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ABSTRACT

Physical and mathematical models of roll motions of a ship equipped with a roll stabili-
zing tank of working liquid free surface, is presented. Elaboration of the physical model
was based on the idea of two mutually coupled mathematical pendulae. On the basis of
the physical model, motion equations of the ship with the tank were determined and sol-
ved. A way of using the achieved solutions is shown, as well as calculation formulae for
coefficients of the motion equations, directly related to the main parameters of the ship
and tank, are presented. Such form of the coefficients enhances possiblility of application

of the equations and their solutions in ship design practice. Some examples of the use of the solutions for
analysis of stabilizing effectiveness of a designed tank for a given ship, are also attached. Moreover, guide-
lines for correct design of the stabilizing tanks having free surface of liquid, based on the proposed physical
model of the ship-tank system, are offerred. It is also indicated that on the basis of the presented results it
would be possible to search for ways to make operation of the stabilizing tanks in question more effective.
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INTRODUCTION

Out of the oscillation motions performed by a ship in wa-
ves the side roll (heeling) undergoes stabilization most often.
The stabilization means first of all a limitation of roll amplitu-
de values, sometimes associated with increasing its period. The
stabilizing tanks of free surface of liquid, which are further
considered in this paper, are simple devices intended for limi-
ting roll motions.

A disadvantage of the existing methods describing work of
stabilizing tanks is their low usefulness for designing. The equa-
tions applied in the methods are rather complicated [8, 10, 12,
13, 14] as they are usually aimed at correct describing real
motions of ship fitted with tank, and not at achieving practical
design recommendations.

In this paper is presented such physical model of the ship
with stabilizing tank under rolling and mathematical model
based on it, as to obtain motion equations of a possibly simple
form more useful for formulating important design recommen-
dations. Coefficients of such equations are directly associated
with ship and tank parameters. The obtained form of solutions
makes it possible to get access to these parameters of ship and
tank whose selection is crucial for ensuring expected stabili-
zing effects.

The simplifications introduced to obtain an appropriate form
of the equations and their solutions do not impair to an evident
degree the quality of the description of ship motions, based on
them.
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FREE - SURFACE STABILIZING TANKS

The basic types of free-surface stabilizing tanks presented
in Fig.1, 2, and Fig.3 and 4 exemplify their possible location
on ships. An appropriate adjustment of natural period of mo-
tions of liquid contained in tank to that of rolling ship or of
wave acting on ship, is of a dominant influence on stabilizing
effect. The way of changing the motion period of liquid in such
tanks consists in changing level of the liquid, which also leads
to changing its amount.

ﬁ{/ Controllable

\. palisade

- 0-0--0- b —}——-

Fig. 1. Types of cubicoidal stabilizing tanks [16]



Rys. 2. "Flume" stabilizing tank
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Rys. 3. Location of "Flume" tank onboard a dry cargo ship

Rys. 4. Stabilizing tank in the form of container
installed on deck of a fishing ship [2]

Behaviour of a ship with stabilizing tank can be limited to
consideration of motions of the system of two degrees of fre-
edom (DOF), namely : for ship — side rolling angles, for tank —
— translations of centre of mass of the liquid contained in it. The
liquid mass centre translation can be represented by the average
slope angle of its surface relative to ship, against its initial posi-
tion. Hence description of motions of the ship-tank system amo-
unts to the known problem of motion of a two-DOF system,
whose solutions are based on the Lagrange 2nd kind equations.
However in order to form such equations a "physical" model of
the ship-tank system, i.e. physical representation of the ship, of
the tank and their mutual coupling should be first determined.
A form of external excitation of motions of the system, due to
wave action on ship, should be also given.

PHYSICAL MODEL
OF SHIP - TANK SYSTEM

A rolling ship is usually represented by a physical pendu-
lum of an inclination moment dependent on ship's metacentric
height. The mathematical pendulum is the simplest and ligh-
test out of possible physical ones of a given inclination mo-
ment and period. The system of two mutually coupled pendu-
lae is a known mechanical analogy of the two-DOF oscillating
systems. It was assumed that the ship with stabilizing tank can
be represented by the system of two mathematical pendulae
appropriately selected and mutually coupled. The main oscil-
lation axis of the pendulae corresponds to location of ship's
rolling axis. The location of ship's rolling axis was assumed
constant, known and not necessarily identical with that of ship's
mass centre [1]. A schematic diagram of the physical model is
shown in Fig.7, whereas Fig.5 and 6 highlight its association
with the main parameters of ship and tank. The necessary mo-
delling principles according to which the elements of the pen-
dulae and their coupling parameters have been determined, are
given by the formulae (1) below. The main coupling parameter
of the pendulae is the distance between their rotation axes; i.e.
the segment Og m’” in Fig.7. The point O represents the loca-
tion of the ship's rolling axis, Os.
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Fig. 5. Ship with stabilizing tank in the upright position
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Fig. 6. Ship with stabilizing tank, heeled by the statical angle ¢

POLISH MARITIME RESEARCH, No 3/2004 13

NAVAL ARCHITECTURE



NAVAL ARCHITECTURE

Modelling principles
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Fig. 7. Physical model of a ship with stabilizing tank

Modelling principles

The system of pendulae shown in Fig.7 represents a physi-
cal model of a ship with stabilizing tank having free surface of
liquid. The model can be deemed correct if statical and dyna-
mical response of the system to external excitation moment is
the same as that for the real ship with tank. For the pendulum

of ship and tank the following can be written :
2 2

g
_ _sm __®
lo= h, or lg P (2)
2 T2
=tm o g ——0f G)
L, 4T 2
where :

T - period of natural oscillation of ship's mathematical
pendulum, and of ship itself

lp - length of ship mathematical pendulum

rgm - radius of ship mass inertia

rym - radius of mass inertia of liquid in tank

r, - metacentric radius of tank

g - acceleration of gravity o

hg - initial metacentric height of ship without tank, GM

Ty - period of natural oscillation of tank mathematical
pendulum, and of motion of liquid in the tank

lo - length of tank mathematical pendulum.

The static condition can be expressed by the relationships
(4) and (5). The expressions (4) concern the equality of the
moments due to heeling for the ship itself, the tank itself and,
respectively, for the pendulae being their physical models. By
using them the value of the mass mg - for the ship mathemati-
cal pendulum, and of the mass my, - for the tank pendulum, can
be obtained :
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(1
m, h
mshy=mg 1y ., mg= ls :
(0]
mor “4)
m,r,=m,l, , m,= lz £
0

where :

myg - ship mass (without tank)
m, - tank mass, i.e. mass of liquid
contained in the tank.

The total static condition has to account for similarity of
the righting moments for the heeled ship with tank and for the
system of pendulae inclined by the same angle. Rigidity of the
ship with tank and of the pendulae can be expressed by using
the quantities shown in Fig.5, Fig.6 and Fig.7, which provides
the following equality :

®)

mshs - mzR = 1’1’1(1)1(1) - mq)R' = (ms + mz)h - mzrz
where :

- the distance between the tank metacentre and
the metacentre of the ship's immersed volume

___ increment AV

R'=m'c' - thedistance, in the physical model , which cor-
responds to R of the ship

h - initial metacentric height of the ship with tank
without any correction for liquid free surface

m,r, = ixp - correction for free surface of liquid contained

in tank.

R=mc

To the system of pendulae the same moment due to water
in tank must be applied as that applied to the ship. Knowing
that : mshy = mglg one obtains, acc.to (5) : m;R = mgR".
It corresponds to the moment of couple of forces. For the ship
with tank these are the forces : p, = f, = m,g (Fig.6), and



respectively for the system of pendulae py = f_(p’ =myg (Fig.7).
Hence in the physical model the value of R' amounts to :

R=R2Z | R=zy+1,- T—AT/2—p.
m, (6)
pe = Alyx /AV
where :

p. - metacentric radius of displacement layer
of AT in thickness [7]

Al - increment of transverse inertia moment
of waterplane area for a given AT.

The dynamic condition first of all consists in the equality of
the inertia moment of the ship and that of its pendulum, as well
as the mass inertia moment of liquid in the tank and that of its
pendulum. Moreover has to be fulfilled the equality of kinetic
energy of the ship with tank and that of the system of pendulae
when the same roll inducing moments are applied to them.

Hence the following is obtained for the ship and tank :

mgs, = mols , mr, = mq,lf, (7)

All the elements in that expression have been already de-

termined by the statical condition. By means of the expres-

sions (2), (3) and (4) it is easy to check that the above given

relationship is satisfied. Kinetic energy of the ship with tank

will be equal to that of the system of pendulae, if the following
relationship is satisfied :

2 2 2 2 ) 2
Myl +mMRG +myr7m = moly + mgR'G + mgl
where :

Rg - the distance between tank's metacentre and
ship's rolling axis, mOs

R} - the distance between the suspension point of
the tank mathematical pendulum and the oscil-
lation axis of the system of pendulae, m'O's .

From (7) it results: mZR(z] = m(pR'2 , hence, after taking into
account (4), one obtains the following expression for Ry :

1 r
[(
r, r,

Ro=2z,+1,—-T-AT +a,

The quantity a,, appearing in (8) determines the distance of
the rolling axis from the waterplane (Fig. 5) [1]. It concerns the
draft T and the mass centre location coordinate zg for the ship
with "frozen" liquid in the tank.

General information on effects of operation of a tank selec-
ted for a given ship can be achieved on the basis of the roll
trasfer function of ship with tank. Therefore the roll is induced
by the heeling moment resulting from the action of regular plane
beam wave on the motionless ship. Wave frequencies to be
selected should properly cover the whole range of encounter
frequencies possible to occur in service of the given ship. The
roll inducing moment due to regular plane wave is of the follo-
wing form [3,11] :

®)

M;=Dhopnsinmt ., om=xkpxroy (9)
where :
M, - ship roll inducing moment
D - ship buoyance force
h - ship metacentric height

o, , Oy, - amplitude and effective amplitude of wave slope
angle, respectively

) - wave frequency

t - time

KB, KT - wave slope angle corrective coefficients dependent
on B/A i T/A , where A stands for wave length.

In the expression (9) the buoyance force D and metacentric
height / concern the ship with tank. It may take also another
form if influence of sway on motions of liquid in the tank is
accounted for. To take into account the sway it was assumed
that it influence solely motions of liquid in the tank [15], and is
equivalent to the horizontal component of orbital motion of
the ship in real waves. The radius of the motion is equal to
a half of wave height associated with the amplitude of its effe-
ctive slope angle, oy,. And, for the horizontal oscillations the
following is valid :

H
yi() = - Tm a, (1)

therefore :

, 0, (1) =0, sinm, t

v, )=V, = - £ o, COSm, t (10)
@y
where :

v - ship sway
H,, - wave height corresponding to the

effective slope angle oy
V), - horizontal transverse component

of ship sway-induced velocity.

In the physical model the accounting for sway is equiva-
lent to the applying of the horizontal oscillations Vj, to the
pivoting axis of the tank pendulum (Fig.7). The so obtained
motion equations of the tank mathematical pendulum, at ne-
glecting the damping, are as follows :

o+ lé(p = H—mcoi sinw, t

¢ ?

(1D
.. 2 2 .
P+o,0=0 0, sino,t
It can be observed that instead to take into account ship
sway in the physical model it is possible to apply, to the tank
pendulum, the excitation moment whose normalized form is
given by the right-hand side of the relationship (11). The same

value of the moment was used in compliance with the Watana-
be's method, in [15].

MATHEMATICAL MODEL

The mathematical model is equivalent to the set of motion
equations of ship with stabilizing tank, achieved on the basis
of the above presented physical model. A searched solution is
the roll transfer function further used for analyzing the beha-
viour of ship with tank. Solutions are searched for within the
frame of linear approach.

Derivation of motion equations

The Lagrange 2nd kind equations are used
for derivation of motion equations :

d| 6E cE 0 JU
—| |-t t+t7—=M,
dtlaq; ) aq; aq;  aq !
In the equation the angle ® - for the ship's pendulum and
the angle @ - for the tank's pendulum corresponds , in the phy-
sical model, to the quantities q; , namely q; and qp , respective-
ly [9, 12, 13].
Particular kinds of energy considered in the physical mo-
del are the following : E - kinetic energy, U - potential energy
and O - dissipation energy. In Fig.7, the horizontal line passing

through the axis of the system of pendulae represents the plane
of zero- value potential energy of the system.

(12)
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The kinetic energy of the system of pendulae is of the form :
w2 w2

(¢} )]
E= mg, lé? +1’1’1(P (l(l’ —Rb )ZT'F

+m, (I,~ Ry ), ®p+m, (1,—Ry YDV, +

-2 2 (13)
. 2 P V.
+m(plk(ka+m(Pl(p7+m(ka
The potential and dissipation energies are as follows :
; @’
U=[moglo—meg (R’ —1g)] — +
22 (14)
+mygl, @ o +mq,glq,%
SIS (15)
7 (] > (p(p

The physical model of tank and ship represents a two-DOF
object, hence the expression (12) is the set of two equations.
One of them is the equation of derivatives of relevant energies
respective to @, (q1), and another - respective to @, (q»). The
wave-induced moment Myj = Mg = My, complying with the
equation, is introduced to the right-hand side of the ship roll
equation. As the passive tank is considered, Mgj = Mg, = 0 is
introduced to the right-hand side of the equation of motions of
liquid in the tank. After calculation of energy differentials, re-
placements and ordering the equations, one obtains :

( [mels +my(Ry — 1,)° ] d+ked+
+[me glo—my g (R~ 1,)] © +
—my(Ry — 1) [0 + meglop +

. 1
< —my (Ry — 1p)Vi=Dhansinot (16)
maolgp O+ ko + myglop—mg (Ry — ltp)l<pd3+

The final form of the equations is obtained by introducing
the value Vj = goy, sinmyt into (16), with making use of (10).

Therefore :
[mg1¢ + my (R) — 1) ] D+ koD +
+[me glo—my g (R~ 1)] © —my(Ro — 1) [,9 +
+megle®=[Dh+m,g(Ro— ly)]omsinmt

Moy ¢ +Kef+mggly@—my (RY — o) led+
+myglo®=—mylygamsinmt (17)
Under the made assumptions the expression (17) represents
the full form of the roll motion equations of the ship fitted with
passive stabilizing tank. The only simplification represents not
taking into account the mutual influence of ship's oscillations
and motions of liquid in tank, due to damping. If an influence
of sway is neglected the motion equations take the following
form :

4 [me 13 + my (R) — 1)* | D +ked +
+ Mo glo—myg (R'—15)] © —my(R) — 1y) L, +
< +myglye=Dh onsinot (18)

My lp & +kep+ mygly ¢+
- — My (R§ — 1p) lgd+mygly® =0

Each of the coefficients appearing in the motion equations
should be clearly defined by ship and tank parameters. The
equations (17) and (18) derived on the basis of the proposed
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physical model, satisfy the postulate. Their normalized form is
as follows :

D+ pgd + o> O — Bip +
+ ylcocpz(p: (nD12 Oy SIN Myt (19)
('|5+H(P¢+co¢2(p—b('l')+co(p2(1)=

2 . .
==y OmSINmyt — accounting for sway

(.I.)-i-uq;](i) +(Dq>12(1)— Bl(p +
+ ’Y](D(I)Z(P = 0)1)22 Olm SIn Myt 20)
¢+l (I.)ercpz(P_bq')Jr

+ mq,z O=0 — not accounting for sway

Next, the expression appearing at @ in the equations (18)
was marked K and the following notation was applied :

[mels +my Ry — 1)*1=K . keo/K= o
[mo glo—myg (R'—1y)] K= 00%1
my(Ry— 1) o/ K=By mtpglcp/K:YI‘”C%
[Dh+meg(Ri — 1,)] K=wd , DhK=op
ko/moly =y megly/myly =g/ly= g
my(Ry — 1) lo/my13 = (R§ — ,)/l,=b (21

The usually available initial data deal separately with ship
itself and tank itself. Then mq>lé is given istead of K. Hence
the coefficients in the equations (19) should be expressed by
means of :

@1 K’ 1 K" 1 K’
,Y (1)2 Km (22)
2 [} 2 2
Vi=75 5 O5 = — » Opp=0
1 K DI K’ D2 ) K’
where

}L(D:kq)/mq)lqza R O)c% :mq)glq)/mcplc% = g/l(%

The quantities U, (,qu), B,v,K', K", K", expressed respecti-
vely by the physical model parameters and the ship and tank
parameters, have the same form as that given in the expres-
sions (23), which makes it possible to examine structure of
each of the coefficients appearing in the motion equations.

PHYSICAL MODEL SHIP
_ ke _ kg K
Mq) - m(D lgl) Mq) IX + iXX mS rszm
h h
wgbzmq)gicp:g o2 =M 8hs _gh,
mg, 1<I> 1d> IX + Ix I‘sm
m,l r
Y= o9 v=E-Z% (23)
B_&(Ré—l(p)ﬁ poy| Roko | Lz
b=&—1 b= Roko -1
1, lpt,




PHYSICAL MODEL SHIP The presented expressions which make it possi-
, 5 ) ble to calculate transfer functions for the ship fitted
, m, (RG —1,) K =1+p ko with stabilizing tank, directly provide the following
K'=1+ m 2 - options :
O] . .

® , + to follow changes appearing in solutions depen-

,_ K’ K’ = K ding on an applied variant of the equations
K= (R’ —1) - R + to determine in which way changes of the main
1 — My @ 1-y|—-1 parameters of tank and ship influence the calcu-

mg, L, I, lated functions.
h In the equations based on ship and tank data
K” = mg+m, h K”=(1+£&)— axcess to variables and parameters is easy and di-
mg lq) rect. It is possible to directly change such parame-
s (23)  tersas: z;, - tank position, ko - tuning factor of natu-
- —l ________________ ral frequencies of tank and ship, r, -metacentric ra-
1_ R _9® R=z.+r1r,—T—AT/2 — dius of tank , i.e. its type, & - i.e. amount of liquid in
R'=R T, bz Pe tank, D and hg - i.e. ship loading state.
1 The assumed form of the data and auxiliary
values, (23), including the variables :
R, =R, % R,=7, +1,— T— AT +ay (.) cluding the var

I, o = W)/0¢ - dimensionless excitation frequency,

an independent variable
Ugo = Ue/®e- dimensionless damping coefficient of
h = hs+— T+ —+p. - Zy— hs motions of liquid in tank, the para-
3 meter for sucessive realizations of
functions of a given type
aw =043 [(T+ AT) —zg] + 0.1B ko= wy/we - relative natural frequency of oscilla-
tions of liquid in tank, possible to be
used as an intermediate parameter
E=m,/m; , ko= C%/ O , 0= /0 , Hoo = M<p/ O & =m,/mg -relative mass of liquid in tank, possi-
_______________________ ble to be used as an intermediate pa-

for : AT/2 =0 and p.= 0 it yields : rameter;

Pe=rs(1-0/a)

_ 2
2+(G/0)E

all of them make it possible to use a single, simple

R=zy+r,-T | Ro=R +ay set of initial data, regardless of simplification level
g of the equations in question.
h~h,+ —— (T - Zy— hy) APPLICATION OF THE
1+¢ MATHEMATICAL MODEL

The obtained roll transfer functions make it possible to fol-
low influence of the main ship and tank parameters on ship roll
amplitudes, and thus to ensure stabilization effectiveness of
a given tank. To achieve courses of relevant functions the data
of'the ship and tank considered in [16] were selected. A correct
course of the achieved functions serves also as a check of cor-
rection of the formulae based on the presented physical and
mathematical models.

Solutions of the motion equations,
transfer functions

The general form of ship roll transfer functions
obtained as a result of solving the equations
(19) and (20), is the following :

@ A’+B’ (24)
. =Ky m The ship with stabilizing tank acc.to [16] :
m
For (19) where sway is accounted for, one obtains : Ship parameters :
A = pgo ko o - length b.p. Lpp =266.00 m
) ) ) - breadth B=42.50 m
B=ko"(1+7y)—wo (1-Bko) - draught T=10.85m
B PN 2 - mass displacement A=mg=97800t
C=-K'(1/K" = @ )(ko"— @¢") + - height of centre of gravity  zgs = 15.40 m
2\ (102 2 2 - initial metacentric height
+(v+Bw ko + b o)+ ko ® nitial metacentric heig
(r+Boo)(ko 0°)+ Koo oo ko 0 (without tank) GM, = h, = 3.576 m
1! " 2 2 2 - block coefficient 5=0.797
= _ + _
b=k Hoo ko @ (17K" = 00%) + poo 0o (ko™ — @07) - waterplane coefficient a=0.831
Ks=1 - natural roll period
For (20), without accounting for sway, it is : (natural frequency) Tp=17.10s (0p =0.37 1/s)

2 2 - roll damping coefficient ue = 0.070 1/s.
A= uq,()ko(D() . B= ko — 9

Tank parameters (see Fig.1) :
me+m, h

- length 1,=13.60 m

Cand D asfor (20) , K{=K"=
me  lo - breadth b, =40.89 m
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- design height hy =4.79 m
- natural frequency of motions

of liquid in tank 0o =0.36 1/s
- level of liquid in tank h, =220 m
- mass of liquid in tank

atp = 1.00 t/m’ m, = 1224 t
- tank bottom height over

the plane of reference zq=20.00 m

- tuning factor
- relative mass
of liquid in tank

k() = (L)(p/(l)cp =0.97

& =m,/mg=0.0125

The diagrams shown in Fig.8 and 9 illustrate the roll trans-
fer functions of the ship with tank. The dimensionless dam-
ping coefficient of motions of liquid in tank, W, is a parame-
ter for particular curves. Fig.8 deals with the full set of equa-
tions in which sway is accounted for, and Fig.9 - the full set but
without taking into account those oscillations. The presented
diagrams are usually used for choosing an optimum value of
the damping coefficient o, and after that — for evaluating the
maximum stabilizing effect [5, 12, 15]. A value of the dam-
ping coefficient for tank is so selected as in the middle, "de-
sign" range of the diagrams the difference between the roll
amplitude of the non-stabilized ship, which corresponds to the
value Ugo = o=, and a selected value e.g. Ugo = 0.6; were the
greatest. The value of this difference, determined for the maxi-
mum amplitude of the non-stabilized ship, hence for the exci-
tation resonant frequency, is the stabilizing effect searched for.
A value of Ugo should be selected in such a way as in a range
far from resonance e.g. outside the characteristic nodes of the
transfer functions' diagram, an increment of amplitudes, usual-
ly appearing there for stabilized ship, were the smallest. The
diagrams also show that for o = 0, which is possible theore-
tically only, such excitation frequency exists at which the sta-
bilizing effect amounts to 100%. The stabilizing effect expres-
sed in percent, is the ratio of the roll amplitude reduction and

non-stabilized amplitude.
1
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Fig. 8. Diagrams of roll transfer functions with taking into account sway

Fig.8 it can be observed that when sway is accounted for,
the zero value of roll amplitude occurs at a frequency other
than resonant one of non-stabilized ship. It means that the ma-
ximum amount of roll energy is absorbed by the tank from the
ship at that other frequency. Hence in the case if sway is acco-
unted for no phenomenon of double resonance can be directly
observed.

Influence of changing the tank parameters
on course of roll transfer function

It was assumed that in the preliminary design stage it is
more convenient to make use of the full-form equations but
without taking into account sway. Information this way obtai-
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ned is more transparent and more useful for making relevant
estimations and comparisons.

In Fig.10 based on Fig.9 , only the courses for the dimen-
sionless damping coefficients of liquid in tank, pgo = e and
tgo = 0.8, are left. Fig.10 is further used asa a basis for making
comparisons of tank stabilizing effectiveness depending on
changes introduced to its location or other parameters. Fig.11
shows in which way the roll reduction effect is influenced by
a change in vertical location of the stabilizing tank. Next, in
Fig.12 it is presented to which extent a change of tank meta-
centric radius impairs ship roll amplitudes. From the presented
diagrams it can be easily observed that their courses are almost
in the same way unfavourably influenced by the decreasing of

8
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Fig.9. Diagrams of roll transfer functions without taking into account sway
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Fig. 10. Main transfer functions, without accounting for sway
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Fig. 11. Influence of the vertical coordinate of tank location,
2, =2.00m ; 2p = 20.00 m (Fig. 10)




tank elevation and the decreasing of tank metacentric radius.
In both the cases the stabilizing effect is lower because the roll
amplitudes of the stabilized ship are greater. By making use of
the physical model (Fig.5, Fig.6, Fig.7) it can be observed that
in both cases this is caused by changing the distance between
the tank pendulum suspension point and the pivoting point of
the whole system of pendulae of the physical model.
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Fig. 12. Influence of the tank metacentric radius - change of type of tank
r,=46.73m ; ---------- r,=63.33 m (Fig. 10)

= Generally, it can be stated that the higher located the passi-
ve stabilizing tank metacentre over the ship rolling axis,
the greater the stabilizing effects. This is an important gu-
ideline for designers.

= Another important conclusion is : that type of selected pas-
sive stabilizing tank is better whose metacentric radius is
the greatest, at maintaining the remaining parameters, such
as working liquid mass and its natural period of motion in
tank, constant.

= It is proposed to assume the ratio of the length of the tank
metacentric radius and that of the tank mathematical pen-
dulum as a relative measure of tank stabilizing quality, in-
dependent on tank dimensions and mass of its working li-
quid, and expressed as follows :
C, =1,/ (25)
For tanks of perpendicular sides the quantity C, is practi-
cally constant, independent on their dimensions and the wor-
king liquid level h, . For instance for the cubicoid tank and
"Flume" tank it amounts to: C,; = 0.82 and C,, = 0.67, respec-
tively (the C, value deals with the "Flume" tank having the
dimensions of the middle throat equal to a half of tank length
and a half of tank breadth, respectively). C, values start to chan-
ge distinctly for greater values of the liquid level in tank, h, ,
(i.e. for h, > 0.2b,) which is associated with the necessity of
using more complex relationships in determining the natural
periods of working liquid motions. Basing on the above given
statements one can postulate the following thesis :

Effectiveness of the passive stabilizing tanks of free liquid
surface increases when the ratio of their metacentric radius
and length of mathematical pendulum increases,
the pendulum length is determined by the natural period of
working liquid in tank. The ratio in question can be called

"the stabilizing effectiveness of tank of a given type".

The presented relationships open an interesting area for
searching for optimum solutions of passive stabilizing tanks
having free working liquid surface,
and also for further research on ship roll stabilization.

RECAPITULATION AND CONCLUSIONS

O The presented mathematical model can be deemed well
adjusted for designing the passive stabilizing tank to be in-
stalled in ship. The elaborated calculation method can be
used as a tool for aiding preliminary design stage of a ship
fitted with passive stabilizing tank.

O For correct design of stabilizing tanks the following three
principles formulated on the basis of the presented model
of ship with stabilizing tank, are important :

+ the higher located metacentre of passive stabilizing tank
over ship rolling axis, the greater expected stabilizing
effects

« that type of passive stabilizing tank is better whose me-
tacentric radius is the greatest, at maintaining the remai-
ning parameters such as working liquid mass and natu-
ral period of motions of liquid, constant

+¢ the higher the ratio of the tank metacentric radius and

the mathematical pendulum length determined by na-

tural period of motions of liquid in tank, the higher the
stabilizing effectiveness of a selected type of passive
stabilizing tank with free liquid surface.

Moreover, it should be added that :

» in spite of the simplifications resulting from the assu-
med physical model, the achieved solutions provide suf-
ficiently exact description of roll of a ship fitted with
stabilizing tank. The wide range of the simplifications
was introduced in order to reach "design usufulness" of
the elaborated equations and their solutions

» the way of accounting for sway in the obtained equa-
tions arouses some reservations with regard to the in-
troduced important simplifications. Nonetheless it was
proved that in the case of real sea conditions and acco-
unting for sway the so called double resonance did not
directly appear for a ship with stabilizing tank. For this
reason its stabilizing effect may appear lower than that

expected.
NOMENCLATURE
aw - distance between rolling axis and waterplane, [m]

D, Dy - buoyance force of ship with and without tank,
respectively, [kN]

h, h - initial metacentric height, not corrected regarding
free-surface influence, for ship with and without
tank, respectively, [m]

ko, W and Ugg - ship roll damping coefficient, kg m2/s, 1/s, and [-]

kg, Uy and Uy - damping coefficient of motions of liquid in tank,
[kg m2/s, 1/s] and [-]

ko = 0y/0g - relative natural frequency of motions of liquid in
tank, tuning factor, [-]

lg - length of ship mathematical pendulum, [m]

ly - length of tank mathematical pendulum, [m]

M;, - ship roll excitation moment, [Nm]

mg - ship mass, [t]

m, - mass of liquid in tank, [t]

mg - mass of ship mathematical pendulum, [t]

m, - mass of tank mathematical pendulum, [t]

R - distance between metacentre of tank and
metacentre of increment of ship immersed volume,
corresponding to mass of liquid in tank, [m]

R' - distance in physical model corresponding to R of
ship, [m]

Ry - distance between tank metacentre and ship rolling
axis, [m]

R'y - distance between tank pendulum suspension point
and physical model pivoting axis, [m]

i - metacentric radius of ship without tank, [m]
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Tgm - ship mass inertia radius, [m]

I, - tank metacentric radius, [m]
Tym - mass inertia radius of liquid in tank, [m]
- time, [s]

T - draft, [m]

A% - horizontal component of velocity of mass of liquid
in tank, due to ship sway, [m/s]

Yo, - ship sway, [m]

ZG - height of mass centre of ship with tank, over
reference plane, [m]

ZGs - height of mass centre of ship without tank, over

reference plane, [m]
- height of mass centre of liquid in tank, over
reference plane, [m]
o - waterplane coefficient, [-]
0., Oy - amplitude and effective amplitude of wave slope
angle, respectively, [rad, °]
) - ship block coefficent, [-]

Zp

Kg, KT - correction coefficients of wave slope angle,
dependent on B/A and T/A, where : A - length of
ship roll inducing wave

& = m,/m, - relative mass of liquid in tank, [-]

Pe - metacentric radius of displacement layer of AT
thickness, [m]

T - natural oscillation period of ship pendulum and
real ship, [s]

Ty - natural oscillation period of tank pendulum and of
liquid's motions in tank, [s]

0] - ship heeling angle, [rad, °]

0] - angular displacement of mass centre of liquid in
tank, respective to ship, (mean slope angle of
liquid surface in tank, respective to ship), [rad, °]

Wy =w,/0p - relative excitation frequency, [-]

Wy, - wave frequency, [1/s]

[P - ship roll natural frequency, [1/s]

(O - natural frequency of liquid's motions in tank, [1/s]
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o C onference —
Scientific Seminar
E E

of Regional Group
of the Section on Exploitation Foundations

On 24 June 2004 Gdynia Maritime University (GMU)
hosted the 2nd — in-this-year scientific seminar of the
Regional Group of the Section on Exploitation Founda-
tions, Machine Building Committee, Polish Academy
of Sciences.

Four papers whose authors came from
the scientific staff of GMU Mechanical Faculty,
were presented during the seminar :

*  Results of service investigations of transverse sliding
bearings lubricated with the use of non-Newtonian oils
by A. Miszczak, D.Sc.

* Problems associated with modeling NOx emission from
ship two-stroke engine — by J. Kowalski, M.Sc.

* [nfluence of lubricating oil contamination on wear of
elements working in mixed friction conditions
by A. Mtynarczyk, M.Sc., Eng.

* Selected problems associated with diagnostics of one-
-stage refrigerating system — by T. Hajduk, M.Sc.

The seminar was ended by presentation of the labora-
tory facilities of GMU Mechanical Faculty to the seminar
participants.
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