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Numerical
modelling
of damaged
ro-ro ship’s
motions
in waves

In the paper presented is an algorithm for
numerical modelling the damaged ship's behaviour
in waves.On this basis the computer software
called KOtYSANIA which makes it possible to
simulate ship's motions in irregular waves, was
developed. The program can serve as a fully
functional, user's friendly instrument for carrying
out design projects and elaborating improved
safety standards for ships in service.

SUMMARY

1. INTRODUCTION

In the 1950s the ferry traffic making it possible to ship simulta-
neously passengers and vehicles on short sea routes, became very
important. Initially, as regards the requirements for safety at sea, the
ferries have been considered identically as the passenger ships. The
intensive traffic of the ro-ro passenger ferries has resulted in a large
number of sea accidents leading to numerous casualties. It made it
necessary to investigate causes of the accidents more comprehensi-
vely [3].

Till the beginning of the 1990s the only practical method of
predicting the ferry’s behaviour in rough weather conditions was to
test it in a model basin. However it turned out that such tests, when
applied to a ship damaged due to collision, have been physically ill-
-conditioned, i.c. very sensitive to all kind inaccuracies. For instance,
in model basin it is very hard to obtain a wave of assumed parame-
ters. Hence the wave spectrum generated for model testing may sig-
nificantly differ from that assumed. The model drifts during such tests.
In order to ensure a sufficiently long duration time for the tests, the
model must be kept with elastic strings. It makes ship’s rolling dis-
torted and, in conscquence of the mutual coupling of particular ship
motions, all the motions changed. Next, it affects mass of water en-
tering the car deck, as the water shipping results from the motions.

As aresult of the above mentioned factors a strong need arises
to develop alternative methods for predicting the damaged ship’s
seakeeping qualities. For this purpose, it should appear helpful to
claborate suitable mathematical models, and - on their basis — com-
puter programs which could aid in simulating damaged ship’s mo-
tions in waves.

Till the end of the 1980s the developments in the area of the
claboration of mathematical models for predicting the damaged ship’s
seakeeping qualities, were not large. The potential possibilitics resid-
ing in the computer numerical simulations free of the ill conditions
associated with the testing of physical models, were appreciated as
late as in the middle of the 1990s.

In the worldwide literature on the subject in question one can
find some publications showing the great interest paid to developing
the numerical hydrodynamics in such a way as to make it possible to
analyze the damaged ship’s motions in waves. In this area especially
important are the results obtained by Vassalos [12]. Also, at the Uni-
versity of Athens some investigations aimed at the developing of the
numerical algorithms are carried out by Papanikolaou and his team.
A nonlinear mathematical model based on the constant displacement
method, and a relevant computer program, next verified by means of
model tests in a basin, has been elaborated. In the presented com-
parative analysis it was stated that the numerical simulation results
satisfactorily complied with the model tesing results [8].

In Poland the first attempts to elaborate a thcoretical model have
been undertaken by Ship Design & Research Centre in Gdansk. In
1997 an algorithm for computer calculations of the wave-and-wind-
-induced beam motions of a damaged passenger ro-ro ferry, was de-
veloped. In 1999 on this basis elaborated was the TISFLOD compu-
ter software which made it possible to realize simulations of ship’s
behaviour in irregular waves [6]. Also, series of experiments were
performed in a model basin, whose results were used to verify the
calculation results obtained from the TISFLOD. Their results have
been proved to be promising.

2. DESCRIPTION OF SHIP MOTION

All motion equations were consistently described in the mov-
able ship-fixed reference system because another approach involved
unnecessary mathematical limitations [4].
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2.1 General form
of ship translational motion equations

The initial equations of the ship translational motions in the
movable reference system, resulting from 2™ Newtonian principle of
dynamics, can be described as follows [10] :

m(V+QxV)=F

. 2.1)
R+QxR=V
where :
F - external force exerted on a ship
m — mass of a ship
V - oscillation velocity of the ship’s centre of gravity, G, around
its average position
R - vector of translations of the ship’s centre of gravity, G,
around its average position
Q) — angular velocity vector.

The expression within brackets is the acceleration of the ship’s
centre of gravity, a;. The components Q x ¥ and € x R express that
the derivatives of the vectors of the velocity ¥ and of the linear trans-
lations R arc determined in the movable reference system associated
with the ship.

The two above given vectorial equations
are equivalent to the following six scalar equations :

m(\7X +QyV, —szy y=F,
m(Vy+QZVX —QXV,)=Fy (2.2)

m(V,+Q,V, -Q V,)=F,

R, =V,-QR,+Q,R,
R,=¥,-Q,R, +QR,
R,=V,~ @R, +Q R,

(2.3)

where :

F,,F,,F, — components of rcsultant external force acting
on a ship
components of the vector, R, of translation
of the ship’s gravity centre.

Ry, Ry, R,-

2.2 General form
of ship rotational motion equations

The initial equations of the ship rotational motion in the mov-
able reference system, resulting from the 2" Newtonian principle of
dynamics, can be described as follows [9] :
ﬂ—+-Q><K+VPXP=M (2.4)

dt
where :

P - ship’s momentum

K — ship’s angular momentum

V,— pole velocity

M — moment of external force acting on a ship.

On the assumption that the pole is placed in the ship’s centre of

gravity, the centrifugal moments are equal to zero, as well as that
I,=I.=1;, the equation (2.4) can be expressed in the following form:

I, Qx =M,
ILQ,+(1,-1.)Q,Q, =M,
lL QZ +(l|, - lx)gszy = M/,

(2.5)
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where :
M, My, M, — components of external force moment acting on
a ship, determined in respect to ship’s centre
of gravity
I, I — ship’s moments of inertia

Q,,Q,,Q, — components of angular velocity vector.

In order to make the equations (2.5) complete they must be sup-
plemented, like the dynamic translational motion equations, by the
kinematic relationships between the angular velocity vector € and
the derivatives of the Euler angles (¢, 0, ). The relationships are
given by the expressions [9] :

¢=Q, +0sing Q, +6cosp Q,

0 = cos@ Q,-sinp Q, (2.6)

VY =sin@ Q +cosp Q,

3. FORCES APPEARING
IN SHIP MOTION EQUATIONS

The basic difficulty in solving the ship motion equations is the
determination of external forces and moments acting on a ship in
heavy seas. An exact determination of the forces, e.g. by using the
mecthod of integral equations or the method of finite elements [1] is
too time-consuming for a computer program realizing real-time cal-
culations when it is necessary to determine them in cach time-step.
Therefore one should base on such hypotheses and models which are
able to provide us with the results sufficiently exact to be applicable
in practice, but demanding a smaller outlay of calculations, hence
making their realization faster. It was assumed that a satisfactory simu-
lation of ship motions can be obtained in the frame of the hypothesis
of two dimensional flow around ship’s hull. Aditionally, it was as-
sumed that the hydrodynamical forces acting on ship’s hull can be
split into three independent parts, namely :

¢ Froude - Krilov’s forces
radiation forces
* diffraction forces.

In the motion equations, apart from the specified forces,
also the gravity force was taken into account.

3.1 Components
of generalized external forces

The components of the external forces and their moments in the
ship-fixed reference system are defined in each instant ¢ by means of
the following expressions [2] :

_ (LD, (15) ¢
F,=-m, " ag, —-m,;”" Q, +

oo

- _[r,‘l )V, (t-1)dt— J'rl.s(t) Q (t-1)dt+
0 0
’ + Fgy + Ry + Foy

(3.1)
Fy = —mf'z’aGy —mfj’“ Q. —mf'(’) QZ +
- J.rlz(r)\/y (t—1)dt- J.rm (1) Q, (t-t)dt+
0 0
— J.r'_)‘ﬁ(‘r) QL([ —T) dT+ FG_V 4 FH)/ + FD_V
0 62



F :_In(3.3)

zZ oo

(3.5) ¢
ag, —my" Q +

= JI‘&:;('C) Vl(t —T) dT— J'r3.5 (T) Qy(t —T) dT+
0 0
+F;, +Fy, + By,

(3.3)
M, :—mf}j‘z) agy —mf,;u) Qx —mi,f‘(” QZ +
- JM.:(T) Vy (t-1)dt- J.r“(r) Q,(t-1)dt+
0 0
- _[nl.()(r) Qz(t _T) dt+ MHx + MDx
0 (3.4)
M, = 2 g X —mS‘S’aGI —mS‘S)Qy+
- J‘r_ﬂ (D, (t-1) dt- J.r5_3(‘c) Q (t-1)dt+
0 0
0 3.5)
M, =-m{®? agy — m&YQ —m®OQ +
- Jr(,_z(t)V), (t=z)dz- Jr6.4 (1) Q, (t-1)dr+
0 0
- jr(».(w(f) Q,(t-1) dt+My, +Mp,
0 (3.6)

where, generally :

m'J — ship added masses for the infinite frequency

r,j — memory functions

Fgx — components of gravity force

Fyx — components of Froude-Krilov’s forces

Fpx — components of diffraction forces

My — components of moment of Froude-Krilov’s forces
Mpx — components of moment of diffraction forces.

4. EQUATIONS
OF UNDAMAGED SHIP MOTION

In the presented mathematical model water is considered as the
ideal liquid. The assumption makes that forces and moments asso-
ciated with viscosity of water are neglected. This way some really
occurring phenomena such as e.g. the influence of bilge keels-usually
applied to ro-ro ships - on ship’s rolling, or on lateral resistance of
a drifting ship, are neglected.

Therefore it is necessary to account for some additional forces
and their moments, which especially affects ship’s roliing and yaw-
ing motions.

4.1 Additional components
of motion equations

Resistance of ship’s side area

On the basis of computes simulations as well as observations
from model basin tests it can be stated that a ship subject to action of
diagonal or beam waves drifts with the velocity which becomes con-
stant after some time. Thereby a lateral resistance force appears. The
horizontal component of the force which should be additionally ac-
counted for in the equation of rolling is as follows :

4.1

Fay = —p|Vy|VyLpp (T, +T)/2

Similarly, in the equation of yawing the moment of the lateral
resistance force, associated with ship’s rotation in the horizontal plane,
should be accounted for :

3
Mp, =—p|Q,|Q,L,, (T, +T,)/24 (4.2)
where :
p  — density of water
Ly, - shiplength bctwccp perpendiculars
Ty — stern draught of ship (at A.P.)

T, — bow draught of ship (at F.P.)

Vy velocity component of oscillations
of ship’s gravity centre, along Oy axis
€, — component of angular velocity vector.

The quantities T, and T}, appearing in (4.1) and (4.2) are constant,
and determined for a damaged ship in the state of equilibrium.

Damping of rolling

The bilge keels belong to the simplest, and simultancously most
often used, devices to stabilize ship’s rolling. Hence possible pre-
sence of bilge keels should be optionally accounted for in the consi-
dered model. An appropriate computational solution was proposed
by lkeda [5] :

(M) =—(rg ) 1540 92]) Q4 (4.3)

where : 144, and ry 4, — Ikeda’s coefficients accounting
for nonlinear effects duc to bilge keels.

4.2 Equations
of translational motion

On the basis of (2.2) and (3.1) and after accounting for (4.1) the
following three equations of translation motion, in a form convenient
for numerical integration, are obtained :

(m-i-mg'”)Vx +mfxl,'5’f2y =- (m+mf,};l))(QyVZ —QZVy)+

oo

+ J'r,_l (t) V (t—1) dt- jrl_S(r) Q,(t-7)dt+
0 0
+Foyx + Fyyx +Fpy

(4.4)
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5 . e S s
(m+mf;‘2))\/y +mf,;'4) Q. +m£;‘6) Q, =

== (m+m(°3.2))(szx _vaz)+
TV, -0 dr- ry 0 @, D) drs
0 0

—J.rz_(,(r) Q,(t—1)dt+mgsing+ Fyy +Fpy + Fgy
0

; (4.5)
(m +m )\'/Z +m3VQ, =
=— (m + mfj“z’) (QXVy =L,V )+
~[ra@) V(=) de- [ry5(0) @ (- 1) de+
0 0
+mgcos@+Fy, +Fp,
(4.6)

4.3 Equations of rotational motion

After inserting the equations (3.4), (3.5) and (3.6) into the equa-
tion (2.5) and accounting for the moments of the additional forces
given by the formulac (4.2) and (4.3), and some transformations, the
following set of rotational motion equations suitable for numerical
integration, is obtained :

(4.2) \ (4.4)) . (4.6) & _
m,. Vy+(Ix+mw Q +m Q, =

=-mP(Q,V, -2V, ) [r,, 1)V, (t-7) dr+
0
- J.r4.4 (1) Q(t-1)dt +
0
—J.r“,(t) Q,(t=1) dT+ My, +Mp, +(Mg),
0

4.7)

m>D VX +mS? VZ +(IL + mfj))Qy =
=(IL _Ix)QzQx +
—m(of'l) (Qsz -Q,V, )—mf"” (vay -Q,V, ) +

oo

_Trs.l(T) Vi(t-1) dT—Jr5_3(t) Vv, (t-1)dt+

—J.rs'j(‘t)Qy(t—T)d‘C-kMHy +Mp,

(4.8)
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.y ; :
P ¥, o+ m& Q, +(IL + mff‘(’))QZ =

== (IL -1 ) Qny _mg)l) (szx -Q,V, )+

‘Trﬁ,z (1) V, (t-1)dt— J.r(,_4(t) Q, (t—-1)dt+

_Jrﬁ.ﬁ(T) Q,(t=1) dt+ My, +Mp, + Mg,
0

4.9)

4.4 Final form of motion equations
of undamaged ship

The equations (2.3), (2.6), (4.4) +~ (4.9) form the set of twelve
ordinary 1™ - order differential equations in respect to the linear dis-
placements R, angular displacements o, linear velocities ¥ and angu-
lar velocities €2, which unambiguously describe the undamaged ship’s
spatial motion. They form the so called set of the state. By integrating
the equations the simulation of ship motions in waves can be obtai-
ned. An important problem in solving them is the determination of
the hydrodynamic forces and moments appearing in the right sides of
the equations (4.4) + (4.9).

5. FORCES GENERATED
BY OUTBOARD WATER
INSIDE DAMAGED SHIP

5.1 Vectorial
tensor-by-vector multiplication

In order to simplify the derivation of the expressions appearing
in the damaged ship’s motion equations as well as to give them a sim-
pler form, the symbolic vectorial tensor-by-vector multiplication has
been introduced, in result of which a new tensor is obtained, shortly
described as follows :

D=[C®w] (5.1)
where :
D, C -3 x 3 tensors
W — vector.
The tensor [C ® w] is defined as follows :
11 “n Ci3 Wy
D=lcy ¢ ©3|®| Wy |=
€31 €32 €33 Wy
CoWy =C3 Wy CppW, =C3;pWy  Cp3W, —C33W,
S1CaWx W, CpWy —CpW,  C33Wy —C3W,
CliWy =Co Wy CpWy =CppWy  C3Wy —Co3Wy
(5.2)

It can be observed that the elements of the matrix D are the
determinants of the sucessive 2 x 2 matrices formed of the incom-
plete column of the tensor C and the incomplete vector w. Knowing
the symbolic multiplication rule one can easily form the D-matrix
clements.



5.2 Forces and moments of inertia
of water contained in damaged ship

In order to determine the forces and moments of inertia due to
the outboard water contained in a damaged ship’s hull, which give
dynamic effects, the following considerations should be taken into
account.

The position of the mass element of the water contained inside
damaged ship’s hull, dm,,, is determined by the radius-vector » given
in the hull’s reference system whose centre is located in the unda-
maged ship’s centre of gravity, G. The velocity of the mass element
dm is equal to that of the ship’s centre of gravity, enlarged by the
change rate of the radius-vector r. Therefore :

where :
V,, — water particle’s velocity
Vi - velocity of ship’s gravity centre
Q — ship’s angular velocity
r  — radius-vector of dm,, mass clement of the water

contained in damaged compartment, in respect
to the ship’s gravity centre G.

The mass element’s acceleration in the ship-fixed reference sys-
tem is described by the well known expression obtained by differen-
tiating the formula (5.3) :

a=ag + QXr+Qx(Qxr)+2Qxi+f  (5.4)

where :

ag — acceleration of the ship’s gravity centre G.

The second component of the above given formula is the tan-
gential acceleration, the third - the centripetal acceleration, and the
fourth — the Coriolis acceleration. Because the ship’s angular veloci-
tics are small the nonlinear term associated with the centripetal acce-
leration is a small second-order quantity and thereby it can be ne-
glected. Such reasoning cannot be applied to the tangential accelera-
tion as — in general — change rates of small quantities need not to be
small too. And, the last component expresses that the water is not
a solid body, it moves inside a damaged hull generating some relative
accclerations, i.e. the dynamic effects which cannot be neglected.

In order to facilitate calculations, the two last components, i.c.
the Coriolis acceleration and the relative acceleration should be esti-
mated analytically on the basis of the motion of the water in flooded
compartments. The water in flooded compartments is considered in
a quasi-static way. Its free surface is assumed flat and normal to the
instantaneous acceleration of the gravity centre of the water, (g — a),
present both below and above the ro-ro ship’s car deck.

It is difficult to be determine the relative velocity and accelera-
tion of every water particle. However the quantities can be easily
determined for the volumetric centre of the water in flooded com-
partment. In one time-step the acceleration of the gravity volumetric
centre is defined by the following equation :

dry =BMda,b-BLda,e=

= BMda,, xn - BLda,, B3

where :
BM - metacentric radius of the outboard water contained
in damaged compartment

BL - deviation radius of the water in damaged compartment

e — versor of water surface rotation axis in thec compartment

n — versor normal to the water surface inside the hull, pointed
along the vector (g — a)

b — (e x n) vector tangent to the projection of the trajectory

of the water gravity centre, on the plane normal to the
instantancous rotation axis e
da,, — relative free-surface rotation angle.

The formula (5.5) deals with the equivolumetric rotations, and
it is derived on the basis of the relationships known from the theory
of ships [1]. By differentiating the formula (5.5) in respect to time the
velocity and acceleration vectors of the gravity centre of the water in
damaged compartment, relative to ship, can be expressed, respec-
tively, as follows :

i, = BMd,, xn—BLi,, (=

If the vector €2 is horizontal the water surface rotation velocity
in respect to ship, a,,, will be equal to (-Q2). In general, the ship
angular velocity €2 may be of an arbitrary direction, not being the
same as that of the axis of the water surface rotation inside ship, hav-
ing e versor. The vector @, , is equal to the projection of the vector
(-€2) onto the rotation axis e. Hence :

a, =—(Q-e)e=—-EQ

; . (5.7)
a,, =—(Q-e)e=—EQ

where :

E= (e ®e) = e; = eje; is the symmetrical dyad formed by the
e - versors of the water surface rotation axis. Having accounted
for (5.7) in the formula (5.6) one can eventually obtain :

iy =—BM (EQ)xn + BL(EQ)

.. ! . (5.8)
i,y =—BM (EQ)xn + BL(EQ)

Now it can be observed that in the formula (5.4) the Coriolis
acceleration may be ommitted as being a small 2™ order quantity,
thereby the number of components is reduced to three, hence :

a=ag + QXr+t (5.9)

On the basis of the above presented considerations it can be

stated that the below given formula represents the magnitude of the

apparent external force resulting from dynamic action of water con-
tained inside a damaged ship’s hull :

Fw =-[adm, =—[lag+Qxr+i] dm,, =

=—a0jdmw —ijrdmW —'r'J.de =

(5.10)
=-m,, [ag + QX1 +1y]
where :
m, — instantaneous mass of water in a flooded compartment
ro - radius-vector of the volumetric centre of water in
a flooded compartment, in respect to the ship centre

of gravity.

Analogically to the formula (5.10) the moment of effects
of outboard water mass in a flooded compartment, can be determined :

My :—eradmw =—jr><[aG+er+'r'] dm,,

=—jrdmW xaG—jrx(er)dmw —ermw XT,
:_MG XaG —JGQ—MG X'I:O
(5.11)

where :

J — tensor of mass inertia of water in a flooded compartment.
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5.3 Rotation axis versor

The versor of the rotation axis, e , is determined by the projec-
tion of the ship’s angular velocity vector €2 onto the horizontal plane
(i.e. water surface). The projection is expressed as follows :

Q. =nx(Qxn)=
=Q-n(n-Q)=[1-N] =8Q
(5.12)
where :

[ — unit tensor
N = (n ® n) = n; = n;n; — the symmetrical dyad formed
by the versors normal to water surface.

5.4 Scalar components
of the forces and moments due
to the outboard water inside the ship

In order to obtain the scalar components of the forces and mo-
ments due to the outboard water inside the ship it is necessary to
sucessively describe the components contained in the formulae (5.10)
and (5.11) with the use of the introduced operation of the vectorial
tensor-by-vector multiplication. After many transformations the fol-
lowing is obtained :

F.x =—m,a, +
+p(Ippdy —Ipe NQ, +
PUTrdy = loL®1 )54, ’ (5.13)
—[Mg, =pprdpp = Iy en)]Qy +

+[Mgy +p (Ippd;3 — Iy ep3)]1€2,
y

oy =04, &

+[Mg, +pprday — Iy ea D] Q, +

. 5.14
+p (Ippdy — Iy er) Q2 + el

~[Mgy, —p(Ippdyy =gy e23)1Q2,

F,

wz

—[Mg, —p (Ippds, — I e3))]L2, +

=-mya,+
+[Mgy +P(Iﬁd32—ITLe32)|Qy+ (5.15)

+p (Ippdss =l e33)Q,

MWX = _MGyaZ + MGlu_\’ ‘+‘
—[Tx +PUprayy =T s 192, +
+[Dyy =P (Iprdya = Iy 12182 +

+[Dy, —p (Ippqp3 =y s13)1€,

(5.16)

MWy =-Mg,a, + Mg a, +
+[Dy =P (I —Ip 5212 +
~[yy +pUrrqan = Iy 52212 + G17
+[Dy,, =P (13 — I11.523)1€2,
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MW[ :—MGxay +MGya‘ +
+[Dyy —p (Ippqsy — Iy s3)1Q, +
+[Dyy =P (r7d3: — 532192 +

~[1y, +p(p7q33 = I 533)1Q,

(5.18)

where :
djj, sij, qj — elements of tensors obtained from
tensor-by-vector multiplication
It — inertia moment of area of water surface in
a damaged compartment, in respect to the ship’s
rotation axis e
It — deviation moment.

In the casc when the free water surface is composed of two
parts : that in the damaged compartment on the car deck and that
below the car deck, the moments are equal to the sum of the moments
derived for cach of the compartments scparately.

And :
Ve g, Loz — inertia moments of mass of water inside
’ a ship’s hull
Dyx,Dyy, Dy, — deviation moments of mass of water inside
a ship’s hull.

5.5 Additional components
of the damaged ship’s motion equations

The above presented mathematical model does not take into
account some really occurring phenomena such as an additional re-
sistance due to immerging and emerging the car deck within a dama-
ged part of ship’s hull, or a jet force associated with water flowing to
and out the damaged ship’s interior. An important element which has
to be taken into account in the damaged ship’s motion equations, is
an appropriate representation of the damping induced by the water
inside the damaged hull.

Water jet force

During ship’s motion in waves we deal with a changeable mass
of water contained in flooded compartments. In this connection an
additional force appears which may be considered as a water jet force
being a water reaction in a hole, associated with water flow through
the hole. The reaction is given by the following formula :

R, =—pA[V, |V, (5.19)

where :
- A —arca of a part of the hole through which water flow occurs
V., —water velocity in the hole.

The reaction should be accounted for in the equation concern-
ing ship’s rolling. For completeness, in this equation accounted for
should be the moment due to the water-in-hole reaction, which can
be determined as follows :

er :Rry(ZG _ZW) (5.20)
where :
Z; - distance of the ship’s centre of gravity, G, from
the reference plane
Zyw — distance, from the reference plane, of the geometrical

centre of area of a part of the hole through which the
water flow occurs.



Car deck reaction

Let’s assume that during damaged ship’s motion its car deck is
immersed. In this case an additional force occurs which can be most
simply determined by applying the principle of conservation of mo-
mentum. Its moment in respect to the Ox-axis of the ship-fixed refer-
ence system, which should be additionally accounted for in the ship’s
rolling equation, is expressed by the formula [9] :

Mg =p[V;ydA (5.21)
A

Damping forces due
to water inside damaged ship

From model tests it results that the presence of outboard water
in damaged compartments is of a great importance for damping ship’s
rolling. Some computer tests confirmed that in the damaged ship’s
motion equations the water damping effects should be accounted for
by means of an additional component which can be determined with
the following empirical formula :

I I,
M, =-0333-L BN, O (5.22)
X 4.4 =°x
s GM
where :

Itr - transverse inertia moment of free surface arca

in a compartment
Iz — transverse inertia moment of ship waterplane arca
rg  — transverse metacentric radius of damaged ship

GM - transverse metacentric height of damaged ship
N, 4 — damping cocfticient for natural frequency of rolling.

The quantities : I, rg and GM appearing in the formula (5.22)
are assumed for undamaged ship in the state of equilibrium. The so
calculated M,, value should be applied to each of the damaged com-
partments scparately.

6. FINAL FORM OF DAMAGED SHIP’S
MOTION EQUATIONS

The damaged ship’s motion equations were obtained after sup-
plementing the above presented (in p. 4.4) motion equations of un-
damaged ship by :

the forces given by (5.13) = (5.15)
the moments of the forces induced by the water contained in
damaged compartments, given by (5.16) + (5.18), as well as

¢ all the additional components described in pp. 4.1 and 5.5.

After these operations the damaged ship’s
motion equations take the following form :

for surging :

(m+m, +m®) v, +
—p(Lprdy; = I epy) €
1,5 e
+[My,, =p(Ipd;p = I e;n)+mi? ] Q +

—[Myy +p(ppd;3 =l e;3)] Q, =

(m+m +m“l))(£2yVX—QXVy)+ -4
—_[rl, (t=1)dt— '[r,; Q, (t-1)dt+
0

—(m+mw)g(})ﬁtFHy-+—FDy

- Mwy(QxVy _vax)— J.'LLZ (T)

for rolling :

22\ v
m+m,, +m'- Vy +

NAVAL ARCHITECTURE

+[_p(ITTd21_ITLCZI) M,,+m. 4’19
—P([Tszz‘l‘neﬁ)Q +

+[M“ —~p{lppd gy —Ippe x)+m‘—“’]Q

(m+m +mm22 ) Q V. -Q.V, )+

—_[3‘3 Jt=1) T Q (t—1)dr+
0

-

—]?1'2_6(‘[) Q,(l—r) dt+
)gs

+(m+my ) gsing+ Fyy +Fpyy + Ry +Fy,

for heaving :

(m +m,, + m‘of‘j")\'/, +
+ [Mwy —p(lprdy = Iy ey )]Q\ &
+ [— p(lppdsy =T esn) =My, + '"S'S)]Qy +
—p(lpdys —lpyeyy) Q, =

(m+m +m'”’)(QXV) —Q)V\)+ .

oo

—J'r;; l—r)dr—J.rls(t)Q)(t—r)err
0
+(m+my)gcos+Fy, +Fp,

for drifting :

(m””’ M“,,)V_\,+M“,y\'/,+
+[lx Lo =P (I = I *1|)+“‘(“)]Qx +
- [ny —p(Iprqs - lTLSlZ)]Q_\ +
+ [P(I'rquz —Ips13)-D,, + '“S'M]Q/. =
——(mf,jl’-Mw,)(Q,v\ -QV,)+

oo

¥ (t—1)dt+ (6.4)
0

oo

1) d'[—.[l'_‘_h('r) Q,(t—1)dt+
0

—]:HA(T) Q (-

+MH,\' +NIDX +mwg(y0 CosP—-z, sin (P)"'
+er +(Mlk)x +de +Mlx
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for pitching :

+mS'”)V

Wz WX oo

x_(M _m(5.3))\',l+
'[Dyx—P(ITT(hl—ITLSZI)]Qx +
+(Il‘+[Wy+p(lTTq33—lTLszz)+mS'5’)Qy+
_[Dy/, —p(Irrdas —Tppsas )]Q/ =
:(IL—IX)Q[QX

—(MW +mS'”)(QYVL —Q,V, )+

(3

+(wa —mi;f“’)(szxv_y —Qny)+ (6.5)

oo

[ (DY, (= 0) 4= 520V, (1— 1) de+

- _[rs_s (1) Q, (t—1)dt+ My, +Mp, +
0

-mye(z,0+x,cosp)

for yawing :

—Mwy\'/X +(wa +1nf,§'2’)Vy +

- [D/\ —P( Irrqs =T ssy )— mSA)]QX +
- [D/.v —p(Irrdsn = I sso )] Q +

+ (IL +1y, +p(Iprqsz — Iy s3z)+ mfj-“’)g’zl =
= (1.-1,),Q, +M (QV,-Q,V, )+

—(MWX +xnf,fj*3’)(§2[vx -Q.V,)+

(6.6)

(=

a0V, (=) dt- [, () @, (1~ ) de+

oo

- J.r(w.() (T) gz[,(t - T) dt+M Hz +M Dz +
0
+n1wg(x0 sin @+ yUO)

7. DISCUSSION OF THE SET
OF THE SHIP MOTION EQUATIONS

The equations (2.3), (2.6), (6.1) + (6.6) form the set of twelve
ordinary 1 order differential equations in respect to the lincar displa-
cements R, angular displacements o , linear velocities V" and angular
velocities €2, which unambiguously describes damaged ship’s motion
in space. By integrating the equations a simulation of damaged ship’s
motions is obtained.

The motion equations of undamaged ship in waves, presented
in p. 4.4 as well as those of damaged ship, given in p.6, which form
the set of 12 ordinary differential equations, are coupled and highly
nonlincar. The ship motions corresponding to particular degrees of free-
dom influence each other. This results from the form of the equations
itself. However, the couplings reside first of all in the right sides of the
equations of dynamics as well as in the rotational motion equations.
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Solving the set of the motion equations is difficult due to its
nonlinearity. The nonlinearity lies in the form of the equations and in
the character of hydrodynamical forces which, for large ship’s mo-
tions, arc nonlinear functions of motion parameters, yet amplified by
the geometrical nonlinearity associated with ship’s hull form.

The set of the ship motion equations can be itegrated only nu-
merically. With this end in view a procedure based on Hamming’s
method was applied. It is multi-step extrapolation-interpolation method
of 4" order, supplemented by the Runge-Kutta’s method to calculate
starting values [11].

By using the procedure an integration step is automatically cho-
sen by dividing in half and doubling the basic step until a demanded
calculation accuracy is obtained.

In each time-step the forces and moments appearing in the right
sides of the equations, considered as explicit functions of time, are
determined. During the calculations an instantancous position of a ship
as well as a form of immersed part of ship’s hull, associated with
such position, are to be accounted for.

8. FINAL REMARKS

O On the basis of the presented mathematical model the computer
software called KOLYSANIA was developed [7]. It realizes
the numerical simulation of ro-ro ship’s motions in irregular
waves. The program has been thoroughly tested and hence it
can serve as a fully functional, user’s friendly instrument for
carrying out projects dealing with prediction of the behaviour
of damaged and undamaged ships in waves.

O The described mathematical model and the mentioned, based
on it, computer software are deemed to be of an essential practical
importance. Such opinion comes from the till now obtained
results [4] as well as from the fact that the model basin
experiments are ill-conditioned and expensive. Moreover, they
are labour and time consuming. On the contrary, preparation of
data for computer simulations is rather not burdensome, and the
appropriate calculations can be performed, if possible, with the
use of a few computers simultaneously.

O Today, there are no other reliable methods for predicting ship’s
behaviour in irregular waves and for analizing conditions leading
to its capsizing.

O  The applied graphical presentation of computer calculation
results makes it possible to interprete them qualitatively and to
draw practical conclusions regarding the damaged ship’s

" behaviour in heavy seas, and course of its sinking.

Appraised by Maciej Pawlowski, Assoc.Prof.,D.Sc.

NOMENCLATURE

a — acceleration of mass element

ag acceleration of the ship’s gravity centre G

A arca of a part of the hole through which water flow occurs

b (¢ x n) vector tangent to the projection of the trajectory of the water

gravity centre, on the plane normal to the instantaneous rotation axis ¢

dij, sij» 95 elements of tensors obtained from tensor-by-vector multiplication

dm,, mass clement of water in a damaged compartment

D, — deviation moment of mass of water inside a ship’s hull

e — versor of water surface rotation axis in a damaged compartment

€ clements of the symmetrical dyad formed by the e - versors of the water
surface rotation axis

F — resultant external force exerted on a ship

Fpy component of ship’s lateral resistance force

Fp diffraction force

Fg gravity force

Fu - Froude-Krilov’s force

F, force due to dynamic action of the water inside damaged ship’s hull

g ~ gravity acceleration vector

Iy deviation moment of free surface area in a damaged compartment

Irr transverse inertia moment of free surface area in a damaged compartment,

relative to its rotation axis



Ly — inertia moment of mass of water inside a damaged compartment
I, I — ship’s moments of inertia
m — mass of a ship
my, — instantaneous mass of water in a flooded compartment
m') — ship added mass components for the infinite frequency
M — moment of resultant external force exerted on a ship
Mg, — moment of ship’s lateral resistance force
Mx — component of car deck reaction moment
My — moment of diffraction force
Mg - vector of statical moment due to mass of water contained in a damaged
compartment
My — moment of Froude — Krilov’s force
(M« — component of roll damping moment, acc. Ikeda
My — component of water reaction force in a hole
M - component moment of damping of water contained in a damaged
compartment
M, — moment of dynamic force due to water action inside a damaged ship
r — radius-vector of dm,, mass element of the water contained in a damaged
compartment, in respect to the ship’s gravity centre G
T — memory functions
To — radius-vector of the volumetric centre of water in a flooded compartment,
in respect to the ship centre of gravity, G
R — vector of translations of the ship’s centre of gravity, G,
around its average position
Ry — component of water jet force
4T - time
v - oscillation velocity of the ship’s centre of gravity, G,
around its average position
Vg - velocity of ship’s gravity centre
Vo — water velocity in a hole
Vy — component of oscillation velocity of the ship’s centre of gravity G
X, Y, Z — indices of vector components of : translations of ship’s gravity centre G,
forces, moments, velocities, accelerations, in Cartesian reference system
Xos Yo»Zo — components of radius-vector, r,
[¢3 — ship’s rotation angle
o, — rotation angle of free surface area
¢,0,y  — Euler’s angles - components of ship’s rotation angle o
p — density of outboard water
Q — ship’s angular velocity vector
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SAFERELNET

The thematic network under this shortened name, contained
in 5" Outline Program of the European Union, deals with :

Safety and Reliability .
of Industrial Products and Structures

In the realization of the program the Ship Design & Re-
search Centre (CTO), Gdansk, has taken part, together with other
Polish partners. Hence on 26 May 2003 it organized the Public
Workshop on :

Safety and Reliability in Waterborne Transport

For the meeting 14 papers were arranged by 5 foreign au-
thors and 13 Polish ones. The presentation of the papers was
performed during 3 sessions :

Session 1 : Safety and Reliability in Service

*  Safety of high speed maritime transportation — by P. Antdo,
A Teixeria, C.Guedes Soares (Instituto Superior Técnico, Lisbon)

*  [International regulations concerning ship and port facility
security against terrorist attacks (ISPS Code)
by J. Dering (Polish Register of Shipping)

*  Safety and dependability in human activities at sea
by M. Kubacka, A. Jedrzejewska (Ship Design & Research
Centre, Gdansk)

*  Some problems of management of navigational safety in
limited sea areas — by J. Drobiszewski (Warsaw University
of Technology), L. Gucma (Maritime University of Szczecin)

* A model of direct risk assessment when ship is in critical
conditions —by M. Gerigk, (Gdansk University of Technology)

Session 2 : Design for Safety and Reliability

#®  SAFETY FIRST project — a step forward in passenger ship
safety design — by C. Vivalda, G. Chantclauve (Bureau Veritas)

%  Environmental safety of a seagoing ship’s power plant
by A Brandowski, R. Liberacki (Gdansk University of
Technology)

#  Selected topics of podded ROPAX safety on the basis of
EU project OPTIPOD — by J. Kanar (Ship Design &
Research Centre, Gdansk)

%  Development of probabilistic damage stability regulations
within the frames of HARDER project — by P.Grzybowski
(Ship Design & Research Centre, Gdansk)

%  Hydrogen degradation of steels for ship hulls
by P. Domzalicki, (Ship Design & Research Centre, Gdansk)

Session 3 : Safety of Maritime Transportation

X  Safety of navigation on extremely shallow inland water-
ways from the perspective of INBAT project — by W. Gorski,
(Ship Design & Research Centre, Gdansk)

X Reliability of port transportation structures related to their
operation processes —by K. Kotowrocki, (Gdynia Maritime
University)

* A new ADMAR unit conception in ECDIS
by K. Kotowrocki, A. Weintrit, (Gdynia Maritime University)

X Risk assessment of a maritime transportation system
by C. Guedes Soares, (Instituto Superior Técnico, Lisbon).

This part of the Workshop was preceded by visiting the
Gdansk Ship Model Basin and Fire Test Stand being an impor-
tant part of CTO laboratories.

* A more comprehensive information on the SAFERELNET network
K was published in the previous issue of this journal. j
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