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PREFACE

STAB'97 is a follow-up Conference which continues the trend set by previous
Conferences held in Glasgow (1975), Tokyo (1982). Gdansk (1986). Naples (1990) and
Melbourne. Florida (1994). Being traditionally engaged with the most contemporary and
important problems of stability and safety of ships and ocean vehicles. the STAB Conference js
acknowledged as one of the most prestigious international events in the field of Marine Science,
recognized not only by scientists, naval architects, shipbuilders and designers but also by officers
of all branches of marine administration and control organizations, regulatory agencies, ship
owners, marine consultants and operators, etc.

The topics-of the Conference can be classified as follows:
¢ Theorctical and Experimental Studies on. Stability of Ships and Floating Marine Structure
* Advances in Experimental Technique for Investigations on Stability '
* Stability criteria: Philosophy and Research; Realistic Stability Criteria
* Operational Stability - the Influence of Environment
* Damage Stability
* Stability of Fishing Vessels
* Upgrading of Stability Qualities of Ro-Ro Ships
* Stability of Nenconventional Ship Types. and Special Crafts
* Risk and Reliability Analysis in Stability and Capsizing
*Application of Expert Systems and On-board Computers Stability Monitoring and Control

The technical papers on these topics are distributed in two volumes of the Conterence
Proceedings. The second volume includes also State-of-the-Art Review Reports as well as written
contributions subject of two Panel Discussions:

I. Damage Stability and Safety of Ro-Ro Vessels

2. Capsizing in Beam Seas - Chaos and Bifurcations

The Conference is organized by a local STAB'97 Secretariat with wide international participation.
We are especially grateful to the members. of the International Programme Committee and the
International Advisory Board of STAB’'97 as well as to the members of the ITTC Specialists
Comnmittee on Ship Stability for their considerable support and valuable contribution. )
I'would like to take this opportunity on behalf of the Organizers to thank the authors from about
30 countries having prepared interesting papers and written contributions in full accord with the .
objectives of the STAB'97 Conference.

We look forward to the continuing success of STAB Conferences in Australia and other countries
in the future.

Peter A. Bogdanov
President of the STAB 97 Conference.
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LIQUID CARGO AND ITS EFFEC'_T ON SHIP MOTIONS -

J.M.J. Journée
Delft University of Technology

SUMMARY

When a double bottom tank, a cargo tank
or a space in a rolling vessel contains a
fluid, gravity waves will appear at the sur-
face of this fluid. These gravity waves will
cause exciting roll moments on the vessel.
At lower water depths, resonance frequen-
cies can be obtained with high wave am-
plitudes. A hyvdraulic jump or bore, which
1s a strongly non-linear phenomenon, trav-
els periodically back and forth between the
walls of the tank. A theory, based on gas-
dynamics for the shock wave in a gas flow,
has been used to describe the motions of
the fluid. At higher water depths, the be-
haviour of the fluid tends.to be more lin-
ear. Then, a linear potential theory, as used
in strip theory ship motions computer pro-
grams, is used to describe the motions of
the fluid in the tank.

Available experimental data on the be-
haviour of the fluid in free surface anti-
rolling tanks have been used to verify
the theoretical approaches for low water
depths.

Also, forced roll oscillation tests were car-
ried out with a 2-D model a cargo tank of
an LNG carrier for a wide range of filling
levels. These experimental data have been

used to verify the theoretical results for all

water depths.

Finally, a ship model was equipped with
liquid cargo tanks and it has been tested
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in beam waves at zero forward speed. The
measured roll data of the model have been
compared with the results strip theory cal-
culations. .

It has been concluded that the approaches
given in this paper, based on theories de-
velopped already in' the sixties, can be used
to include the effect of non-viscous liquid
cargo in ship motions calculations.

1 INTRODUCTION

When a tank which contains a fluid with a
free surface is forced to carry out roll os-
cillations, resonance frequencies can be ob-
tained with high wave amplitudes at lower
water depths. Under these circumstances
a hydraulic jump or bore is formed, which
travels periodically back and forth between
the walls of the tank. This hydraulic jump
can be a strongly non-linear phenomenon.
A theory, based on gasdynamics for the
shock wave in a gas flow under similar res-
onance circumstances, as given by Verha-
gen and van Wijngaarden (1963), has been
adapted and used to describe the motions
of the fluid. For low and high frequen-
cies and the frequencies near to the natural
frequency, different approaches have been
used. A calculation routine has been made
to connect these regions. Available experi-
mental data on the behaviour of the fluid
in free surface anti-rolling tanks, obtained
from van den Bosch and Vugis (1966), have



been used to verify this approach.

At higher waterdepths, the behaviour of
the fluid tends to be more linear. Then,
the linear potential theory with the pulsat-
ing source method of Frank (1967), as used
n strip theory ship motions computer pro-
grams; has been used to describe the mo-
tions of the fluid in the tank. Forced roll
oscillation tests were carried out with a 2-D
model of a cargo tank of an LNG carrier,
to measure the éxciting moments for a wide
range of filling levels and frequencies and to

compare these with theoretical predictions. .

Finally, a ship model was equipped with
three of these liquid cargo tanks and tested
in beam waves at zero forward speed. Seve-
ral filling levels and two regular wave am-
plitudes were used to investigate the effect
on the roll behaviour of the ship. The mea-
sured data have been compared with the
results of 2-D potential calculations.

2 LIQUID CARGO LOADS

Observe a rectangular tank with a length !
and a breadth b, which has been filled until
a water level & with a fluid with a mass den-
sity p. The distance of the bottom of the
tank above the centre of gravity of the ves-
sel 1s s. Figure 1 shows a 2-D sketch of this
tank with the axis system and notations.

! |
|
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Figure 1: Axis system and notations
of an oscillating tank

The natural .fr-equency of the surface waves
in a harmonic rolling tank appears as the
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wave length A equals twice the breadth b,
so: Ao = 2b.
With the wave number and the dispersion
relation:
27
k= -— and

- = \/kg tanh(kh)

it follows for the natural frequency of sur-
face waves in the tank:

L.Jo—\/— a.nh

2.1 THEORY OF VERHAGEN

Verhagen and van Wijngaarden (1963)
have investigated the shallow water wave
loads in a rolling rectangular container,
with the centre of rotation at the bottom
of the container. Their expressions for the
internal wave loads are rewritten and mod-
ified in this paper to be useful for any arbi-
trary vertical position of the centre of rota-
tion. For low and high frequencies and the
frequencies near to the natural frequency,
different approaches have been used. A cal-
culation routine has been made to connect
these regions. ‘

Low and high frequenc1es
The harmonic roll motion of the tank is de-
fined by:

' & = @, sin(wt)

In the axis-system of figure 1 and after lin-
earisation, the vertical displacement of the

- tankbottom is described by:

z=s51Yo

and after linearisa.tion_, the surface eleva-
tion of the fluid is described by:

z=s5+h+(

Relative to the bottom of the tank. the lin-
earised surface elevation of the fluid is de-
scribed by:

{=h+(—~yo




Using the shallow water theory, the conti-
nuity and momentum equations are:

98, 08, c0v _
ot ' oy "0
dv  Ov 3
gz.va—y'rgéng‘?’:o

In these formulations, v denotes the veloc-
1ty of the fluid in the y-direction and the
vertical pressure distribution is assumed to
be hydrostatic. Therefore, the acceleration
in the z-direction, introduced by the exci-
tation, must be small with respect. to the
acceleration of gravity g, so:

$.°b K g

The boundary conditions for v are deter-
mined by the velocity produced in the hori-
zontal direction by the excitation. Between
the surface of the fiuid and the bottom of
the tank, the velocity of the fluid v varies
between v, and v,/ cosh kh with a mean ve-
locity: v,/kh. However, in very shallow wa-
ter v does not vary between the bottom and
the surface. When taking the value at the
surface, it is required that:

o] o=

. ?zl'—(s'%'h)d.) at:y = =

For small values of ¢,, the continuity equa-
. tion and the momentum equation can be
given in a linearised form:

9  ,0v

aTha—y-—
Ov 0 ,
5—29£+g¢=0

~ The solution of the surface elevation ¢ in
these equations, satisfying the boundary
values for v, is:

22
E=h— ! ) sin( )civ

Now, the roll moment follows from the
quasi-static moment of the mass of the

TWY

bug

TW

TW COos (
\ 2w

frozen liquid plbh and an integration of ¢
over the breadth of the tank:

M, = pgl’bh<s+ %)o
= +b)2
+pgl. / {ydy
-b/2

This delivers the roll moment amplitude

for low and high frequencies at small wa-
ter depths: ‘

.
M., = pglbh (s T 5)%

+rpglb3{1 I Gl }
‘ g

{o(2)mn(22) - (2

For very low frequencies. so for the limit
value w — 0, this will result into the static
‘ h b
M, = pgl{bh(s +

moment:
2) 1)

The phase lags between the roll moments .

()

r~

“and the roll motions have not been ob-
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tained here. However, they can be set to
zero for low frequencies and to - for high
frequencies: | :

emye =0 for: w K wy

—
—h

€My = for: w > wy
Natural frequency region |
For frequencies near to the natural fre-
quency wy, the expression for the surface
elevation of the fluid £ goes to infinity. Ex-
periments showed the appearance of a hy-
draulic jump or a bore at these frequencies.
Obviously, then the linearised equations are
not valid anymore. :

Verhagen and van Wijngaarden solved the
problem by using the approach in gas dy-
namics when a column of gas is oscillated
at a small amplitude, e.g. by a piston. At
frequencies near to the natural frequency at



small water depths, they found a roll mo-
ment amplitude, defined by:

16 4\ [26.h
M., = Pgﬁ(:)4\/ T

The phase lags between the roll moment
and the roll motion at small water depths
are given by: '

y
EMsd = — 7% +—a Ior: w < wy
w
EMys = —5 —Q for: w > wyp
with:
i 72b(w — wp)?
a = 2arcsin _
2490,
. 72b(w — wp)? l
— arcsin

‘ 969éa - 371-23b(q;.-) = wo.)z I

Because that the arguments of the square
roots in the expression for eyr,s have to be
positive, the limits for the frequency w are
at least:

_ 2499. o [4g¢.
Lo — \ b2 < w < wT
"

THEORY OF FRANK

2.2

PeRY 4]

For the calculation of the 2-D potential
mass and damping of ship-like cross sec-
tions, Frank (1967) considered a cylinder,
whose cross section is a simply connected
region; which is fully or partly immersed
- horizontally in a previously undisturbed
fluid of infinite depth.

The cylinder, as given in figure 2, is forced
into simple harmonic motion with radian
frequency w, according to the displacement
equation:

Stm) = Alm) cos i

The superscript m may take on the values
2, 3 and 4, denoting sway, heave and roll
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motions, respectively. The roll motions are
about an axis through a point (0, o) in the
svmmetry plane of the cylinder.

It is assumed that steady state conditions
have been attained. The fluid is assumed
to be incompressible. inviscid and irrota-
tional, without any effects of surface ten-
sion. The motion amplitudes and veloci-
ties are small enough, so that all but the
linear terms of the free surface condition,
the kinematic boundary condition on the
cyvlinder and the Bernoulli equation may be
neglected. :

A velocity potential has to be found:

o™ (g, y 1) = %e{é(m)(z, y)e_{“’t}

satisiving the equation of Laplace, the
svmmetry (heave) or anti-symmetry (sway
and roll) condition, the free surface condi-
tion, the bottom condition, the kinematic
boundary conditien at the cylindrical sur-
face and the radiation condition.

Figure 2: Axis system and notations
of an -oscillating cross section
as used by Frank

A potential function, based on pulsating
sources and satisfying the boundary con-
ditions, has been given by Frank. Using
earlier work of Wehausen and Laitone, he




defined the complex potential at = of a pul-
sating point source of unit strength at the
point ¢ in the lower half plane, as given in
figure 2.

Take the z-axis to be coincident with the
undisturbed free surface. Let the cross sec-
tional contour Cy of the submerged portion
of the cylinder be in the lower half plane
and the y axis, positive upwards, being the
axis of symmetry of Cp. Select N +1 points
(&:,m:) of Cp to lie in the fourth quadrant.
Connect these N + 1 points by successive
straight lines. Then, N straight line seg-
ments are obtained which, together with
their reflected images in the third quad-
rant, vield an-approximation to the given
contour as shown in figure 2.

The coordinates, length and angle associ-
ated with the j- -th segment are identified
by the subscript j, whereas the correspond-
ing quantities for the reflected image -in
the third quadrant are denoted by the sub-
script —J, so that by svmmeiry oy ==&
and n-; = —p; for 1 < 7 < N+ 1. Po-
tentials and pressures are to be evaluated
at the midpoint of each segment and for
1 < < N the coordinates of the midpoint
of the :-th segment are:

&+ i

\
2 bi

_ T in
-9

4

-y

In the translational modes, any point on
the cylinder moves with the velocity:
v = i4@usinwt  for sway

v® = —jA®usinwt  for heave

The length of the :-th segment and the an-

IT-ax1s are:
si= l‘/(fiu - fi-)2 + (77i+1 - 77.;)2
o = anctén {g;i 1571 }

In here ; is defined as: —% < o <

I_Jl\:\

gle made by this segment with the positive -

If the denominator i1s negative, depending
on the sign of the nominator = has to be
added or subtracted, so that a; will be de-
fined as: —7 < a; <
['he outgoing unit vector normal to the
cross section at the i-th midpoint (z;,y;)
1s:

IIl.

n; = 1sine; — jcos &

where 1-and } are unit vectors in the direc-
tions z and y, respectively.

The roll motion is illustrated in figure 2
and considering a point (z;,y:;) on Cp, an
inspection of this figure yields:

R = \/:I:{2 - (yi - y0)~
6, = arctan {yi : yo}
In here §; is defined as: —3 < 6; < +3.

If the denominator is nevauve dependmﬂ
on the sign of the nominator = has to be
added or subtracted, so that 8; will be de-
fined as: <0; < 4+

By elementary two-dimensional kinemat-
1cs. the unit vector in the direction 6 1s:

i

o~

; = —1siné; + j cosb;
so that:
v(4)

SWz,
_wA(4)R,-(i sin #; — ) cos 6;) sin wt

The normal components of the velocity

v;(_’") =n; v(™

at the.midpoint of the i-th segment (z;, v:)

are:
v;3) = —wA®sin a; sin wt
v;(3) = 1wA® cos a; sin wt

'l).;(4) — -:—wA(-‘;)R,' .

. (sin 6; sin ; -~ cos 8: cos oz,-) sin wt
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Defining:

(my o wt™

' = —
Alm)y sin wt

then, consistent with the previously men-
tioned notation, the direction cosines for
the three modes of motion are:

Ti;(z) = —sinq;
n;® = +cos a

.(4) — +<ipn 6:sin o 9: X
n;\ " = == s1n ¢; sin «; —+ cos 0; cos ¢

A set- of two coupled integral equations

are applied by Frank at the midpoints of

each of the N segments and is assumed
that over an invidual segment the complex
source strength remains constant, although
it varies from segment to segment. Then,
the set of coupled integral equations be-
comes a set of 2N linear algebraic equations
in the unknowns.

The hydrodynamic pressure p{™ along the
cylinder is obtained from the velocity po-
tential by means of the linearised equation
of Bernoulli, where p,(™ and p,(™ are the
hvdrodynamic pressures in phase with the
displacement and in phase with the veloc-
ity, respectively.

The potential as well as the pressure is a
function of the oscillation frequency w. The
hvdrodynamic force or moment per unit
length on the cylinder. necessary to sustain
the oscillations, is the integral of p(™) . n(™)
over the submerged contour of the cross
section C.

It is assumed that the pressure at the i-th
midpoint is the mean pressure for the i-th
segment, so that the integration reduces to
summation, whence: |

N
M™(w) =23 p™N(z;, i, w)n™si]

=1
N

Nw) = 23 5. (g, g, 0)m ™)
=1

for the potential mass and damping forces
or moments, respectively.

Frank’s method is suitable for the compu-
tation of the potential mass and damping
of symmetric 2-D shapes, in or below the
surface of a fluid. This method has been
incorporated in a lot of 2-D ship motions
computer codes, all over the world. Start-
ing from the keel point of the cross section,
the input data of the off sets have to be
read in an upwards order. Then, the (out-
ward) normal on the elements of the cross
section will be defined to be positive in the
direction of the fluid outside the cross sec-
tion.

Easily, this method can be used to calculate
the linear loads due to a potential fluid in
an oscillating svmmetrical tank too. Start-
ing from the intersection of the free suface
with the tank wall, the offsets of the tank
have to be read in a downwards order, so in
an opposite direction as has to be done for
the cross sections of a ship. When doing

this, the (inward) normal on the elements

of the cross section of the tank will be de-
fined to be positive in the direction of the
fluid in the tank. Then, the calculated po-
tential mass and damping delivers the in
and out phase parts of the loads due to the
moving liquid in the tank.

With this. the in and out phase parts of the
2-D excitation forces and moments about
the origin in the water surface of the fluid
in a rectangular tank are found with:

X')C = _L’JZ.M(z)'.’rga

Xg_, = —wN(?)xga
KXae = WZ-M(a)fEaa
Xas = —‘-UN(a)fEaa

X4c = sz(4v)‘$4a
_ h b3
+pa{th(s+3) + 35 o
Xy = —UN(4)$4a

This very simple approach can be carried
out easily with many existing 2-D, but also
3-D, ship motions computer programs.
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Figure 3: In and out phase moments of a
free surface anti-rolling tank

(Tank bottom below G)

However, one should keep in mind that in
the calculation routine of Frank, the angles
a; and 9; have to be defined well in all four
quadrants.

2.3 VERIFICATIONS

“Three different validations were performed

to verify the validity of using Frank’s pul-
sating source method for obtaining the mo-
ments caused by the motions of liquids in
oscillating tanks.

Firstly, results of extensive model exper:
iments on rectangular free surface anti-
rolling tanks, carried out in the past by
van den Bosch and Vugts (1966), have been
used. . '
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Figure 4: In and out phase moments of a
free surface anti-rolling tank

(Tank bottom above G)

Figure 3 and 4 show a few comparisons be-
tween calculated and measured in and out
phase parts of the first harmonic of the roll
moments for very small water depths in the

tank.

The comparisons are given here for one fill-
ing level (h/b = 0.08) and one roll ampli-
tude (¢, = 0.0333 rad). Two positions of
the bottom with respect to the rotation
point, i.e. the centre of gravity G of the
vessel, have been taken: 40 per cent of the
tank width below the axis of rotation (s/b
= -0.40) and 20 per cent above it (s/b =
+0.20). The roll moment has been made
non-dimensional by dividing this moment
through pglb®. The non-dimensional fre-
quency parameter has been obtained by di-



viding the frequency through \/:c_i—/—l;

Outside the natural frequency area. the
Nigure shows a good agreement between
Frank’s method and the experiments. Bui,
for frequencies close to the natural fre-

quency, a very poor prediction has been

found.® Because of the appearance of a hy-
draulic jump or a bore at these frequencies,
the linearised equations are not valid any-
more. The calculated phase lags between
the roll moments and the roll motions have
a step of 180 degrees at the natural fre-
guency, while the czlculated roli moment
amplitudes go to infinity.

Because of a distinction between frequen-

cies close to the natural frequency and

frequencies far from it, the shallow water
method of Verhagen and van Wijngaarden
shows a good prediction at all frequencies.

Secondly, forced roll oscillation experi-

ments have been carried out with a 2-D
model of a cargo tank of an LNG carrier.
A sketch of this 1:25 model of the tank is

given in figure 5.

Figure 5: 1:25 model of an LNG tank

At filling levels of 15, 45, 70, 90, 97.5 and
100 per cent of the depth of the tank. the
exciting roll moments have been measured
for a range of oscillation frequencies and
one roll amplitude (@, = 0.10 rad) of the
tank. Because of the shape of this tank, a

strong non-linear behaviour was expected

Figures 6a and 6b show the measured
and predicted in and out phase parts of
the first harmonic of the roll moments of
the LNG tank as a function of the fre-
quency. The roll moment has been made
non-dimensional by dividing this moment
through pglt®>. The non-dimensional fre-
quency parameter has been obtained by di-
viding the frequency through \/;/_b
Except at the natural frequency.of the Auid
in the tank, a fairly good prediction has
been found with Frank’s method.

Again, the shallow water method of Ver-
hagen and van Wijngaarden gives a good
prediction for all frequencies at the lowest
filling level of the tank.

Thirdly, a fully filled rectangular tank has
been observed.

It 1s obvious that the ratio between the ef-
fective and the solified mass for sway or
heave of the fluid in fully filled tanks is 1.0.
The ratio between the effective and the so-
lified moments of inertia for roll of the fluid
in a fully filled rectangular tank as a func-
tion of the aspect ratio h/b of the tank
was given by Graham and Rodriques and
published later by Silverman and Abram-
son (1966) as:

This expression had been obtained from re-

sults of space vehicle studies carried out

by NASA. The contributions of frequencies .- .

higher than the first order are very small
and can be neglected. _
Calculations have been performed with the

2-D computer code SEAWAY of Journée

at the lowest and highest free surface levels. -
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(1996), which includes Frank’s pulsating
source method. Also. 3-D calculations have
been carried out with the DELFRAC com-
puter code of Pinkster (1996). The resulis
are given in figure 7.
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Figure 6b: In phase and out phase moments of an LNG tank
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of fully filled rectangular tanks

Figure 7 shows a fairly good agreement be-
tween these results. For small and large
aspect ratios deviations can be expected,
caused by the limited number of 16 line el-
ements in SEAWAY or 30 panels in DEL-
FRAC on the contour of half the cross sec-
tion of the tank.

3 SHIP MOTIONS

To investigate the effect of free surface (-
quid cargo) tanks on the roll motions of a

ship, three tanks as given in figure 5 were

build in a 1:60 model of an LNG carrier.
The body plan of this vessel is given in fig-
ure 8.

Figure 8: Body plan of LNG carrier

Static heel tests and roll decay tests in

- still water and roll motion measurements

in regular beam waves with two different
wave amplitudes were performed at zero
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forward ship speed. These tests were car-
ried out in Towing Tank I of the Ship Hy-
dromechanics Laboratory of the Delft Uni-
versity of Technology with a length of 142
metre, a breadth of 4.22 metre and a water
depth of 2.50 metre. The model was placed

‘transversal in the towing tank at half the

length of the tank and the spacing between
the model and the tank walls was about
0.70 metre. The model was free to move in
6 degrees of freedom and the roll damping
waves could propagate over a long distance
before they were reflected to the model by
the tank-ends.

The main dimensions of the ship are given
in table 1.

LNG carrier
Length bpp | Lpp [ m | 164.00
Breadth Bim 32.24
| Draught dlm | 12.60
Trim t{m 0.00
Volume V|m® 51680 |
Block coefficient Cg |- 0.776
Length of bilge keels | Iy | m | 69.70
Height of bilge keels | Ay | m 0.30
_Gyradius for yaw [ k.. | m 45.43

Table 1: Main dimensions of ship

The length of each of the three cargo tanks
was 13.45 meire and the distance of the
bottom of the tanks above the sth s base
line was 2.00 metre.
With the exception of these midship cargo
tanks 3; 5 and 7, all other cargo tanks are
supposed to be filled up to 97.5 per cent of
the inner tank height with a stowage factor
of 1.00 ton/m?>. This was simulated in the
experiments by solid ballast weights and an
adaption of the radius of inertia for roll of
the ship. ‘
For the cargo tanks 3, 5 and 7 three loading
conditions have been choosen:
- Condition I: frozen liquids (45-45-45%)
The three cargo tanks are equally filled
up to 45 % of the inner tank height



with homogeneous frozen liquid cargo
with a stowage factor of 1.00 ton/m?3,

- simulated by solid ballast weights. o e— ‘ )
- - Condition II: liquids (45-45-45%) Frozen carge I /
This condition is similar to condition T |
I after unfreezing the liquid cargo, so § / |
the three tanks are partially filled with % o : 2
water. £
- Condition IIT: liquids (45-70-15%) £
This condition is similar to condition, -
II, but the filling levels of the three ¢ Expuimen
tanks are 45 %, 70 % and 15 %, res- T e
pectively. e 100
Mean roll amplinade ¢, (deg)
The results of the static h.eel ar.1gle tests and Figure 9: Roll damping coeficients
the roll decay tests are given in table 2. °© LR
(Condition I)
7 | [ 17
[ Condition I if 11 Tark: 45 A .
v m® | 51680 | 51680 | 51360 I el o
KG m | 10.48 | 10.42 | 10.60 sl /
GM m [ 2.75| 281| 2.2 g o 7
GG |m | 000| 1.69] 1.59 r | e
ke m | 10.14| 9.38| 9.49 i B
Ty-meas. | s 13.70 | 21.30 | 23.00 E / |
Ty-calc. | s 21.18 | 22.82 | an — -
/ o * Expoimon
! . : . — ixedaetal:
\ i

Table 2: Loading conditions of the ship . :
7 0 25 50 75 10.0

Mean rofl ampiitude 4, (deg)

The measured non-dimensional roll damp- Figure 10: Roll damping coefficients

ilfsg‘ CO;fiilcients k are presented in figures 9, (Condition II)

an A 05 - -
These data have been compared with pre- _ :::’:ﬂ_ ; e /
dicted values obtained with the semi- 04 |JEKE:45 % ”
empirical method of Ikeda. T j /
For condition I, with frozen liquid cargo, a 3o e
very good agreement has been found. g, .-":.”.“"" o 7
For conditions II and III, with liquid cargo, £
the predicted roll damping coefficients are B /
somewhat underestimated at smaller roll 0 <R .
angle amplitudes. But at larger roll angle / L e |
amplitudes, which are of interest in more o —— —— — -
dangerous circumstances, the figure shows Mot ol arptuce 4, oo :

- a fairly good agreement.
Figure 11: Roll damping coefficients
(Condition III)
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Figure 12: Roll motions of an LNG carrier
(Conditions I and II)

Figures 12 and 13 show a comparison of
the measured and predicted roll amplitudes
at two different wave amplitudes for each
loading condition.

For loading condition I, the non-potential
roll damping has been obtained by the
method of Tkeda. The radius of inertia for
roll of the ship’s mass has been obtained
from the measured natural roll period of
13.7 seconds and calculated hydromechanic
coeficients. The figure shows a good agree-
ment between experiments and predictions.

For the loading conditions II and III, the

non-potential roll damping has been ob-
tained by the method of Ikeda et. al. (1978)
too. The radius of inertia for roll of the
ship’s mass has been obtained from the ra-
dius of inertia of the ship with the frozen
liquid cargo of condition I and a theoretical
correction for unfreezing this cargo. The
deviating volume of liquid cargo in condi-
tion ITI has been accounted for too. The ex-
citing roll moments due to the liquid cargo
have been obtained with Frank’s method.

So, for the loading conditions II and III,

the roll motions have been calculated with-

out using any experimental data of these’

loading conditions. Table 2 shows a very
good agreement between the predicted and
the measured natural roll frequencies; the
deviation is less than 1 %. Nevertheless
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Figure 13: Roll motious of an LNG carrier
(Conditions I and III)

some overestimation at higher frequencies,
figures 12 and 13 show a very good agree-
ment between the predicted and the mea-
sured response amplitude operators for roll.
However, it may be noted that for the load-
ing conditions II and III, the natural roll
frequency of the ship is about half the low-
est natural frequency of the fluid in the
three cargo tanks. When these frequencies '
are close to each other, non-linear effects
caused by the bore or the hydraulic jump
at the surface of the fluid in the tanks will
play a much more important role.

4 CONCLUSIONS

From the calculations and the experiments,
the following conclusions can be drawn:

1. At very low filling levels of the tank,
the method of Verhagen and van Wijn-
gaarden predicts the exciting roll mo-
ments fairly good. Because this theo-
ry 1s given for shallow water only, the
method fails for higher filling levels.

o

With the exception of frequencies near
to the natural frequency of the fluid
in the tank, the potential theory of
Frank predicts the exciting roll mo-
ments fairly good for all filling levels
of the tank.




3. An addition of these roll moments in
the right hand side of the equation of
motions of the ship, results in good
-predictions of the roll motions. of the

ship.

- The non-linear roll damping of the ship
plays an important role in these roll
motions. Linearisation results in a
good prediction of the harmonic roll
motions. '

!P

The pulsating source method of Frank, as

" included in many strip theory ship mo-
tions computer programs, can be used eas-
ily to include the effect of non-viscous li-
quid cargo in ship motion calculations.
Also, 3-D calculation techniques for calcu-
lating potential mass and damping of ships
can be used for this purpose.
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