to expert modules performing
reasoning. Domain knowledge is
modeled with a powerful tool ena-
bling uniform representation of ob-
jects and actions or procedures. The
prototype developed has shown the
viability of the concepts. It is
believed, that the problem of load-
ing of any ship type, in particular
loading of a container ship, may be
handled in  the same manner, 1i.e.
-using the ELS skeleton structure of
Fig. 1, provided that domain
knowledde is acquired and coded ap-
propriately.

Finally, the structure of the
ELS enables integraticn within the
KBSSHIP environment, which is an
open system capable to accomodate
several systems onboard ships.

LIST OF ABBREVIATIONS

AM = Algorithmic Module

CHU = Cargo Handling Unit

CKB = Charter Knowledge Base

DDB = cargo Distribution Data Base
EDS = Expert Diagnostic System
EKB = Equipment EKnowledge Base

ELS = Expert Loading System

EMS = Expert Maintenance System

EVP = Expert Voyage Pilot

GDB = ship and tank Geometry Data
Base

INI = Instrument Interface

ISRS = Information Storage and
Retrieval System
EBSSHIP = Xnowledge-Based Systems

onboard SHIPs .
KUI = KBSSHIP and User Interface
LKB = Loading/unloading operations
Knowledge Base

ILP = Loading Planner

PHOS = Procedural and Heuristic
knowledge Organization using Struc-
turing Primitives '

PKB = Product Knowledge Base

RKB = Rules and regulations
Knowledge Base '

SCES = Statutory reguirements Clas-
gification Expert System

SDB = Stability and strength Data
Base o

SMES = System Manager Expert System™
VU = Visualization Unit
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ON THE POSSIBILITY OF ESTABLISHING RATIONAL STABILITY CRITERTA

Lech Kobylinski

The paper deals with problems connected with the possibility of establighing rational
stability criteria. Present stability criteria, IMO criteris, national criteria as well as
philosophy behind those_criteria_ age criticized, Fropozals te establish stebility eriteria

on the basis of probability of capwsizing and difficulties imvolved with practical applisation

of..thisr wethod. ape discussed and various pragmatic approaches.to solve this problem are

-pointed out. Discussions within the working group on stability as well as discussions at STAB

Conferences related to stability are summarized and various proposals and philosophies ari-

ging from those discussions are mentioned, Proposals of adopting system approach to safety

of shipe against capsizing is finally advanced and author elaborates on this point.

INTRODUCTION

The purpose of developing of stability
critexria is to achieve safety of ships aga-
inst capsizing and loéss. Criteria may con-
sist of a set of minimal values of stabili-
ity parameters for use by designers and
operators the satisfying of which should
ensure safety against capsizing. Those mi-
nimal values may also appear as a result of

¢ertain caleculating procedures or as a re-

suit model test perfomgd according to cer-
tain specified procedures. During last three
decades tremendous effort has been exerci-

sed aimed at developing stability criteria
and as a result of this effort some inter-
national and mational requirements ard ze-
commendations containing such criteria were
developed. However, there is common agree-

ment, that although these criteria;i.ncrea-

sed in general level of safety aga.-inst cap-
sizing, they are not fully satisfactory and
there otill exists considersble risk of cap#
siging even if those criteria are satisfied.
This is the reasom that the Working froup on
within the IKO Sub-Committes on Stability,

*Professor, Ship Research Institute,
Technical University of Gdansk,
804952 Gdansk, Majakowskiego Street 11/13

Load Lines and on Fishing Vessels Safety ia
working on ™improved" or "rational" stabili-
ty c¢riteria.

The meaning of "rational® criteria is mot
fully understood. In the meaning which was
adopted by the IMO working group, raticnal

eriteria mean criteria taking into account

all external forces aeting on ship in a sea-
way and physies of capsizing. However, broa-
der understanding, as according to Oxford
Dictionary where "raticral" means "sensible’,
that can be tested by reasoning” does not ex-
clude e.g. criteris obtained by means of sta-
tistic or on thke basis of model tests, or by
any other sensible method., Therefore, consi-
dering possibilities of developing rational -
criteria we should not exclude all possible

‘methads,

Critical remarks with reaspect to the present

stability criteris.
Stability criteria are at present included

in the international and national reguire-
ments and recommendations. Intermational cri-
teria developed by IMO were thoroughly discu.
gsed in the papers by Jens and Kobylinski[fl
and by Plaza and Fetrov{2]as well as in se-

veral other papers. Naticnal criteria exist-
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~-ing in several countries were described
and compared by Jems [3] and by Lugovsky{4],
Specific requirements of some countries de-
veloped later were discuased in other papers
(e.g. [5, 6]). '
All existing criterias hardly could be defi«
ned as being "rational". IMQ requirements
consist of two basic sets. Criteria develo-
ped in the period 1964.-1968 and included in
the resolutions A. 167 and A. 168 were ba-
sed on a semi~statistical method where sta-
bility para;mefers of two groups of ships -
- those which were capsized and those which
were consideréd to be operated safely - were
compared and conclusions were drawn from
this comparision. Criterion included in the
resolution A. 562 and .in some other resolu-
tions applicable to certain ship types is
based on the calculation of the wind heel-
ing moment and rolling angle.
Regarding national criteris of countries,
where such criteria do exist, they consist
of a set of critical values of etability pa-
rameters as in IMO resclutions A. 167 and
A. 168 and/or of some kind of weather cri~
terion in the form basically similsar to INC
weather criterion.
The main drawback of the semi-statistical
methed used in the developing of IMO erite-
ria in the form of a set of critical values
of stability parameters consist of the fact
that the population of ships investigsated,
and particularly ships which were capsized
was rather small, In addition those ships
‘{%%'@different types and sizes, of different
age, the circumstances of casualty were wi-
dely different and in many cases additional
effects, such as shifting of cargo, icing
etc. were of importance. The stability cha-
racteristics in many cases were also uncer-
tain. Moreover, when establishing critical
values, it appeared that quite large pro-
portion of shipa having stability parame-
ters in excess of critical values capsized,
whereas many ships with stability parame-
ters below critical were considered safe.
This eritical remarks are well imown and
were pointed out at many cccasions. Simi-
lar critices ié applicable to any existing

eriteria consisting of a set of critical

values of stability parameters.
.On the other hand weather criterion in the
form included in IMO resolution A. 562 and
also in some national requirements is based
on the calculation of the wind heeling mo-
ment acting on the ship taking account of
the rolling angle due to waves, assuming the
ship is in beam seas.
Generally the physical model in this appro-
ach is highly simplified, moreover, wind
pressure and angle of rolling were choosen
ac that the criterion is satisfied for ships
congsidered safe.
In IO resolutions and in some national re-
guirements there are also included some
other criteria based on calculation of heel-
ing moments due to externmal forces, however
all cf them include arbitrary assumptions
and a reaching simplifications,.
In this context it is worth while to quote
the words of Professor Bishop at RINA Gin-
ger Group in 1986: [7]
"Design rules for stability are still based
on forlorm attempts to describe the actual
Process of capsizing without understanding
the physics, treat hudrostatic and dire-
ctional stability as quite distinect pheno-
mena and ignore the possible coincidence of
rescnance and dynamic instability. Consta-
ntly trying to polish these rules up is re-

ally rather waste of time and money".

Probability of capsiging during ship's

lifetime.
A1 phenomens ocouring in reality are basi-
cally of & random character and data on

accidents enable a posteriori risk asse-
sment- therefore it seems logical to adopt
risk level as & basis for safety assessment,
safety griteria and operational procedures.
This is particularly applicable to the risk
of capsizing, because majority of factors
affectindstability, such as wind and wave
forces, sea currents, and centre of mass re-
lated to loading condition are obviously of
random characier.,

Safety, understood as safety against accide-~
nts concerning ships as well as people and
environment is a conception which might be

measured in the probabilistic sense.
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The probabilistic approach to safety aga-
inst capsizing was advocated by several au-
thors [8, 9, 10, 11] although all of them
drew attention to the basic difficulties
involved by this approache.

The most attractive application of this con-
cept would be calculation of the probabili-
ty of capsizing (or loss of stability) acci-
dent during the whole lifetime of the ship.
This concept was for the first time prepesed
prebably by, Firsey [4 2] - 1t waa repeated by
Sef'astyanm:r t10', 1.3] and the auther [11,- 14]
General prebability cencept with regard te
capaizing was given alse by Krappinger ["ISJ
and Kastner [16].

Not going inte detail's of this concept it
must be pointed out, hewever, that the apli-
cation of this methed is pOSsible' if the fu-
netien ]\,o,_ which is frequency of accidents
in any situatien met during the lifetime of
the ship is knewn. Thesretically, this fun-
ction could be estimated by three different
methods [11. 14] H

1y Formulation of the suitable mathematical
model of capsizing snd performing syste-

matic calculations.

2. Conducting model tests of capsizing in

various extermal conditions.
3. Collecting sufficient statistical data.

Reither of the three above methods is prac-
tically available, therefore probability of
non-capsizing during the whole lifetime of
tﬁe ship is not possible at present.

In this context it is necessary to define the
éa.psizing or loss of stability accident.
From the point of view of safety under loss
of stability accident it is understood not
only physical capsizing, i.e. bringing the
ahip to the upside-down position, but also
any excessive heeling leading t¢ flooding,
loss of control, shifting of cargo etec.,
which may be considered dangerous to the
ship safety. Such definition of the loss of
stability accident was suggested by Abicht
[17]) ana Morrall [18] and was zlso conside-
red during tl:xe discusgion at the IInd &TAB
Conference [19] . We understand after Odaba-

-si [20] capsizing or loss of stability acci-
defit as exceeding the angle of roll at which
situation dangerous to the ship occurs which
disables the ship and makes further opera -
tion of the ship impossible.

One way to surmount the difficulty in calcu-
lating overall probability of non-capsizing
is contained in the proposal of the 'Polish
delegation to IMO in 1978 [21] . Similar
idea was pursued in other places [11,12,14]
The essence of this idea ip calculation of
probability of non-capsizing not in all po-
ssible during ship;s life situations, but
only in few of them, considered most dange-
rous. This leads to the necessity of masking
choice of those "dangerous situations” and
to adopt possible scenarios of capsizing in
those situations. Choice of dangercus situa-
tiona could be made on the basis of anglysis
of capsizing accidents on the basis of ju~

dgement of expérts and on consideration of

" physical phenomena leading to capsizing.This

problem was discussed in several papers e.g.

(14, 22, 23] , and in this context Working

Group on Intact Stability of IMD agreed to
consider in further studies two situations
247, namely:

1. Ship in beam sSeas, taking account of se-
vere wind and waves, and water trapped on

- deck and other poesible external forces.

2, Ship in follow;i.ne_: waves, taking account
of pure loss of stability, parametric re=
sonance and broaching and other poesible
external fordea. e.g_.' water trapped on
deck. ‘.

More detailed consideration of dangercus
scenarios leading to capsize one might find
in a paper by Takaishi, [25‘].

Basicélly,- the concept of dangercus situa -
tions applies to the position of the ship in
relation to the direction of wind and waves.
In caleulation of the probability of capsize,
probability of occuring various factors si-
multaneously has alse to be taken into aceo-
unt. Cleary and Letourneau [26] gquote 34 po-
ss5ible factors which have to be agcounted
for. This type of analysis is necessary when

prograpming various scenarios of capsizing,
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Although the ides of estimating probability
of nenicapsizing in few choosen dangerous
sitnations appears %o be simpler and more
attractive as previously mentioned idea ‘of
calculating the overall probability of non-
-capsizing during the whole period of life
of the ship, in practical application it
meets quite serious difficulties. The main
difficulty is the fact, that funetion A
must be known for the choosen situations and
neither of the three already mentioned me-
thods of its estimation could be satisfacto-

rily applied as it is shown in the following

Capsizing in beam seas.
Development of the suitable mathematical mo-

dels of ship rolling in a seaway which ulti-
mately should lead to the probability of
exceeding certain limiting angles of heel
attracted many scientists and literature of
the subject is immense. We may mention only
few selacted references [27,28,29,30,31] .
In its simplest form the mathematical model
of rolling motion in irregular sea consists
of one-degree of freedom linear equation

which may be writtemn in a general form:

3(9)+ D (P)+ R($)* K (1)

Where LP is roll angle, ‘;P is roll wvelocity,
Sb is roll acceleration, [} is inertia term,
D - damping termy, R - restoring temm and
K - excitation term due to waves,The equa-
tion of this kind is being studied in fre-
quency domain. The probability of exceeding
ce.rtain limiting angle of roll considered as
loss of stability accident,Perit » could he
estimated easily if mmf, i.e. variance of
the probability density distribution of ro-
1ling amplitudes, which is Rayleigh distgpi-

bution, is known:

e 2
p {SOA > (fcrit.} =exp (2{’%&?—)

Linear equation of rolling motion is a good
approximation only 1f amplitudes of roll are
small, With increasing rolling amplitudes

such as may be dangerous from the point of
view of stability this approximstion is use-

lesas and more appropriate non-linear equa -

-tion has to be used, which may be written
in the forms

J(P.)+ D(P.£)+R(P.L) = K(91)

Where all terms are functions of time t.
This form of eguation if neglecting the da-
mping term, could be transfomed to the well
known Mathisu equation. Predicﬁion of long-
~term statisties of roll motion has been
workad out by Roberts and Standing [32],
however this method dees not allow predi -
ction of extreeme rolling angles which may
cause capsizing. The caleulation of the
extrems rolling angles reguires however,
gtudy in the time domain using reliable ma-
thematical model which takes into account of
the non-linearities of restoring and damping
terms. Specific difficulty arises because of
the necessity to approximate properly the
righting amm curve.

In the most recent work [33] Fayfeh and
Sanchez investigatasd the equation of rolling

in tha form:

(3+ 3)P + DE)+[1+ 53}1'} cos{ t+3)|

_ 2
-R (') JFCOE cos (o, t

with the static restoring moment approxi-

mated by

3 5
R0 T+ T

and damping moment équal tos

5 . .3
\D(LP) =d.1"? * d'z,LP

Using digital and analog-computer simula -
tion in the time domain authors have demon-
strated the occurence of many complicated
rolling responses tp regular seas such as .
competing attractors, period-multiplying
bifureations, chaotic motions, capsizing,
and revealed sensivity to initial conditio-
ns.

Practical application of such mathematical
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models and computer simulation is, however,
questionable. In any simulation of this kind
there are assumed fixed initial conditions
and fixed mathematical model. In reality,
small changes of coefficients, caused by
changes of trim, heel, wave surface and po-
saibly other factors influence also initial
conditions as well as the mathematical model
therefore éingularities revealed by the si-
mulation might not occur. This might be the
main difficuliy in attempting to calculate
extresme rolling angles, notwithstanding the
fact that any calculation method must be
transformed into simple calculation procedu-

re if it has to bz used as design criterion.

Capsizing in following seas.

Eotion of a ship in follewig seas, is consi-
dered to be a dangerous situation. Three
specific phenomena may be invelved in tlr;’xs

situations

~ pure loss of stability
- parametric¢ resonance

~ byroaching

:Eure loss of stability with a ship positic-
ned on the wave crest could be =2 simple
calculation even if the dynamic phenomena
are taken into account. Several practical
methods of such calculation are known and
results were presented by many authors.Apart
from the classical work by Paulling [34] e
may mention only more recent studiea by
Mamamoto and Nomoto [35] and Helas [36] ,the

last containing a,léo proposal for a criteras

ion taking this phenomenon into account, Bat

papers mentioned are few of the many consi -
dering this problem.

We owe to Grim [37] the first theory of pa-
rametric excitation of a ship moving on
16ngtudin_a.1 seaway which is due to changes
of the stability characteristic in time. The
rolling motion equation in thia case would
be:

JP+.DP + R (M} SGMsinct):0

which could te easily transformed into

Kathieu equation. There were several propo-

sals to utilize this equation for developing .

stability criterion, the one most advanced
being probably proposed by the Abicht [17738]
The method "is, however, complicated and gi-
ves approximate results because of the sim-
plifications adopted. Broaching in following
and quartering seas which often leads to
capsizing has been studied i_glﬁ_eg'g_llié by
Boese [39], Motora et al [40] and more re -
cently by Bielanski [41], who proposed a
criterion of cupsizing based on broaching
which, however.couid not he used in practice.
Summing up, the attempts to develop stabili-

tycritericn based on phenomena occuring

when a ship is moving on .ongitudinal sea-

way did not lead to results which can be
applied in practice, the more so they do not
allow to estimate the function ]\o required -
to caleulate probability of capsizing in

this gituation.

Model tests. .

Further possibility of estimating the fun--
ction A, and of developing stability crite-
ria are model tests of capsizing. Model. te-
sts of capsizing which require long runs on
realistical irregular sea were conducted in
open water. Work done in United States, Ger~
many, Poland and Japan may be mentioned, the
results of those ilnvestigations being publi-
shed in many articlesa. Omly a selection -of
them might be reffered to [42,43,44,45 1.
Basically, in this method an atiempt was ma-
de to calculate probability of capsizing for
a model in certain wind and sea condition
and in relation to ship parsmeters /cmo,
freeboard etc./. Theoretically this method
may provide reliable results but it requires
tremendous effort and is extreemely expensi.
ve. In authors opinion it might be effective-
1y used only to investigate physics of va -
ripus modes of capsizing. In this context va-
luable observations were made as pointed out
in [14] and also by Dudgiak in [46].
Bearing in mind difficulties in conducting
model tests of capsizing in open water, Blu-
me and Hattendorf [47] performed model tests
of capsizing in the towing tank in controlled
conditions and made an attempt to elaborate

on this basis a stability criterion for cer-
tain types of ships. This was proposed to IMC,
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but up to the present time IMO SLF Subcommi-
ttee could not reach any conclusive decision
in this respect.

Also recently published paper by Grochowal-
aki [48] must be mentioned deseribing tests
of capsizing of captive and free running mo-
del of a fishing vessel conducted with the
aim of investigating physics of capsising
in quartering waves. .

During 17th ITTC [49] proposal. was advanced
and discussed -to- adopt standard procedure of
model tests of capsizing in order to asgesas
safety against capsizing. This proposal,

however, was not puarsued further.

Statistical methods.
Bhability criteria could be developed using
statistical method which could be defined

ag discrimination analysis. This method is

based on stability data for ship capsized
and for those, which were operated safely.

To some degree this method was used by Benja~
ain [50]. and Rahola [51] and more recently,
by IMO. However, rigorous discrimination
analysis was used only in the second part
of the IMD analysis.zi

was.extended by Krappinger and Sharma to two,

his kind of analysis

three and more parameters systems [53].
Although statistics of casualties might be
the most appriopriate method for estimating
the fﬁ.netior; .7\.0, in praetice sufficient nu-
mber of statistical data could not be colle-
cted. Critical remarks with respect to the
present IMO criteria which are based on
semi-statistical analysis-were included in
Chapter 2 of this paper, and not much more
could be expected from further anaiyaes at
this kind as was shown in [54].

Balance of heeling and restoring moments.

The most attractive approach to the devela-
pment of capsizing criteria might be the me-
thod widely used in other fields of techno-
logy which is based on comparing demand and
capacity of the system. Both demand and ca-
pacity of a system are generally random gua-
ntities. In this concept failure of the ays-
 tem is estimated by tha probability that the
demand - D - o;‘ the ayste;n exceedsiitas capa-

21ty - € -. Bafe condition would be then:

P,=1-P[D>c]-=P[DLC]

Demand and capacity, being random quantities
are defined by deneity functicns.

Copparision of demand and capacity of a sys«
tem could be done also in determinisiic way.
In deterministic method mean oy characteris-
tic wvalues of demand and capacity are com-

prared and safe condition is determined as:

P, =c*»D*
¥here C* and D* are charscteristic values,
arbitrarily choosen.
It is virtuvally impossible to apply the
above described method to safety against ca-
psizing, because probability density functic-
ns for demand and capability are strongly
coupled. The comparision of the characteri -
stic values of demand and capacity /determi-
nistic method/ constituted a basis for majo-
rity stability criteria in several require-
ments and recommendations, national and in-
ternaticnal. The best example of this is the
so talled weather criterion which appears in
stability regulations adopted by USSR and in
some other countries and quite recently by
IMC. This appreach has some merit, but might
be also critisised as being oversimplified,
not taking into account the effect of waves
and with main parameters arbilralily choosen
[55]-
Other stability criteria, taking into acco-
unt crowding passengers on one side, heeling
caused by acticn of the helm, tow tripping
of the towing ‘hawser.may be dealt with more
adequately by deterministic method.

Other concepts and'proposala to improve

existing criterisa.

Some other concepts to develop new or impro-
ve the existing criteria were advanced.

in interesting proposal in this respect is a
concept of "test track" by Deakins et a,l[56]. 7
In analogy to the testing car prototypes on
the test track they propose to test ships on
the route designed to represent series cf
potentially dangerous situations from the
8tability point of view. & ship may be qua-
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lified safe if it succesfully passes the tes.
st track without reaching potentially dange-
rous angles of roll., This propesal did not
induce any significant response. )

An elaborated prgposal te develop stability
criteria was proposed by Kuo et al{5'i] . This
proposal is based on energy balance and ta-
kes into account physical phenomena of cap-
sizing under the influence of wind and waves.
No practical ftilization of tlie ideas propo-
sed is knowny It was already mentioned the
proposal of a stability criterion based on
model tests advanced by Blume et al [47].The
criterion was intended mainly for larze con-
tainer ships. Also Helas [36] proposed a
criterion additional to the existing IMO
criteris based on loss of stability on the
wave crest. Firally we may mention a crite-
rion which takes into account water trapped -
on deck which wss proposed by Rakhmanip to
the IMO Sub-Committee [58]. Also criterion
proposed by Bielanski [41] based on broa -
ching may be menticned. This would be almost
complete list, if we do not take into acco-
unt deterministic criteria due to crowding
of passengers, towing force, rudder force ete.
which appear in some naticnal regulations.
Neither of the above mentioned proposals fo-
und practical application, although to some
of them attracted serious consideration by
the IMO Sub-Committee.

“IMG work on improved critevia and system of
safely.
Bearing in mind critics of the established

stability criteria IM0 Sub-Committee concer-
ned quite long time ago decided to work on
"rational" or "improved" stability criteria.
With this purpose a working group was esta-
blished. The work on these criteria from the
very begimnming wes rather erratic. The work-
ing group had difficulties to define what
Yrational" in the context of criteria really
means and how such criteria could be develo-
ped. Therefore it was almost impossible to
work out a comprehensive work programme
aimed at development of such criteria. Ne-
vertheless several attempts were made and
finaglly a long~-term programme of work was
agreed in 1974 [59]. This programme included

basic theoretical studies as well as compa-
rative calculations and model tests.However
work according to this programme has never
been commenced. This may be understood beca-
use solution of problems included in the
programme required employment of the rescur-
ces of many research institutions over many
years. Until results of researches Wers
known IMO could hardly do anything in this
direction.

Under the pressure of some gevernments which
felt that improvement of the existing 10

¢riteria is necessary the IMO Sub-Committze

- concernad adopted more pragmatic approach

and a shori-term work programme. The result
of this short-term programme was development
ef the "weather” criterion, criteria for so-
me specific ship types and other small impro-
vements.

It was real‘ized at IMO that despite three
intemational conferences on stability and
extensive research programmes accomplished
in some countries the development of sta-
pility criteriz based on rigorous physical
models ie still not much closer than it wes
twenty years ago. It was also realized that
increasing safety against capsizing could hg
achieved, however, taking other measures. A
From this consideration the idea of develo-
ping a code of stability for all types of
ships bas srisen. This code is under deve-
lopment at present[60] . Existing Stability
criteria are first of all design criteria
related to stability parameters of the ship.
Satisfying those criteria does not mean that
the ship is safe from loss of stability

“accident. This is because casualty depends

not only on gtability characteristics, which
are very'importnant, but alsé on many other
factors, such as gperation, construction,
envireonment, information available on board
and on human being ability. Therefore consi-
dering safety it is necessary 4o consider the
whole gystem of safety. The idea that the
development of the Code should be based on’
system approach waa advanced by the author
61].

Analysis of stability casualties reveals

that shifting of cargo, water trapped on de- _

ck are important factors. Those factors might
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be attributed to operational errors. Impor-
tancé of operational factore on safety is
obvidue, although the necessity of inclu -
ding operational requirements in the system
of safety was pointed out recently by Dahle
and Nedrelid [62] and Kastner [63].

‘The fact, that design criteria alone could
not ensure safety was indirectly recognized
long time ago by including into safaty re-
gulations réquirements concerming stability
information, freeing rorts, hatches, covera
and sills and also concerning some operatio-
nal procedures. However systematic conside-
ration of four basic elements of the gsystenm
of safety, namely: external loads, ship,
crew and shore service is a new approach.
Without doubt safety against capsizing depe-
nds on all elements of the system and beca-
use of that the récently developed by INC
Code of Stability will include all these

elements.

CONCLUSIONS

1.1t is generallj recognized that present
stability criteria are inadequate and in
order to increase safety of ships criteria
defined as "rational™ should be developed.

2 ,The most appriopriate rational criteria
should be based on the calculation of the
probability of non-capaizing asnd risk ana-
lysis.

3.A11 available methoﬁs of calculation of

accidents frequency funciion required in the

probabilistic approach could not be appl-
. and provide )
ied at presentV¥adequate results in the fo-

- resaable future.

4 .48 safety against capsizing depends not
onlj on design criteria but also on other
factors equally important , system appro-
ach to safety seems to be the way to in-

creage safety.

95.As & practical solution which will incre-
ase safety against capsizing and at the
some time will facilitate work of designers

and operators, code of stability based on

system approach may be developed.

Actuelly, such code ig under preparation by
MO,
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TNSTRUMENT AT, CONTROL QF STABILITVY AND OPERATIONAT SAFETY
OF SEAGOING SHIPS

M. ATEXANDROV: Yu.ZHUROV: ‘A.Gai ¥

The influence of gusty wind and sea waves on seagoing ship is cne of the main
reasons of her accidents and failures. Oscillating motions caused by these
spells resuli In significant dJdisplacements, velocities and accelerations
negatively influencing net only the on-board equipment and systems, ship's
crew and passengers, but the safety of a ship as a whole ag well. There is an
obvious necessity 1o control the above-mentioned dynamic parameters at
different 'dangerous' points of a ship to prediet or (if it is possible) to
prevent hard oonsequences, including capsizing.

The set of the developed instrumental means is designated for the usage
of information gears,
fishprocessing egquipment, operaticnal stability sysiem, ete. The instrumental
means are devided inio three groups: indicators, analyssrs and advisers. Some
results of insiruments tests are given.

goncerning ship's moiions to control ship's

1. - INTRODUCTION There is at present a lack in
. the theory of caps}zal avoidanoce.
Dynamic stability ig the Consequently there 1s a lack of
Inhkerent stability of a ship at =ea
as she reacis to the dynamic
combination of forsces acting wupon
ghe. These include those
geherated by wind and wave moiions, o handle a ship in heavy wehther.
current, lcing conditions, the speed Por most ship types, deofding
of the vessel through the water and on the ocorrect ocapsizal
by shifting cargo, the free surface
caused by flooding or from fluids in
tanks (such as fuel or water).

Dynamic stability is influenced

instrumental means and mathematical
language ‘in which 1o s&Xpress and
intuition, which
‘eXperisnced pilets possess, of how

communicalte
forces

zontrol
action is not only the matter of
commen  sense  and good seamanshi§.
This complex problem place greater
demands on crew and ocorresponding

by vesgel design, its possibility to
absorb and damp external energy, and
the way oargo is loaded, ete. The
captaing operational or
manceuvering

vessal
desoigion are also
an important faotor.

* Rector, Nikolaev Shipbuildig Inst.
9 Gerecev Btalingrada, NSz,
**Nikolajev, 327025, U.S:S.R.
*x*Doctorant,_NSI
Head of Reec.lab,, N3I

instrumental means of siability and
operational safety con%rol, as the
wrong or aven late action may often
make the situation critical.
Instrumental means for the ship
safety
sontrol are designated not only to

gigbility and operational

provide a seafarer with current
'‘Safety level' information but to
proauée also some possible advices.
It might be so that the intuitive or

practical kmowledge of one-
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experienced pilot gould have sgaved
another.

Whether or not such instru-
mental means will be of great use
remains to be seen, because Lo make
useful
predictions it is still necessary to

- practically guantitative
reach more precize caleulus of all
mentioned parameters, which
infiuence the level of ship

operationél’safety
2. BACEGROUND

Capsizing with attending human
losses do oceur more frequently than
we should wish [4]. The safety of
life at sea problem is exiremely
actual for small oraft accidents.
exighs high
probabiliiy of instant capsizing of
small vessels and the letier causes

Thers permanehtly

the immense risk of humsn losses.
Limited sizes of small ships do not
ingtallation of effective

or passive Tescue

permit
active mearns.
Moreover, small oraft orew-members
as a rule have reliatively low
gualificaticn and 1ittle practice of
navigation in storming sea. But even
highly skilled shipmasters will have
rather different and subjsctive

Judgement as to the risk of cap-

sizing, to the dangercus intensity

of wave and wind loads, especially
in following waves condition.

There exist some insirumenizl
means for static stability control,
such as Stalodicater, ILeadicator,
Wesmar's SC 44 Stability osomputer,
ete. But it should be mentioned that
systems of ocurrent control of skip
storm safety do not exist so far in
maritime practice. The developmenis
21 Nikclajev Shipbuilding Institute
are the result of very extensive
efforts of research team headed by
doctors V.Nekrasov (theory) and
Yu.Zhukov (R&D).  The  instrumental

— B3

means of dynamic stability control

can be . easily incorporated dnto

integrated bridge control systems.
3. THEORETICATL BASIS

Theoretical research of ships
seafaring has been  intensively
carried out at fthe NSI sines mid
T0's. By now the foundaticn of ship
sailing safety concept and ships
reliabiliity in  high seas  are
practically completed.

The. main components of the
goneept are [5]:

- the theory of transformation of
random fields of wind pressure and
chaotically disturbed fluids = into
processes of nonlinear ships’
motions;

~ the theory of non-local and
ioeal stability of ships' motion
processes 1In gtormy conditions and
under the action of other locads,
cecuring in ship’s operaticn;

- ship's reliability theory from
the stability point of view. -

With fthe help of thege theore-
tieal asgsumptions the set of
funeticonal limitations have been
formulated for the properties of
wave and wind s%ability, ensuring
maximum values of ship's reliability
faciors under given operétion
oonditions. These functional' limi-
tations aan be controlled by
instrumental means.

Pirst of all, the

techniques of  the

existing
probabilistic
parameters estimation and stability
Stati-
stical mamenta of the 1-st and 2-nd

analysiswere Investigated.
order were obtained on the basis of
original equations of
ship's motions [5]. The equations of
the 2-nd order statistical momenta
are the bpalance equations of the
various kinds of ship's
energy. They allow to answer the

nonlinear

motion




probilem of assessment of extremely
possible energy balance with the
account of potential resources of
the ship , this balance being the
oriterion of non-local stability.

The relevant analytical tech-
nique  was developed  for the
following situatins to be ecaleou-
lated:

- broadside to the wind and
tsmooth! wéves;

— broadside to the wind and waves
with breaking crests;

—- onh astern seas.

Analytical expressions for the
criteria of non-local stzability were
obtained. A great number of compu-
tations and  their comparison with

the resulis of seaworthy'-nautioal'

trials were made [3}.

The relevant method of permis-
gible wind and wave oconditions
evaluation has %been approved by
National (Classgification Societies.
At present the activity is carried
out to develop internaticnal
standard within the framework of IS0
TC/188 'Small Craft'.

To solve the above mentioned
problems we have %o answer at least
the next gquestions:

(1) What wind and wave load
ship's
stability 1loss point of

intensity is dangerous from
dynamic
view?
{2) What information identifies
the Ievel of risgk of ship dynamic
stability loss?
(3) What
deoision-making

parts  of oeapiain

process aan be

automated?
Instrumental means for ship
dynamic c¢ontrol sysiems can be

discussed afterwards.
4, DANGEROUS WIND-SEA EXCITATIONS

There exist some ocoasions of
ship's dynamic stability loss. Let

us primarily pay dirrect attention
to the two of them (concerning beam
geas) 1o illustrate the possibility
of instrumental ship dynamic
stability conirol:

{1) In the absence of the wind
ioad the ship capsizes only under
beam wave (sea) action.

{2} The ghip ocapsizes under
wind and beam wave sea action.

Corresponding sriteria of
non-local stability for both

cocasions under oonsideration were

‘ogbtained on the basis of successive

application of the dynamic systems

theory and the theory of their

movement stability at random
disturbances [2].

The first oriterion (named *
volnostojkost Y " according to [2] )
is essentially the eriterion of wave
(sea) steadiness (Ss). The second
one {named " veirovolnostojkost Kun "
acnording 10 (2] ) is
sorrespodingly the criterion of wind
It is

gvident thai under S5s<1.0 the waves

and wave steadiness (Sw).

capsize the ship. And if Ss>1.0, but
Sw<1.0 then the ship is capsized by
the wind action.

The above mentioned ocriteria
enables us $o asssess quantitatively
the risgk of ship's capsizal in real
load and seas conditions, that is to
determine dangercus (from the ship's

dynamic stability loss point of
view) wind and wave parameisrs .
Let us consider some main

aorrelations between the steadiness

_eriteria and ship's internal load

and external sxcitations parameliers
{2,31.
In general 8s ecriterion can be
determined by equation:
S (D-dm)/(?x-Da I ).

S: v xa
Correspondingly
c‘ = * *
uwm(D lm Rd)/MF .
where Rd is comlex funetlional of Ss

criterion [2]:
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5 -]

-

[ ]Ee

As can be easily sesn the value
of each ocriterion depends on values
of ship load parameters ( D, dm, 1n,
ixa} and of parameiers Dav and Mr,
getermined by wvalues of external
excitations { ha%, Vw, T), which can
approach the dangerous 1imits from
ship's dynamic stability loss point
of view. The subject of %his paper
gives pricrity io the analysis of
gorrelation between indiecated
dangercus l1imits and ship's motionhs
parameters, which can be measured.
Let us illustrate such correlation
by one rather aimple szampis {3}{ses
Tig.1,23.

Ags weather condltion get worse
{ Has® Increases ) maximum relative
rolling angle 6m inereases, but
values of 8s and 2w oriteria
gorrespodingly decrease. In  load
aondition 1 the ship capsizes under
the wave (sea) action at ha%=1.8 m
and Gn=37". In load condition 2 the
ghip capsizes under wind and wave
aotion at he®=3.0 m and Bm=45".

So we can draw the following
preliminary conclusions:

1. The level of ships ourrent
safety can bhe agsessed with the
help of 8s and Sw calculation and
somparisen Hf aorresponding Om with
that measured.

2. The results of dynamic sta-
bility assessment radically depends
upon  the acceuracy and reliability
of ouleulations of mentioned
parameters for real ship's 1load
aonditions and of measuring of
corresponding Om (or other strictly
correlated parameters).

3. In general dynamic stability
assessment required more compli-
cated caloulations and measurings,
but it's beyond limits of this very
paper.

5.  HUMAN FACTORS AND SHIP'S STORM
SAFPEIY

In stormy weather oconditions
ship's orew and passengers, cnboard
aquipment and systems ezxperience
intensive motions influence, which
results in disdomfort, redustion of
capacity for work, loss of attention
by human besings, and also in
worsening of 2quipment and
glectronics operation econditions,
reduction of their efficiency, eic.

‘A1l named negative consequences of

intensive motions are followed with
errors 1in navigation and machine
operation, ftraumatism and accidents
and so on. And at last the arrorsin
captain decision-making process as
to assesement of dangerous weather
conditions and . of ship's dynamic
stability loss risk can result in
capsizing and human losses.

That 1is why shipmaster needs
some  special  ingtrumental means
offering objeetive information ocon-
cerning ship motions and reliable
predicticon of possible consequences.
Such means can help saptain to make
for sxample the following decisions:

- toc change the oourse or the
speed of the ship;

- to use the stabilizing tanks or
roll damping  device; R
- t0 take in or detach bailast;

- to break up fishing and to

-]

aave for harbour, port - or for
open sea { escaping shallow water

=2

reaking waves )3
~ to break some kinds of onboard
activities { to prevent possible
traumatic conseguences )i
- to start the rescue operations,
atc. ‘ '
According to the rurposes
menticned we can differ three itypes
of corresponding instrumental means:
(1) - simpliest ship's motions
indicators {( 3SMI 3 '
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(2} - _ mieroprocessor %ship's
motions analyser ( MSMA);
(3} - compuier aided shipmaster
adviser ( CASA ).
Evidently the

ingtmunental

named
mesns  have  rather

gifferent nomenclature, SeNnsors,

~hardware and software. Futhermore

different means must be installed on
the differsnt types of ships. It
depends upon the ship's size and
parameters, on navigatiocnal alds
composition, ballast or stabillising
tanks, 7r0ll damping devices, on
number and qualifioation of the
crew, =2tc.

5. INSTRUMENTAL MEANS NOMENCLATURE

Let us consider eome possible
named Iinsirumental
means for dynamic
stability control, - which werse
developed at Small Craft Depariment
of the Nikolajev Shipbuilding Insti-
tute. :

SSMI "PRITON-I" is used for
ourrent control of displacements,
velocities and accelerations to
working

structures of
current ship

ensure - the safe orew
‘conditions, normal
operation, preliminary danger of
capgizal alarm, eie. It consists of
four main blocks:

{1} - dplock of ocurrent initial
information sensors and  irans-
mitters;

(2) -~ block of gpecial parametfers
aurraent values input;

{3} - block of analogue infor-
mation processing and comparison;

(4) - bloek of indication.

Tnitial information consisis of
values of ship motions parameiers.
The 1ist of

containg either above mentioned ship

special paramelers
load parameters or gimply the number
-of poSSible,ship's load conditipn {
in case it is finife and preliminary

aquipment

determined). In the third block
initial information i1s ‘transformed
into the set of slowly changing
electronic can be
compared with corresponding limited
electronic signals determined in the
same block on the basis of special

parameters current values. The block

signals which

of indication may oontain different
number of
green
indication of relative mctions level
(bridge,
auxiliary machinery
room, fish proecsssing room, ete).

three—oolour socales
-yellow -red )} each for

at conoreie ship's roOm
engine room,
But 1t may oconsist of only cne
three—colour gpecial
selegtor of ship's room toc  be
conirelled. SSMI "TRITON-I" provide
the shipmaster with

seale  with

visualized
resulis’ of ship motions analysis.

Green signal corresponds to
completely safe operation
eonditions, while rad one
corresponds  to  dangercus ship's

motions level {for example Sw<1.0 or

8s<T1.0 ).

Yellow signal i=s used o warn
and atiract ocaptain's attention to
apprecaching danger.

MSMA "TRITON-M" solve more wide
list of problems and thers exists
the set of analyser's modifications.
It has sorrespondingly mere
complicated structure and the block
funciions. It is nesessery only to
mention here, that it iz based on
the specific microprpcessor with
fiexible software. The analyser can
function autconomously or in
man-machine mode, it realizes global
aurrent ©  safety ievel contrel,
contrcla the operation of active
roll damping

devices, equipment

stabilisers, ete. It has additional

charmel for initiail ‘information
input ( for example from the data
base on Floppy disc). Results are
displaid to the special soreen. Ths
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analyser also solves all problems
and ~tasks peculiar to  SSMI
"TRITON-I".

CASA MTRITON-A" is based on
personal computer usage and is a
muliy-purpose system, it enables to
sclve rather complex navigational
problems oonsidering the weather
forecast and posgsible ship's routes.

In some situaiions the system 1s

able to Trealize computer aided
control { Tfor example transfer
operations on the high  seas,

operation of onboard launching and
retrieval device, sic.). The system
contalns aditional sensors such as
draught, trim and heeling

transmitiers, etc. The system also

golves all tasks and problems
peculiar to SSMI "TRITON-I" and MSMA
"TPTRITON-M".

" The 1limitations of Classi-

fication Societies { ooncerning
conditions of equipment operation,
peceuliarities of electronics and so
on ) must be considered in the
course of

modifications of named Instrumental

development of all

means.

SSMI "PRITON-I" was tested in

real sea saliling conditions on three
small vessels of length from 4 to 30
m. Some regulis of the test are
illustrated and can be analysed in
present paper { see Fig. 1 ). Let us
consider .the indicated area B%* of
maximum relative 7rolling angles
measured Iin the short time period
-previouse to the ship's capsizal. It
ashn be easily seen that
gorresponding caloulated angle
8m=37° and it is located within the
indicated area G%=36+42°. Evidently
the acouracy of the developed
indicator is compleiely sufficient

for practical purposes.

T CONCLUSTONS

_ (1) Praotical possibility to
realize the objective current. ship's

dynamic stability control is
strictly sconneacted with the
“development of special theory of
quantitative assessment and

prognosis of ships motions and
dangercus wind and wave excitations
from the ship's ocapsizal point of
view . '

(2} Actual is also the
development and parfection of
corresponding set of instrumental
means .

(3) It is obviously ratiocnal to
develop +the mentioned wunits and
systems on the unified theoretiedl,
technieal and element base.

(4) Ship's motions indicator
*PRITON-I" proved to be

for practical purposes and ocan be

suffioient

recomended for use on small vessels
ag the firs} step towards the
" instrumental
means for ship's dynamic stability

control.
{(5) Purther progress in the

field under consideratiocn is

introeduction of

conditioned by perfecition of needed
SeNsSors and corresponding
sofiware.

3. LIST OF NOTATIONS

D Ship's displacement
dm Arm cof maximum of dynamic
gtability curve
Dav "Dispersion of rolling angle
velooities
Ixa Tnertia moment of ship mass

and added water mass about
the leongitudinal axis of the

ship
Ss Wave {sea) steadiness ordite-
rion
Sw Wind and wave steadiness
criterion
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im Arm of maximum of righting
arm éurve

Mr Average wind heeling moment

ha% Wave height of 3% eXcess
probqbility

Vw Average wind velooity

Tm Wave mean period

SQR(-) Square root function of
variable ()

e Maximum relative rolling

angle
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AN INVESTIGATION INTO THE COMBINED EFFECTS OF TRANSVERSE
AND DIRECTIONAL STABILITIES ON VESSEL SAFETY

D VASSALOS AND K SPYROU

The paper reviews briefly previous attempts to account for the influences of directional

stabllity on transverse stability before putting forward a procedure whereby the two can be

treated in'pérallel and thelr combined effects on safety lnvestigated. Application of the

proposed procedure to a wide beam riverboat is considered and the results are presented and

discussed. The investigation undertaken clearly indicates that under certain circumstances

directional iInstability can lead to large heeling angles and possible loss of control,

causing a serious threat to vessel safety.

INTRODUCTION

In ship stability studies 1t is common to
investigate the occurrence of loss of
stability, which may eventually lead to
capsizing, as. a single cause-effect
relationsﬁip. In many cases, however,
such an approach is not supported by
practical experlence, since capsizing can
frequently be the final result of combined
actions, appearing in a chain of ‘events
which gradually reduce the safety margin
of the vessel, The HERALD OF FREE
ENTERPRISE disaster can be cited as a
typical situation where factors such as
high speed in shallow water, trim by the
bow, loss of control, human error and
inadequate subdivision, played a critical

rele in leadiang to the capsize.

To be able to define scenarios and
then satisfactorily model all the pheno—
mena contributing to loss of transverse
stability, together with their inter—
actions, would be the ideal case, but this

represents an admittedly immense task at

Dr D Vassalos, Senior Lecturer
Mr ¥ Spyrou, Ph.D Student

Strathelyde Marine Technology Centre
University of Strathclyde, GLASGOW G4 OLZ

present. For certain situations, however,
like the combined effect of transverse and
directional stability, a qualitative
understanding of the mechanism generating
a high risk situation can be obtained with

the current state of knowledge.

This paper, focusing on the last
point, represents an initial étage of
wider scale research on ship stability,
ship controllability and their inter-
relationship under variocus environmental
conditions.’ On the basis of such a
perspective, single GM-based stability
erlteria could be subject to re—
evaluation. TIf, for example; "adequate"
GM implied also a largely directionaliy
unstable vessel, then the risk of leosing
control and hence being subjected to
unfavourable external excitations possibly
leading to significant reductions in GM
would be higher. At this level of
complexity, to attempt to quantify the
overall threat would, of course, be very
difficult, but thinking in terms of risk,
it could wvery well be possible that what

in the first instance looks safer, could

in real life be exactly the opposite.

The investigation presented herein is

- 519 -~




based on a detailed surge-sway-yaw-roll
nonﬂlinear mathematical model where, by
making - use of appropriate " numeriecal
techniques, time simzlation, steady states
continuation and analysis of gtability
properties of each steady state are
performed. With these tools the effects
of trim by bow, GM and forward speed on
both the directional and transvérse
stability are examined and thereafter the
occurrence of dangerous situations as
represented by large heeling angles, is

identified.

In particular, the study puts
emphasis on the non-linear character of
the behaviour of the system and its

possible consequences for safety.
BACKGROUND
Problems of coupling Dbetween planar
motions and rolling in ships operating at
high speed are well known and have in many
cases been the subject of investigation,
either from a stability or from a
manoeuvrability point of view, e.g. [1],
(21, 131, [al.

mathematical models have been developed,

For this reason, various

usually in three (sway, yaw, roll) or in
four (surge, sway, yaw, roll) degrees of
freedom. A number of these are linear,
e.g. [5], [6], and others non-linear, [2],
[7]. The narrower topic of the relation-
ship  between transverse and directional
stability, Thowever, has not received
sufficient attention, with the exception
perhaps of the literature dedicated to the

broaching-to phenomenon, e.g. (8], [9].

In a recent investigation, [6],
regions of ipnstability were identified for
the coupled sway-yaw-roll motions of a
ship trimmed by the bow {(in which condi-
tion directional stability 1s generally
poor). In this paper, it was suggested
that bow-triminduced - instability can
cause large "divergent" or hoscillatory“
_motions, possibly leading to capsize, even

though the metacentric height is positive.

1t was, however, not possible to géin
further insight as the approach was
limited by its very nature, trying to
explain purely non—linear phenomena wlth
linear theory tools. The local analysis
performed allowed only for the identifi-
cation of the existence of unstable
equilibria. It could not, for example,
predict the convergence of the system to a
neighbouring stablé state characterised by
a steady rate of turn and héeling angle
when ah initial perturbation was applied

to it at an unstable equilibrium position
(see Fig. 1).

Emphasis on identifying these nearby
stable states in the phase space and their
basiné of attraction would be far more
important from a safety point of view
rather than testing for instability at the
upright zero rate of turn position, which
is a rather common phenomenon for

operating ships.

MATHEMATICAL MODEL

For the purpose of this investigation, a
non-linear modular mathematical model was
used, with four degrees. of freedom, as

given below (see also Fig 2):

surge: m(l.l—rv-xGr2+szr) = Xp+ Xp+ Xp

sway :m(;r+ru+xgi’—ZG[.)) = Y4 YR (n
vaw : Izr +me(;f+ru) = Ny Np
roll : hﬁ-ng(;+ru)r = Ky+ Kp

where for the hﬁll forces and moments:
Xy = X{ll.l -Yyvr - YirZ + X vr +Res(u)

Yy = Yv+Yir+YyvU +Y,rU +
+ Yuv|vf+Yyvir] + Yprir| +
+ Yo 2 U + Yygvie| + Yipr|e]

Ny = Nit +Nyv +N;1U + NyvU +
+ Npr|r| #+Npy(r2v/U) +
+ Ny (v3r/U) + NgopU? +
+ Ny @ |U + NpprijelU
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Ki =Kpp +C(p) + R(9) - zy Yy

The manceuvring coefficients were
calculated according to {10} and [11].
The terms accounting for the effect of
heeling on the sway and yaw linear
coefficients ( Ny, , Ny, etc) were taken
from {7].' 'The yaw damping C@%) was
calculated as suggested in [12] while the
restoring moment was derived from the hull
sections at various heeling angles with a
seventh order polynomial being fitted to

the results.

In addition, the propeiler generated

thrust was modelled by :

Xp

(1-t)pd? DKy
: with

Ky = Cg +Cy Iy +Cp I
For the tudder forces and moments,

expresslons from [ 7] were used, e.g.
Np = -(1+ag)sgFycos®

The rudder to hull interaction term ap was

taken from [13].

For the effect of trim on hydro-

dynamic coefficients, expressions are
available from [10] or [14). Trim
correction factors from [10] are more
moderate and they were preferred for this

study.

STABILITY ANALYSIS

After a number of transformations,
equations (1) can be brought in the vector
form: .
z2=F(z,a) (2)
where, z 1s the state variables vector,
zZ= (u,v,r,p,cp)T and 8 is a control
parameter, varying independently, which
can be any of the rudder angle, triw, and

propeller rate.

At points of static equilibrium z

must be zero and (2) gives:

F(z(a},a}=0 (3)
z(a) , a

Bifurcation

To derive the dependence
technique borrowed from
analysis 1s used, based on {15], which
automatically traces the steady states
curve, passing without any difficulty over
limit points. The technique is based on a
differentiation of equations (3) with
respect to a parameter 1 accounting for
the length of the solution curve, followed
by a transformation into an initial values
integration problem. For stability
analysis, local linearisation around each
solution point Zy is performed by
substituting Z =23+ b into (2), whereb
is the wvector of deviations from the
solution z,, yielding, finally:

b=C b
where, C is the jacobian matrix of F. To
test for stability, the signs of the real
pérts of the eigenvalues of C are exam
ined, the existence of positive real parts
signifyingg instability, ’either nodal or

oscillatory.
APPLICATION

To apply the above procedures, a river~
boat was selected, the main particulars of
which are given Iin Table 1. The following

effects were investigated:

a) Effects of Trim by the Bow

Three conditions were considered:

— even keel
- 0.4m trim by the bow (0.6 degrees)
- 1.0m trim by the bow (1.53 degrees)

In each case the variation of the
steady states of the system for different
rudder angles was recorded, followed by
the identification of regions of instab—
ility (e.g. Figs. 3). As shown in Fig. 4,

the dimensions of the inmstability region
are increasing significantly with trim,

implying also larger heeling angles at the
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nearby stable states (in the region of
zeto tudder angle). Therefore, as the
vessel becomes more directionally unstable
with bow trim, its stable states keep
aloof from the unstable upright position,
causing possibly considerable heeling. An
important observation was that the maximum
steady heeling occurs in general at small
rudder angles. The wmaximum transient
heeling alsorincreases with trim (Fig. 4).
This arises, however, when the rudder is
(around 30

considerably deflected

degrees). It must be ewphasised that the
situation would be further aggravated if
the reduction of restoring due to bow trim

were taken into consideration.
b) Effects of Metacentric Height, GM

In deriving Fig. 4 the value of the meta—
centric height, GM, was kept consistently
high .at 2.0m. However, since GM is
critical in judging stability, its effect
was further examined in thHe following two

cases:

In the first case, GM was related to
the vertical loading.distribution {KG) and
as such it was treated as a parameter
independent of the hull form. Figs. 5 to
7 show that the instability loop size, and
the heeling angle reduce with increasing
GM. The effect on the turning performance
of the vessel, however, was characterised
by a trend towards a larger tactical

diameter (Fig. 8).

In the second case, GM was linked to
the hull form. Subsequently, a change of
its value would imply also a modification
to both the manveuvring and stability
coefficients. Under these e¢ircumstances,
directional dinstability was eventually
eliminated by reducing GM. Heeling angles
during turn, on the other hand, were

considerably increased (Fig. 9).
¢) Effects of Speed

The last factor whose effect was investi—

gated was the initial forward speed.
Figs. 10 and 11 indicate that, by
increasing speed, the instability loop
width is reducing slightly, while loop
height and maximum inclinations tend to
increase. Tt is interesting to note that
in this case linear theory would predict
an increase of instability with speed.
If, however, loop width is taken as a
measure of instability the reverse is

actually true.

CONCLUDING REMARKS

A significant finding based on the work
presented in the foregoing is that bow
trim can generate almost complete loss of
control, in the sense that the ingtability
region grows to the extent of occupying
most of the control space of the system
{(for example, directional instability of +
17 degrees was noticed at 1.00m bow trim).
If such a situation arises, the pilot is
likely to attempt to regain control by
setting the rudder to a large angle. If
this occurred at high speed, low GM and
unfavourable external conditions, large
heeling could arise with unpredictable

implications.

It is further interesting to note that bow
trim would allow for the occurrence of
relatively large steady heeling angles at
around zero rudder setting. Therefore,
even in the absence of any effective
control action large inclinations could be

experienced as the system would be seeking

a rather distant stable equilibrium.

»
.

Although the analysis was confined at this
stage to the calm sea case, the above
ideas bear heavily on a waves environment.
Induced trim by the bow is ther possible,
either periodic (large pitch motiomr) or
steady {(the ship travelling with the bow
"in the wave”, in low frequency following
seas).

in such a condition the slightest

disturbance would cause the ship to wveer
of F course and be brought to the dangerous

beaun waves position, while the pilot would
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be unable to apply any correcting action.

Should this happen,

capsizing could be a

likely consequence depending on the vessel

conditions.

XG’

Res

xs
cle)
R{p)

Zy

R
ay

Fy

1. Taggart,

YG,» 20

Y. Ny, Ky

YR, Ng, Kg :

(u)

: propeller

R.,

NOMENCLATURE

: ship mass

surge, sway, velocities

resp.

: yaw, roll, angular

velocities resp.
Co—ordinates of centre of
gravity

surge, sway, yaw roll
hull forces and moments,
resp.

longitudinal propeller
force

surge, sway, yaw, roll
rudder forces and
moments, resp.

resistance
moments of inertia with
respect to x and z axis
resp.

hull damping moment

: restoring moment

: ship speed

Z co—ordinate of the

point of action of the

lateral force, ¥y

: propeller advance

thrust coefficient

: thrust deduction

! water density

Tate of

rotation

: propeller diameter

: rudder position

hull-to-rudder
interaction factor
rudder normal force
rudder angle

heeling angle
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TABLE 1 : Vessel's Main Dimension
Type River—Boat
Length L {m) = 37.45
Beam B {(m) = 7.93
Draught T (m) = 1.52
