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Abstract

Thus thesis presents the rational explanation on the influence of liquud sloshing on FLNG motion by
means of a spring-mass type mechanical model representing the behaviour of liquud cargo and
coupling effects on floating body motion.

The mechanical model to simulate sloshing was originally developed in the mid-1960s to represent
the coupling effects on spacecraft motion for predicting and controlling its behaviour and stability.
Author believes that the mechanical model 1s a useful tool for better understanding the interaction
of liqud cargo and floating body motion and also an effective tool in collaborative works involving
experts with various techmcal backgrounds.

Starting with the concept, the parameters of the mechanical model for a rectangular tank are
determuned analytically. Validity and hinutation of the mechanical model are justified by comparing
the results from experiment and calculation by other means.

The numerical analysis of coupled floating motion of barge with two (2) rectangular tanks and
FLNG with six (6) rectangular tanks are performed and the results are compared with the ones
obtamed from the experiment and the calculation by others.

Next, rational explanation on the influence of hqud sloshing on barge and FLNG motion 1s
presented, and transparency and accountability of the mechanical model are demonstrated.

Finally, the case studies for FLNG are performed and the effectiveness of the mechanical model in
the basic design of FLNG 15 demonstrated.
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1. Introduction

1.1 Background

Over the past decade, the demand for liquefied natural gas (LNG) has increased sharply. LNG 1s
the natural gas that 1s liquefied by cooling it to approximately —162 "C in order to reduce its volume
by 1/600th. It 15 colourless, odourless, non-toxic, non-carcinogenic and mn hquid form 1s about 46%
of the density of water. It can be stored and transported n insulated tanks at standard atmosphernic
pressure. Its demand 1s expected to increase further in the near future, as LNG 1s considered
“cleaner” than other fossil fuels (e.g. o1l and coal) and supply of which 1s “more stable” than
renewable energies (e.g. wind, solar, etc.).

The growing interest of governments and major o1l and gas companies in LNG development has
resulted in technical innovations in LNG supply chain, such as an increase in capacity of LNG tank
systems, development of floating LNG production, storage and offloading umts (FLNG), floating
storage and regasification umits (FSRU), etc. The advancement of FLNG system has created high
expectations in development of offshore stranded gas fields and monetizing the gas from the
existing offshore o1l fields.

One of the major 1ssues to be overcome in realization of FLNG is the motion prediction of floating
bodies. This 1s essential to estimate the reliability and availability of FLNG. Research and
development of motion prediction of floating body have been performed by a number of
researchers and research groups over a long period of time. Thanks to the increased computing
power, the study of motion prediction has aclhieved a sufficient level of sophistication for practical
application—even though there are still technical 1ssues in improving the accuracy, such as the
need for methods to incorporate the viscous effect, gap resonance, wind and current load
estimation, hiquid cargo effects including sloshing, etc.

This thesis focuses on the effect of liqumd cargo on the FLNG motion caused by the hqud
movement including sloshing, free surface and free rotation. The tanks inside the FLNG contain a
large amount of liquid product such as LNG, LPG, condensate, etc. Since the tanks in FLNG are
used as a temporary storage of such liqud products, the liqumd level in the tank will always change
and never be filled completely. In such a condition with partially filled tank, the liquud in tanks 1s
excited by the FLNG motion, and the movement of the liquid may be mntense at a certain frequency.
This intense liquud movement 1s called sloshing, and the damage to the tank due to sloshing and its
mfluence on the FLNG motion are major concerns regarding safety, operability, productivity and

cost. 1}, 2),3). 4. 5)

1.2 Literature Review

The researches focusing on the coupling of liqud movement m tanks and floating body motion are
ongoing smce long ago. As early as 1880, there was an 1dea to install “water chambers™ mn a ship to
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reduce the roll motion - ”_ In the mid-1960s, Bosch and Vugts ® * rediscovered this almost
forgotten 1dea, and performed systematic measurements to gather necessary information to
understand why the tank performed as an anti-rolling device and to apply them to design tanks for
practical applications.

Also in the mid-1960s, the research works 1 “sloshing” were compiled and published 1 the Umted
States for the spacecraft application '®* ' The monograph published in 1966 as NASA SP-106,
“The Dynamic Behavior of Liquuds in Moving Containers™ has been widely used by the commumity
researching on sloshing effects. As the main purpose was to control spacecraft behavior and
stability, emphasis was placed on frequencies and total forces at small excitation amplitudes. The
NASA SP-106 is unfortunately out of print now; however, a revised edition issued by Dodge '” is
available now.

Since the 1970s, the advent of large vessels such as o1l tankers, LPG carriers, LNG carners, efc.
carrying large quantities of liqud, damage to integrity of tank and hull structures due to violent
sloshing of liquid cargo has begun fo attract attention. Thanks to the mcreased computing power
and development of CFD, 1t has now become possible to simulate a complicated flmd behaviour
and local pressure to some extent with high accuracy. Meanwhile, the interaction between hqud
movement in tanks and floating body motion continued to be an important concern, and the mterest
shifted from the development of anti-rolling device to the improvement of accuracy in motion
prediction of floating body.

The barge motion in beam waves influenced by the rectangular tanks partially filled with water was
investigated by Yamashita > and Molin et al '’ by means of numerical calculation and test
conducted on an experimental model. Malenica et al ¥ presented the calculation method for the
dynamic coupling between sloshing and seakeeping and validated 1t against the results from Molin
et al " Their calculation method was based on the linear potential theory in the frequency domain.
Many other researchers also studied the coupling of hiquid movement in tanks and floating body
motion using the linear potential theory 1), 16), 17), 18

The floating body motion affected by non-linear sloshing in tanks partially filled with water was
investigated by Journée '”’, Rognebakke and Faltinsen *”, Lee et al *"***** Wang and Arai **"**
9.2 Kawahashi, Arai et al ** ™ Kim et al °” and Rocha et al *"’. The behavior of liquid in tanks
was represented by the flmd dynanic methods such as boundary element method, fimte difference
method, particle method, etc. and it was coupled with the floating body motion.

1.3 Objectives

The objective of this thesis 1s to provide a rational explanation on the complex phenomena of the
FLNG motion affected by liquud sloshing_

As a result of past research efforts, 1t has now become possible to simulate accurately the complex
phenomena of sloshing itself and its influence on floating body motion using numerical calculation.
Despite the improvement in accuracy of the simulation the correctness of results from such a highly
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elaborate numerical calculation 1s difficult to verify. The proven calculation methods available so
far do not guarantee the correctness of the calculation results. There are many factors such as
mcorrect input parameters, incorrect analysis settings, etc. that provide erroneous results.
Comparison of results from experiments conducted on physical models 1s the most reliable
verification method; however, this 1s time consuming and expensive. An alternate approach 1s to
confirm whether the major characteristic ndicator such as the natural period or the period
corresponding to the peak response 1s close to the one predicted by other means. Although this
approach only provides partial reliability, it can be done easily. Another benefit of this approach 1s
that it is possible to identify the fundamental mechanism of the phenomenon of interest. Lee et al >
used the “simplified mass-spring sloshing model” to explain the mechamsm of the two peaks of roll
motion mn his Doctorate thesis.

The mass-spring type mathematical model, in other words “mechanical model”, prescribes the
mechanism of the phenomena of interest '®*'". This method can only realize the phenomena of the
prescribed mechanism, but its calculation process 1s simple, transparent and easy to trace the link
between the input parameters and the output.

For the purpose of explamning the complex phenomena of floating body motion influenced by
sloshing, this approach 1s the preferred choice over CFD based numerical calculation method.

1.4 Applications for Basic Design of FLNG

In author’s opinion, the CFD based numerical calculation method, especially capable of simulating
the non-linear hiqud behaviour 1s smtable to stmulate the phenomenon as accurately as possible;
however, this 1s not sutable for seeking an optimal solution.

It 15 not practical to use the CFD based numerical calculations that predicts the floating body
motion taking into account of liqud cargo effects and deternune important FLNG design
parameters such as tank type and tank arrangement. Instead, simpler calculation methods are
necessary at the mitial design stage.

The calculation method based on the linear potential theory in the frequency domain could be used.
However, calculation method based on the mechanical model 1s a better option.

The most noteworthy benefit of the mechanical model 1s that the link between input parameters and
output 1s easy to trace. The author demonstrates this benefit in the thesis.

The transparent traceability and accountability are particularly important in FLNG application to
demonstrate its credibility to the experts with various techmcal backgrounds such as project
management, natural gas processing, electrical, nstrument, structure, etc. who are involved in
FLNG design.

Since mechanical model 1s capable of explaimng the complex phenomena of floating body motion
mfluenced by the sloshing effect and satisfying the above mentioned criteria in shaning the
knowledge with other experts, 1t 15 a better choice than the numerical calculation based on CFD.
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-2

. Mechanical Model of Liquid Cargo

b2

.1 General

The effect of lateral sloshing, which 1s dynanue in nature, 1s mamly due to a horizontal oscillation
of centre of hiquid mass relative to the tank. This can be well represented by an equrvalent
mechanical model.

The mechanical model of sloshing was oniginally developed in the mid-1960s to represent the
coupling effects with spacecraft motion for predicting and controlling its behaviour and stability as
shown in Figure 2.1. The pendulum model was adopted in spacecraft application since the gravity
acceleration was treated explicitly as a variable parameter. The spring-mass model 1s another way
to represent the mechanical model, which does not treat the gravity acceleration explicatly, for
which deriving the equation of motion 15 more straightforward than the pendulum model.

free surface
A
"L 'k 1k
2 z
M —W-O-"W—

Pendulum Maodel Spring-Mass Model

Figure 2.1. Mechanical Model Application for Spacecraft

The spring-mass type mechanical model 1s a better choice for marine and offshore industrial
applications as 1t 1s not necessary to consider the change 1 gravity acceleration.

Author adopted the spring-mass type mechanical model for analysing the influence of liqud cargo
on FLNG motion and predicting the FLNG motion considening the liqud cargo effect as shown in

Figure 2.2
The details of mathematical expression are provided in Appendices 1, 2 and 3.
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Figure 2 2. Mechanical Model Application for FLNG

2.2 Description of Mechanical Model

The dynamic behaviour of liquid in a tank 1s represented by the mechanical model as shown 1n
Figure 2 3. The liqud inside the tank 1s replaced by masses, springs, dampers and a disk.

oscillating X

wave = | Ka z A 2
e T——m—@m

o ¥4 * Cy
y, " - EHH
free Hi Sel, %
Jree __ W
H
|

I

- e
tank oscillation

Figure 2 3. Spring-Mass Mechanical Model of Liquid in Tank

The fixed mass and mass nertia are represented by my and [, respectively. Each of slosh modes
corresponding to the sloshing natural frequencies 1s represented by the spring-mass and damper
system. Only two systems are shown in Figure 2 3 for clanty, but there are theoretically mfinite
systems and slosh modes. The mass for each slosh mode 1s located at H,, which 1s the height from
the centre of gravity of the liqud. Throughout this thesis, the positive direction of Hj 1s taken
oppostite to the height of slosh masses. Hy, 1. e, the height of m,,, 1s positive when the n-th mode
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mass 1s located above the COG, but Hj, 1s positive when 1t 15 located below the COG. The damping
15 neglected. In addition, a disk I; 1s introduced as the mass mertia of free rotating hquid which
does not contribute to the mass inertia of the liquud.

When the tank 1s excited at angular frequency w by a small time-varying linear displacement X
along the x axis and angular rotation a; about an axis through the COG, the amplitude of the
horizontal force and moment exerted by X, and a;; are obtained as follows:

F, = m, @ =m, g = m,| H, g @
_mg, ZXnJI:H'Z 3 2}"'}‘-"%{2_ 7+ 2, h +

2 ] 2
Mg nol My @, — @ wmp hay,  omp ha, |, — @

2 2 2 2
mpho mmy he, wam;\ h he| o, -

-
@

L . ~m £ & m, g (2H, g |
—']"_l_ n - EER n " +
mh’ émr ho?! ho' émr hol\ h  he)

+hﬂ'ﬂ< -

I,=I,-1,

where mr, wy,, h, g and Iy are total liquud mass, n-th natural angular frequency, liqud height,
gravity constant and mass mertia of ngid cargo, respectively.

2.3 Vertical and Yaw Oscillation

When the tank 1s exited horizontally, 1t 1s assumed that the COG of the hiquid in tank does not move
up and down. Therefore, linear vertical sloshing does not occur.

When the tank 1s exated vertically, the vertical sloshing will occur. The vertical sloshing 1s a non-
linear parametric vibration due to parametric instability since waves are not excited directly by
vibration normal to the free surface. The vertical sloshing 1s created more easily when the
excitation frequency 1s close to twice the sloshing natural frequency of the fundamental mode.

In this thesis, the vertical motion of the hiqud and sloshing are omutted since 1t 1s a non-linear, high
frequency and insignificant phenomena_

The vertical motion and sloshing affect the heave and pitch motion of the floating body, however,
the experimental measurements and numerical calculations by other researchers showed that the
mfluence 1s negligible.

When the tank 1s exated rotationally about the vertical axis, no net force 1s generated, but 1t creates
moment about vertical axis. In this thesis, the moment about vertical axis 1s also omitted, since its
magnitude 1s small.
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2.4 Determination of Parameters for Rectangular Tank Model

To determine the parameters of a mechanical model, honizontal force and moment could be
obtamned by analytical, numerical or experimental means. For simple tank geometry such as a
rectangular tank as shown i Figure 2 4, an analytical solution 1s possible. Appendices 4 and 5
provide additional consideration for other tank geometry.

Two coordinate systems, global and local to the tank are defined. The global coordinate system
OXYZ 1s nght handed inertial coordinate system with the Z-axis pointing vertically upwards. The
local coordinate system oxyz to the tank 1s rnight handed with the origin fixed at the hquid centre of
gravity, and moves with the tank The axes of coordinate system local to the tank are parallel to the
global coordinate system.

The tank 1s rectangular with plan dimensions of a and b, and mternal liquid height as h.

Figure 2 4. Rectangular Tank

Assuming the liqud in the tank 1s incompressible, inviscid and wrrotational, liquid motion can be
described by velocity potential, & which satisfies the following basic equations:
_oe e e _,

2
vm_ax2+ay2+azl_

od p
—+—+gz=0
> gz

P

where p and p, are flmd pressure and fluid density, respectively.

19/140



When the tank 1s excited at an angular frequency w by a small time-varying linear displacement X
along x axis the boundary conditions are specified as follows:

[8’® 8d
Py te 3z k=ﬂ at free surface
L =

o ] P
[El:-iﬂ = X wexpliar), [g]}_d =0 at tank walls

First, by solving the eigenvalue problem, natural frequencies are determuned as follows:

o] = gA tanh(1,h), A, _{2"_1]”

Then, solving the basic differential equation to satisfy the boundary conditions, the velocity
potential of liqud 1n the rectangular tank excited horizontally 1s obtained as follows:

=X mexp{zﬁx){x+z o )"_1 CBSh[A [Z+/)] {&, )}

@ — @ ;-.,r?{zn—])l cosh(4_h)

The unsteady liquud pressure 1s:
oD
p=-p o

=—ipX o exp(mt){x+ > —

o, -0 EI{EH—I)Z cosh(A h)

The free surface elevation 1s:

W=_l% . =—.IIX"m xp(mr]{x+ o 4a{ 1)"1 m{i,,x]}

g mo, -0 *(2n-1)
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The horizontal force and moment mn the rectangular tank excited horizontally are obtained by
integrating the liquid pressure over the tank wall area.

F, =—im X, 0" expliot)x

JI:H_iE{a h)tanh(Ah) @ 2}

o rn-1 e -e

M, = —imhX,e" expliot)x
() e 1 2 ()2 |

When the tank 1s excited at an angular frequency w by a small time-varying angular rotation aj
about an axis through the COG, the boundary conditions are specified as follows:

EX
52 +Eg . =0 at free surface
L g—E

o _
o —a,xeexpliot) at tank bottom

2

[E} =a,z@e (mn‘], o =0
ax | o TP E at tank walls
T2

2

Solving the basic differential equation to satisfy the boundary conditions, the velocity potential of
liquid 1n the rectangular tank excited rotationally about Y axis 1s obtained as follows:
D= hzﬂf mexp{mt)x
i 4(-1) | sin(4,az/h)sinh(Z,ax/h) ( ] sin(4,x)cosh{4, (2 — h/2)
|7 (2n-1) cosh(4,a*/2h) h sinh(4,h)

@ 4(-1) a [1 2 (a/h) ,m[z,,h] h%Jm{ax)enm[&{7+hle

f%m —o 7*(2n-1F k2 x(2n-1) cosh(A,h)
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The horizontal force and moment m the rectangular tank excited rotationally are obtained by
integrating the liquid pressure over the tank wall area.

F, = —im hayw” expliot)x
) S (5 ||

M, = —imyh* ey’ explict ) x

I, 1(] “’lﬁah] (J{hh]g[l_ ah} A,,h] g]

i 12 ,,_. ©(2n-1f  hoy|\2 x(2n-1) 2her
= 8 (a/h)tanh(4,h){ 1 2(a/h) Ah
2 7 (2n-1) |:2 H(En—l]m( 2 ) FJ&J,,:| @, — @

The amplitude of the honizontal force and moment in the rectangular tank excited horizontally and
rotationally 1s obtained as follows:

Fx_mizxﬂ{l@s(a;ﬁm(m} o }

my@ o r2n-1) o -o

ool )

S DR b RS

fy2+L(£T g
mh?  12\h) he
= 16 (a/h)tanh(4, k) g [l_ 2(a/h) mﬂh[ﬂmh],r g )

+ha +
’ = ©en-1 ho?l2 z(2n-1) 2he?

8 (a/h)tanh (Ah}[l 2 (a/h) “”h[m)*h;}l o

o rn-17 |2 #x(2n-1) 2 a, - |

When the force and moment obtained by the spning-mass system and the velocity potential equal to
each other, slosh mass, associated height and mass inertia of the disk are determuned as follows:

m, 8a tanh(4,_h)

my _? 7:‘3{2?1—1)3
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H, 1 2(ah) [Ahh]
h 2 x(2n-1) 2
Note that following relationship 1s considered.
=m, g Z8a tanh(4,h) g “‘&tanh(ﬂ,nh) 1

Z R

Smp ho, S5 h (2n-1f he, 5 h 7°(2n—1) hA,tanh(4,h)

=§ h 7*(2n-1)* h _gz“{zn 1)“(9T:$[%T

Remaiming parameters, spring constant, fixed mass and 1ts height are determined as below:

tanh(A_h tanh*(A h
K,=me} =m, 8a_tanh(,h) g/, tanh(A,h)=m EEAZ)
h 72 (2n-1)f h 7*(2n-1)
My =My imnz Hﬂ:"’ ~H,
n-1 n-1 My

The moment of mertia of liqud cargo 1s smaller than that of ngd, solid or frozen liqud cargo since
the liqud rotates freely. The effective moment of mertia of rectangular tank 1s formulated as below:

_ (e 4 768a/h tanh[(2n — 1) 71/ 2a]
¥ 12mr[ " ’{1 1+(ay 7 T+ aﬂz (2n- 1)5 }
For around y-axis
12, ~ 4 768alh tanh[(2n — 1) 74 2a]
=1 rla” +17) I"_I“{H( T ll+{h a)’ JZ (2n—1) }

For around x-axis

_l o g B 4  768b/h tanh|(2n —1) 7/ 28]
=1 (6 +17) I“’_I“{H(hb)* [+ (n/b) JZ (2n-1) }
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3. Validation of Mechanical Model

3.1 General

In order to demonstrate the credibility of the author’s method presented in this thesis, the moment
generated by the rotational oscillation of rectangular tank 1s calculated and compared with the
results obtained by the expeniment or calculation by other means.

3.2 Moment for Rotational Oscillation

One of the targets for comparison, the moment for rotational oscillation of the rectangular tank was
obtained by Bosch et al *** experimentally. Another was calculated by the 3D finite difference
method (FDM) developed by Arai et al *%.

The parameters of rectangular tank with water for the validation are shown in Table 3.1. The results
are presented using a non-dimensional form used by Bosch et al.

M
My oy =—2
p.gahb

\/E
Tg=m |—
£

where Mgmp, pc. g and w are the moment amplitude, flmd density, gravity constant and angular
frequency, respectively.

Table 3.1. Parameters of Rectangular Tank for Validation

Casel | Case2 | Case3 1
h/a 0.04 032 0.58
h/H 0.06 0.50 0.90 H | rotation center
s/a 0.00 0.00 0.00 5
] "
— L8 - “'“-h..___hl ,_i_
a ) g§=0

The force amplitude along x-axis and the moment amplitude about y-axis that coincides with the
liquid centre of gravity are obtained by the following formulas:
F,

"-—;=Xﬂ{1+ﬁ}+haﬂ{ﬂ}
T
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I,
J’—;’:ﬁ' = X, {B}+ ha“{m;lﬁ + C+D—I}

2
=m, g (2H, g | <m/(H, g @
C:Z hl[h hz]""z {h—i_h ZJ ] 3
n-1 My N, L n-1 Mg @, | 0, — 0
mmﬂ gﬂ
D=1
,.Z.;‘mfh*wi

When the rotation axis does not comncide with the liquid centre of gravity, coordinate conversion 1s
performed to calculate the moment around the rotation axis.

M Ll _ —_— - I.
—rmp =Xﬂ{(1+ A}L‘?h z*’}+3}+;u.us:,q}{{1+A}(ZI‘G}?E""‘*)2 soplie=a), b +C+DL1}
&y

1
mph@ h My

where, z; 1s the liquid centre of gravity along the z-axis and z; 1s the location of the rotation axis
along the z-axis.

3.2.1 Accuracy of Calculation

The analytical solution of sloshing in the rectangular tank is represented by the sum of infinite
series; however, only the first, 1e_, the lowest, frequency slosh mass can practically be used when
the mechanical model parameters are derived by other than analytical solution.

It 1s commonly accepted that higher order modes (n > 2) can usually be 1gnored since the
magnitudes of the slosh mass for those modes are very small compared to the fundamental mode.
Table 3.2 shows the ratio of the calculated moment amplitude adding up to n modes to the
calculated moment considering 100 modes. The convergence 1s quick and the summation up to 100
modes 1s sufficiently accurate as the analytical solution. The error of calculated moment amplitude
considering only the 1st mode (n=1) in the range from quasi-static region to resonant region 1s
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within 2%. In hugh frequency region, the accuracy becomes worse; however, the moment in this
frequency region 1s small and not so important for practical application.

Table 3.2. Accuracy of Calculation for Cut-Off Mode in Case 1 (h/a=0.04) for 1.9 deg

Non-dimensional frequency, o
0.032 0.255 0.511 0.766 0.990
n=1 09856 09876 0.9946 1.0095 1.0364
n=>5 (0.99908 09999 (0.9999 1.0001 1.0003
n=2 1.0000 1.0000 1.0000 1.0000 1.0000
n=1 1.0000 1.0000 1.0000 1.0000 1.0000
A A
2.06-04 :
] 1
\ i
£ 15602} !
o [ 1
E 1 1
2 \ i
E 1.0E-02 ] !
-
2 5.0E-03 'il i
0.0E+00

0.0 03 0.6 0.9 1.2 1.5
Non-dim Omega

3.2.2 Comparisons

Comparisons of moments for the rotational oscillation of rectangular tank are shown m Figure 3.1.
The moment in the vicimity of the sloshing natural frequency does not become as large as predicted
by linear theory due to non-linear liquid motion such as a tramn of small waves, hydraulic jump, etc.
Figure 3.1 (a) shows that the author’s method presented mn this thesis overestimates the moment in
the vicimty of the sloshing natural frequency and the 3D FDM reproduces the expennmental
measurement. In Figure 3.1 (b), the author’s method shows good agreement with the moment
calculated by the 3D FDM when the rotational oscillation 1s small.

Figure 3.1 (c) shows that for case of the intermediate water level, the author’s method replicates the
3D FDM calculation better than that of low water level shown 1n Figure 3.1 (a).

Figure 3.1 (d) and (e) show that for case of the high water level, the author’s method does not
replicate moment mn the vicinity or higher region of the sloshing natural frequency when the
rotational oscillation 1s large. In addition, the moment 1s limited due to the phenomenon that the
water level reaches to the tank ceiling which 1s not prescribed by this method. However, this
method replicates the 3D FDM calculation well when the rotational oscillation 1s small.

Actually, the simulation by the 3D FDM shows that even in the low and high frequency range apart

from the sloshing natural frequency, the non-linear liquud motion especially multi-modal behaviour
15 observed. Therefore the moment calculated by the 3D FDM does not match exactly with the one
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calculated by the author’s method presented in this thesis. However, it 15 also confirmed that the

linear liquad motion 1s the major contributor.
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(a) Case 1 (h/a=0.04) for 1.9 deg
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(d) Case 3 (b/a=0.58) for 1.9 deg
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(b) Case 1 (h/a=0.04) for 0.1 deg
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(e) Case 3(h/a=0.58) for 0.1 deg

Figure 3.1. Moment for Rotational Oscillation of Rectangular Tank
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3.3 Validity and Limitation

Based on the validation performed on the mechanical model, its validity and linmtation are
concluded as follows:

Sloshing behaviour in small oscillation 1s well predicted.

The fundamental sloshing mode represents the sloshing behaviour sufficiently and the higher
order modes can be 1gnored as commonly accepted.

Resonant response 1 large oscillation 1s over predicted.

Nonlinear behaviour that 1s not prescribed in the mechanical model linuts the magmitude of
sloshing moment.

Ceiling effect that 15 not prescnibed in the mechanical model linits the magnitude of sloshing
moment.
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4. Coupled Equation of Floating Body Motion and Liquid Cargo Effects

4.1 Floating Body Motion without Liquid Cargo

The floating body motion relative to 1ts COG 1s described by the following equation in frequency
domain.

[Fo* (M +M, )+ioB, +C | X =F2"

where Xg 1s the floating body motion matrix, Mg 1s the mass matrix of the floating body, My g 1s the
hydrodynamic added mass matrix, Bg 1s the hydrodynamic potential and quadratic damping matrix,
Cg is the hydrostatic restoring matrix, and FE" is the hydrodynamic excitation force matrix due to
mcoming and diffraction waves. All matrices are obtained relative to the COG of the floating body.
The mass matrix of the floating body relative to its COG, Mg, 15 described below:

M . Mass of floating body
COG =(x;,¥5.2¢) ... COG of floating body

0 I5 IS IS
0o 15 IS I;;J

‘M 0 0 0 0 0)

0O M 0 0 0 0

0 0 M 0 0 0
M=o o o 1° 15 I8

0 0

0 0

15 = [[[ 1~ y6) +(z =26 dm 15 =15 =—[[[, (c—x . \y— ;) dm
15 = [[[ [ =P + (e 2 F ] dm 1§ =15 =~ [[[ (x—x6 Xz —2,) dm
15 = [[[ [r=x6 ) + (v = 3] 15 =15 =~[[[, - ye Nz~ z5) dm

Radius of Gyration and Specific product of inertia are expressed below:

Iy o In oo |In

G _ pG _ |Ig| G _ pG _ G G _ pG _ G
Ry =Ry =~ EXSgﬂ[u) Ry; =R = EXSEH[IH] Ry =Ry =~ _XSEE(IH)
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The hydrostatic restoring matrix of the floating body relative to 1ts COG, Cg, 15 described below:

C.=8x
(0 0 0 0 0 0 |
0 0 0 0 0 0
00 P,y 4,y ~%s) _%(xf_xa) 0
0 0 .raA'up(yf_yG] P[Sﬁ +sza)_‘uzﬁ £Si — PV + M
0 0 —pd,\x, _xG] £S5 p(SIGZ + szb)_ﬂﬁG —PVYy + My
0 o 0 0 0 o

Slfi::_l‘j%(y—ya)zdﬂ SZGZ:.I‘.I‘J,P(I_IG)z da Slg=3§=—ij{x—xGIy—yG]da

PV, =M
A, - Water Plane Area

COB=(x,,y,.z,) .. Centerof Buoyancy of floating body
COF = [xﬁyﬁzf) ... Center of Floatation on waterplane

g6
PE[SE +szb)_Mng = Png[ﬁ-i_zb _ZGJ =Mg-GM,
G
Pg[Ssz +szb]_Mng :fJng(V_n

w

+ 2z, —zG] =Mg-GM,

=

" +M F
|
BM = i | GM
F. |
¢
F
L] B
é KG
[
HB 1: l\_ I L
¥
|
|

Figure 4.1 Static Properties of Floating Body
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4.2 Coupled Floating Body Motion with Liquid Cargo

To obtain the equation of coupled motion of the floating body and the effects due to liquud cargo,
the forces induced by the hiquud cargo are added to the equation of the floating body motion. When
there are multiple tanks, liquud forces from all the tanks are added together.

|-o® (Mg ¢ +M, )+ioB, +C. | X =F2 + 3 [FF +F | X,

where Mg g 15 the mass matrix of the floating body (excluding liquid cargo) relative to its COG
(including liquid cargo), FF is the tank liquid force matrix relative to the local tank origin and Fr is
the matrix transferning the coordinate of the tank liquud force from the local tank ongin to the COG.
Note that the mass matrix, Mg ¢ excludes the liquid mass, but mass mertia 1s calculated relative to
the COG of the floating body including liqud cargo.

M .. Mass of floating body including liquid cargo
M, .. Massof floating body excluding liquid cargo
COG =(x,, Vs.2¢) ... COG of floating body including liquid cargo

COG, =(Xz0.V5e-755) — COG of floating body excluding liquid cargo
COG; =(Xe, VrgsZre) -.. COG of liquid cargo

The mass matrix of the floating body (excluding liquid cargo) relative to its COG (including hqmd
cargo) 1s described below:

f M, 0 0 0 Ma{zm_za] —M,{ym—ya]"
0 M, 0 ~ Mgz —25) 0 My(xa —x5)
AL - 0 0 M, My(yas —¥e) —Mylxps —x5) 0
e 0 —M,{zm _ZG] M,{,‘Pm _J"c:] Iﬁu Ifn Ifu
M,(zyg - za] 0 _Ms{xm _x-:;] Iy I I
\_Ma{ym _J"G] M, (x,; _-Ta} 0 Ifﬂ I.fa: Ifas Y,

Ign :!_I‘L‘B[{J"_J’m]z +{Z_Zm]z]dm+M3kyae_J’G)z +(ZBG_ZG)2]
Ifzz :J‘J‘LE[(I_IEG]Z +(Z_ZBG)1]dm+MB[{xBG _IG)Z +{ZBG _ZG]Z]

Ifn = !!LB[{I_XRG)Z +{_y—ym)2]dm+M3[(xM _IG]Z +{yBG _.}"G)z]

Iy =13, :_”L{B{x_xmly_J’M]dm_MB[{xEG_xGIyEG_J}G]]
Iy =Ipy :__U‘La (x_xmlz_dm)dm _MB[{XRG _xG}{ZBG _ZG)]

Ten =Tm :_jj!Ma{y_yEGIZ_zBG)dm_MB[{yBG ~ Y6 Xz _ZG)]
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F¥ is tank liquid force matrix relative to local tank origin.

L _ 2
Fr=my@ x

(1+4, 0 0 0 hB,
0 1+4, 0 —hB, 0
0 0 1 0 0
2
0 -hB, 0 = +h*«:?},+£:1ryh;2 0
m @
T hz
hB, 0 0 0 —+h’C, +D, —
m, @
. 0 0 0 0 0
where,
-3 2 @ 2
m, @ _ m @
A= m; @ —o" 4= m, @, —@
Fwl T m A=l T m
SMy g emg(H, g @’
B = + +
* Emr he?, émr( h hm;]m;—ml
= m = m_|H z
3=y -r L 5oy LT
w1 Mr hmm w1 My h hm}w @, — @
=m, g |2H, g = my, | H, g ’ @’
Cx:Z 2 h + 3 +Z h + 2 ]
a1 My hay, hw,, | w1 mr heo,, | o, —@
= m g 2H g = m H g : ﬁ}z
G =2 = 2 =+ ol R = e 2
samp hol,\ h  hey, ) SEm | b kel ) 0, -@
o 2 @ 2
m_ g My &
D =S"m D =52
* ; my }12&1; 7 n=l Mg hzm}zw
I .=1,-1, I=1;-1,
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Frc 1s the matrix transferring the coordinate of the tank liquid force from local tank ongin to COG.

P | © -F'V
O VER VER? _FRVoVER'Y

where,
L L 0 _(ZM_ZG) Y = Ve
L Fr Fr -
Fr Fll:n F{.‘ﬂ V=| zp-:zg 0 _{xm _IG)
_{.Vm _.}’G) e —Xg 0
Fi'' = mo® x ]5',1].‘12 = mrml x
1+ 4, 0 0 0 hB, 0
0 1+4, 0 —hB}. 0 0
0 0 1 0 0 0
Fro =m0’ x
71 2 (I W )
' =ma x —= +h’C,+D,— 0 0
0 -hB, 0 My 2
hB, 0 0 Y +h’C,+D,— 0
0 0 0 " @
0 0 0
b y,

The forces induced by hiqud cargo are finally divided into added mass part and hydrostatic
restoring part. The hydrostatic restoring part represents the free surface effect. Details of the tank
liquid force matrix are provided in Appendix 6.

Fr+F =0 My, c+Cp ¢

And the equation of the floating body motion coupled with the liquud cargo effects 1s obtained as

follows:

[Fo? (Mg e +M, o + M, )+ioBg +Cq — 3 Cp o |- X =F2"

or

|- @ (Mg +M, ¢ + M, ()+ioB, +Cc —3Cp | X =F2
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4.3 Hydrodynamic Matrix

The hydrodynamic matrices, My  , Bg and Fg'" are provided by the radiation and diffraction
calculation. ANSYS AQWA’" program is utilized for this purpose in this thesis.

The reference point of the hydrodynamic matrices in ANSYS AQWA coincides with the COG of
the floating body; hence, the output from ANSYS AQWA 1s directly used.

The velocity potential of incoming wave and phase defimtion are described in Appendix 7.

The hydrodynamic matrices obtained by radiation and diffraction calculation from other programs
such as WAMIT *¥, WADAM, etc., the reference point of the hydrodynamic matrices and the
floating body motion are not at the COG of the floating body, but the points are on the still water
surface.

In such a case, the hydrodynamic matrices relative to the reference pomt shall be transformed
relative to the COG or the other matrices, Mg , Mg ¢ , Cg and Fk shall be transformed relative to the
reference point.

The matrix transformation relative to the reference point adopted in WAMIT and WADAM 1s
provided in Appendix 8.

34/140



5. Validation of Coupled Floating Body Motion

5.1 General

In order to demonstrate the credibility of the author’s method presented in this thesis, the RAO of
sway and roll motion with and without the liqud cargo effects are calculated and compared with
the results obtained from the hiterature, experiment or calculation by other means.

5.2 Barge with Rectangular Tanks

Molin et al »*’ proposed a theoretical model for predicting the floating body motion coupled with a
sloshing 1n internal tanks, based on the hinear potential theory. They performed a model test aimed
at providing data to validate the theoretical model.

Their experimental model was a rectangular barge with two (2) rectangular tanks located on the
barge deck as shown 1n Figure 5.1. The sway and roll motion of the barge for beam waves were
measured and calculated with the tanks filled to different levels with water.

The principal particulars of the barge and tanks are presented in Tables 5.1, 5.2 and 5.3, and
calculated natural frequency 1s presented in Table 5. 4.

The comparnison of the sway and roll motion of the barge measured and calculated by Molin et al
and the author’s method presented in this thesis 1s shown mn Figure 5.2 which confirms that the

results are in good agreement.

L

=
-
-
-

Figure 5.1. Barge Model with Two Rectangular Tanks
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Table 5.1. Pnincipal Particulars of Empty Barge

Length BP 3.000 m
Breadth 1.000 m
Depth 0.267 m
Mass 0.169 kg
KG 0.240 m
Roll radius of gyration relative to 0.414 m
COG of empty barge

Table 5.2. Pnincipal Particulars of Tank

Length 0250 m
Width 0.800 m
Depth 0.600 m
Bottom elevation from barge keel 0.300 m

Table 5.3. Pnincipal Particulars of Floating Barge with Water Filled Tanks

Case 1 Case 2

Draft 0.108 m 0.108 m
Water level in tank 1 0.190 m 0.190 m
Water level in tank 2 0.190 m 0.390 m
Displacement 0.285m" 0.285m’
EG 0.287 m 0330 m
Roll radius of gyration relative to 0372 m 0373 m
COG of floating barge

GMt 0.638 m 0.594 m

Table 5.4. Calculated Natural Frequency

Case 1 Case 2
Roll natural frequency without liquud 474 rad/s 455 rad/s
cargo effects (solid cargo)
Sloshing natural frequency of tank 1 494 rad/s 494 rad/s
Sloshing natural frequency of tank 2 494 rad/s 5.92 rad/s
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5.3 FLNG with Rectangular Tanks

Rocha et al *" measured the 6-DOF FLNG motion coupled with and without the liquid cargo
effects and calculated them by numerical method based on linear potential theory (WAMIT). Their
FLNG model was a barge type hull equpped with six (6) rectangular tanks located inside the hull
as shown 1n Figures 5.3 and 5.4. The loading conditions corresponded to that all the six (6) tanks
were filled with water up to 15%, 50% and 90% of the tank height

Figure 5.3. FLNG Model with Six Rectangular Tanks

28.41

45.10
81.00

471.00

1K
25.04
38.00

bl
=
=

Figure 5.4. Tank Arrangement of FLNG Model (unit: m)
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For validation, the sway and roll motion for beam waves with two (2) loading conditions of 15%
and 50% are selected. The principal particulars and properties of the loading condition are
presented 1n Tables 5.5, 5.6 and 5.7.

Table 5.5. Principal Particulars of FLNG

Length Overall 471 m
Length BP 450 m
Breadth 81 m
Depth 38 m

Table 5.6. Principal Particulars of Tank

Length 5841 m
Width 4510 m
Depth 29.04 m
Bottom elevation from FLNG keel 5.00m

Table 5.7. Loading Conditions

Draft 1222 m 16.60 m
Water level in tanks 436m(15%) | 14.52 m (50%)
Displacement volume 432364 m’ 591,683 m’
KG 2299 m 18.53 m
Roll radius of gyration relative to 31.86 m 26.02m
COG of FLNG

GMt 2862 m 23.19m
Roll natural period without liqud 1525 140s
cargo effects (solid cargo)

Sloshing natural period of tank 140s 87s

As shown m Figures 5.5 and 5.6, the numerical calculation of the author’s method presented m this
thesis 15 compared with the FLNG motion measured and calculated by Rocha et al. The RAO
calculated by the author’s method 1s very close to the one calculated by WAMIT.

While comparing the experimental measurement, for the loading condition of 15%, the sway and
roll motion around the sloshing natural period [Fig. 5.5 (c) and (d)] are not well replicated by erther
the author’s method or WAMIT. As Rocha et al pointed out i their paper, this 1s due to non-linear
sloshing 1n the tanks and the limitation of the calculation method based on the linear potential
theory. For the loading condition of 50%, the calculations results match well with the experimental
measurements.

It 15 concluded that the sway and roll motion affected by the liquid cargo effects are reasonably
evaluated by the author’s method presented in this thesis and WAMIT, except for the case mm which
the effect of the non-linear sloshing 1s significant [Fig. 5.5 (c) and (d)].

One important observation 1s that the roll motion for the loading condition of 50% seems to be not
affected much by the liquid cargo effects.
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5.4 Validity and Limitation

Based on the comparisons presented i this chapter, validity and linmtation of the coupling of
floating body motion and mechanical model are concluded as follows:

® The sway and roll motion influenced by the sloshing 1s reasonably well predicted.

® The frequency characternistics of sway and roll motion fluctuate greatly at around the first
sloshing natural frequency/period.

® When the effect of the non-linear sloshing 15 significant, the author’s method overestimates the
peak response and the local mimmum response.
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6. Rational Explanation of Liquid Cargo Effects on Floating Body Motion

6.1 General

In order to identify effect of the liquid cargo on the sway and roll motion of the floating body, the
equation of sway and roll motion 15 extracted and presented below from the matrix form of the
equation obtamed in chapter 42

[ ¥
—&JQ[M +mf"‘_G+ZmHAﬁJ+imﬁ?:|xm +[ [?:'2J G Zmﬂ[Ar(zIﬁ —Zg +F1JB ])+mf:r“}xm—ﬁ'g
=

[m,l i Zmr [Ap Iy }+hjﬂj])+faﬁ{?:|xm

—mz[fﬁ +mf_ﬁ +IZ:{—IE!_, +my [A}j{znﬂ —z{,.}1 +2thj{z ?rl{? ]}]+mﬁ“

i=1 o
+ Xy = Fiig

N
+[FEV.. -GM, —_Z_llmrj‘i’jﬂ;f]
i

where, M 15 the mass of the floating body including the liquid cargo and 1s equal to pV,,, p 1s the
density of the surrounding water, 1, 1s the displaced volume, 1E, and GM, are the mass inertia and
the transverse metacentric height of the floating body mncluding the liquud cargo relative to its COG,
my'c, b¢' and Fgy are the hydrodynamic added mass, damping and wave forces for k and
components, respectively. The characters xg; and xg, are the sway and roll motion of the COG of
the floating body, j 1s the number of tanks, and N 1s the total number of tanks. The term

— Y1 mp;h2 D, ; represents the free surface effect of the liquid cargo.

Further, the equation of sway is divided by pV,,w,w? and the equation of roll is divided

by pV,yBwaw?, and the non-dimensional equations of motion are obtained.

[— (1+a22’]+ ib™ ’]J{;2 ’+[—a24 ’+iIJ“']x4’= F,'

2
RG
[ a®4ip® |, 4] - {[A] +a* } +ib* 4™ -];:4 '—F,'
B

The non-dimensional hydrodynamic coefficients in the equations are as follows:

N
my g+ My,
2 J=1

aa =
oV,

L
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where, w; 1s the incident wave amplitude, B 1s the breadth of the floating body, RE, is the roll
radmus of gyration.

The absolute values of non-dimensional terms and the real part of the terms (2, 2) and (4, 4)
expressed as below are used in the following chapters.

42 :J(l+azz.)2 +(b22.)1 |Rn| = |1+ aﬂ'|

A24=\/(a14')1+[b24’]2
42 =J(ﬂ41')2 +[b42’]2

2
A* = {—[R—ﬁT —a‘”'+c‘”'} +(if:r"“")2 |R‘”| = ‘—(%ﬁ)z —a*c*
B
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6.2 Barge with Rectangular Tanks

This chapter addresses the effect of the liqud cargo on the sway and roll motion of the barge stated
m the chapter 52.
The first point of consideration 1s the sway-roll coupling affected by the liqud cargo effects. The

sway and roll affect each other and the degree of sway-roll coupling 1s represented by the terms,
A** and A*2.

Figures 6.1 and 6.2 show the non-dimensional absolute of the terms, A2 A%* A*2and A**, non-
dimensional exciting forces, F»’ and F;', RAOs of sway and roll excluding and including the liquid
cargo effects in tanks for case 1 barge, respectively. Two (2) RAOs are presented: one 1s obtained
with the sway-roll coupling and the other 1s without the coupling.
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Figure 6.1. Sway and Roll motion without Liqud Cargo Effects for Case 1
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For the barge motion without the liqud cargo effects i tanks, the sway-roll coupling 1s not
significant as shown in Figure 6 1. The A**and A*? terms [solid line in (a) and (b)] are kept small
relative to the other terms in all the frequency range and the RAOs of sway and roll are almost the
same regardless of the sway-roll coupling [(c) and (d)].

When the liquid cargo effects in tanks are added as shown in Figure 6 2, the A**and A*? terms
[solid line 1n (a) and (b)] become large in the whole frequency range, especially around the sloshing
natural frequency. As a result, the sway-roll coupling 1s enhanced. Appreciation of this fact 1s
necessary in order to understand the coupled sway and roll motion with the liqud cargo effects.
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Figure 6.2. Sway and Roll motion with Liqud Cargo Effects for Case 1
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The second point of consideration 1s on the terms which provide major contribution towards sway

and roll motions.

The term R?2 having major contribution towards the sway motion is characterized by the mass. As
shown in Figure 63 (a), the term R?? without liquid [dotted line in (a)] does not vary significantly.
When the liquud cargo effects are considered, it vanes significantly due to sloshing 1n tanks [solid
line 1n (a)]. It becomes extremely large at the sloshing natural frequency, 4.94 rad/s; the decoupled
sway motion becomes very small [dotted line 1n (e)]. In frequency greater than the sloshing natural
frequency, 1t changes rapidly from the extremely large value to zero (0) at 5.35 rad/s [The reason
why the solid line 1n (a) does not reach to zero (0) 1s due to resolution of the horizontal axis of the
graph], where the local peak of the decoupled sway motion 1s observed [dotted line m (e)].

Due to strong coupling with roll motion as shown in Figure 6.2 (a), these extreme sway motions are
moderated and the corresponding frequency 1s shifted [solid line n (e)].

The term R** having major contribution towards the roll motion is characterized by the mass
inertia and the restoring moment. As shown in Figure 6.3 (b), the term R** without liquid [dotted
line 1n (b)] takes zero (0) at the frequency, 4.74 rad/s and a roll resonant peak 15 observed [dotted
line 1n (d)].

When the liquid cargo effects are considered, it becomes zero (0) at 3.86 rad/s and 5.70 rad/s [sohd
line 1n (b)]. In addition, 1t has a peak value at sloshing natural frequency, 4.94 rad/s. Accordingly,
the two peaks at 3.86 rad/s and 5.70 rad/s and local mimimum at 4 94 rad/s are observed in roll
motion decoupled from sway motion [dotted line m (f)].

When coupling with sway motion is considered, the frequency corresponding to the peaks and the
local minimum are shifted [solid line in (f)].

At this pomt, 1t 15 essential to understand that due to free surface effect, the restoring moment 1s
smaller and as a result, roll motion which decoupled from sway motion becomes larger. And then
the sway coupling reduces the roll motion.

The consideration and explanation for case 1 barge are valid for the case 2 barge as well. Figures
6.4, 6.5 and 6.6 show the praphs corresponding to Figures 6.1, 6.2 and 6.3, respectively.
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Figure 6.3. Sway and Roll motion with and without Liquud Cargo Effects for Case 1
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6.3 FLNG with Rectangular Tanks

This chapter addresses the effect of the liqud cargo on the sway and roll motion of the FLNG
stated in the chapter 5.3.

The first point of consideration 1s the sway-roll coupling affected by the liqud cargo effects. The
sway and roll affect each other and the degree of sway-roll coupling 1s represented by the terms,
A2% and A%2.

Figures 6.7 and 6.8 show the non-dimensional absolute of the terms, A2 A%* A*2and A**, non-
dimensional exciting forces, F»’ and F;', RAOs of sway and roll excluding and including the liquid
cargo effects in tanks for the loading condition of 15%, respectively. Two (2) RAOs are presented:

one 15 obtained with the sway-roll coupling and the other 1s obtaimned without the coupling.
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Figure 6.7. Sway and Roll motion without Liqud Cargo Effects for Loading Condition of 15%
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For the FLNG motion without the liquid cargo effects in tanks, the sway-roll coupling 1s not
significant as shown in Figure 6 7. The A**and A*? terms [solid line in (a) and (b)] are kept small
relative to the other terms in all the period range and the RAOs of sway and roll are almost the
same regardless of the sway-roll coupling [(c) and (d)].

When the liquid cargo effects in tanks are added as shown in Figure 6 8, the A**and A*? terms
[solid line 1n (a) and (b)] become large in the whole period range, especially around the sloshing
natural period. As a result, the sway-roll coupling 1s enhanced. It 1s essential to appreciate this fact
mn order to understand the coupled sway and roll motion with the liqud cargo effects.
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Figure 6.8. Sway and Roll motion with Liqud Cargo Effects for Loading Condition of 15%
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The second point of consideration 1s on the terms which provide major contribution towards sway

and roll motions.

The term R?? having major contribution towards the sway motion, is characterized by the mass. As
shown in Figure 6.9 (a), the term R?? without liquid [dotted line in (a)] does not varies significantly.
When the liquud cargo effects are considered, it vanes significantly due to sloshing 1n tanks [solid
line 1n (a)]. It becomes extremely large at the sloshing natural period, 14.0 sec; the decoupled sway
motion becomes very small [dotted line 1n (e)]. In the period shorter than the sloshing natural
period, the term R?? changes rapidly from the extremely large value to zero (0) at 13 4 sec, where
the local peak of the decoupled sway motion 1s observed [dotted line in (e)].

Due to strong coupling with roll motion as shown in Figure 6.8 (a), these extreme sway motions are
moderated and the corresponding peniod 1s shufted [solid line m (e)].

The term R**, having major contribution towards the roll motion is characterized by the mass
inertia and the restoring moment. As shown in Figure 6.9 (b), the term R** without liquid [dotted
line 1n (b)] takes zero (0) at the period, 15.2 sec and a roll resonant peak 1s observed [dotted line 1n
(@]

When the liquud cargo effects are considered, 1t has zero (0) twice, at 13.0 sec and 18 4 sec [sohd
line 1n (b)]. In addition, 1t has a peak value at the sloshing natural period, 14.0 sec. Accordingly, the
two peaks at 13.0 sec and 18 4 sec and local mimimum at 14.0 sec are observed in roll motion
decoupled from sway motion [dotted line in (f)].

When the coupling with sway motion 1s considered, the period corresponding to the peaks and the
local minimum are shifted [solid line in (f)].

At this pomt, 1t 15 essential to appreciate that due to free surface effect, the restoring moment 1s
smaller and as a result; roll motion decoupled from sway motion becomes larger. And then the
sway coupling reduces the roll motion.

For the loading condition of 50% shown in Figures 6.10, 6.11 and 6.12, exactly the same reasoming
holds; however the shape 1s different due to difference in the natural period and degree of influence
from sloshing on roll motion. Since the degree of influence of sloshing on roll motion 15 not so
strong, the influence of roll motion on sway motion 15 not signficant. However, the roll motion 1s
still affected significantly by the liquud cargo effects such as free surface effect and enhancement of
the sway-roll coupling.
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The third point of consideration 1s the degree of influence of sloshing on roll motion.

In order to understand the different behaviour of roll motion between the loading conditions of 15%
and 50%, the degree of influence of sloshing on roll motion should be investigated.

Figure 6.13 shows that the peak period of the term R?? [solid line in (a) and (c)] is shifted
according to the sloshing natural period of the liquid cargo in tanks but the magnitude of it 1s at the
same level in both the loading conditions of 15% and 50%. As a result, the peak and the local
mimmum of the sway motion 1s shifted but appeared significantly in both the loading conditions
[dotted and solid lines in (b) and (d)].
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Figure 6.13. Sway motion with Liqmd Cargo Effects
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On the other hand, Figure 6 14 shows that the magnitude of the term R** [solid line in (a) and (c)]
15 significantly reduced in the loading condition of 50%, and as a result the influence of sloshing on
roll motion 1s reduced [dotted and solid lines in (d)].
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Figure 6.14. Roll motion with Liquad Cargo Effects

The degree of influence of sloshing on roll motion for the different loading condition can be
explamed using the mechanical model.

The vertical distance of the liqud slosh mass to COG of the floating body affects the degree of
mfluence of sloshing on roll motion. Figure 6.15 shows the vertical position of the COG of floating
body, liqud 1n tank and liqud slosh mass. The first slosh mass height from the tank bottom, H; the
vertical distance between COGs of the floating body and tank liquud, Z; and the vertical distance
from COG of the floating body to the first slosh mass, Z; are expressed as below:
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L =i —zZs+H

where, s, h, Hy, Zpg and zg are the relative location from tank bottom to the COG of floating body,
liquid height, the first slosh mass height relative to the COG of hiquid mn tank, the vertical location
of the COG of liqud 1n tank and floating body, respectively.

ZD = :

Z1G T £ o i
“ A A —
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Figure 6.15. Vertical Position of COGs and Liqud Mass

The sloshing influence factor (SIF) for the tank 1s defined as follows:
SIF =1, +m |4 (2,0 — 2, ' +2hB, (25 — 2 )+ h*C, |

The SIF indicates the degree of influence of sloshing on roll motion considering the difference in

the term R** with and without liquid cargo effect and eliminating the free surface effect that is
mdependent of vertical position and the liqud filling level.
The SIF 1s divided into two parts, frequency independent and frequency dependent.

60 /140



2
m, m,| H my, | H @
STy = mp| (2 —2 P +2h—2 24 & (7 _z )yp? 2| 0, &
m = My - (276 EG)Z [ h hm_:l (21 zG) m\ b ho 2 2

¥l

2
2
=m, {zm —zG)z +2[H~"l+ﬁ;£2] {zm —zG)+{H}.1+£I] Iﬁ? :
1

¥ @y @0, — @
2
.r . o
=my,| Zrs — Zg +H at el I
\ ¥l ¥l
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where p_ and b are flmd density of the liquud in tank and tank length, respectively.

The non-dimensional coefficient of frequency dependent part of SIF 1s plotted in Figure 6.16 with
Z, fa 1 abscissa for graphs (a) to (e) and Z; /a for graph (f).Solid blue dots in Figure 6.16 represent
FLNG loading conditions of 15% and 50%. The non-dimensional coefficient SIF for LC15% 1s
larger than that of LC50%, which represents that the degree of influence of sloshing on roll motion
15 significant in LC15%, but not in LC50%.

As shown 1n graph (c) of Figure 6.16, single polynonual relationship 1s observed for the cases
where h/a 1s greater than 0.15. This means that the degree of influence of sloshing on roll motion
depends solely on the relative location of slosh mass and COG of the floating body where the liqud
filling level 1s intermediate or deep.
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As shown 1n graph (d) of Figure 6.16, the polynonual relationship 1s still observed but strongly
dependent on the hiqud filling level for the cases where h/a 1s equal to or less than 0.15.

The graph (e) of Figure 6.16 indicates the series of s/a=0.5, s/fa=0.0 and s/a = -0.5 with
different liquud filling level. The positive values of s/a indicates that the COG of floating body 1s
above the tank bottom whereas the negative values indicates that the COG 1s below the tank bottom.
Thas graph shows that greater influence of sloshing on roll motion 1s expected when the tank 1s
located above the COG of floating body like Molin barge.

When Z, /a 1s in the range between -0.5 and -0.2 and h/a 1s greater than 0.15, the degree of
sloshing on roll motion 1s negligible or small.

When Z; /a 1s out of the range between -0.5 and -0.2 or h/a 1s equal to or less than 0.15, the degree
of sloshing on roll motion 1s sigmficant.

It 15 to be noted that the magnitude of the non-dimensional coefficient SIF has no effect on the
magnitude of the roll motion affected by sloshing. The large SIF does not cause large roll motion.
The magnitude of the roll motion depends on mass mertia, restoring, potential and viscous damping

and moment due to incident wave.

According to this imnvestigation, the tank location typically adopted in FLNG (the tank 1s located
below the COG of floating body) 1s found to be good 1n reducing the mmfluence of sloshing on roll
motion. It 1s expected that the significant influence on roll motion 1s observed only when the liqud
in the tank 1s low.

For prelinunary assessment of influence of sloshing on roll motion, Z; /a instead of Z; /a can be
used as shown 1 Figure 6.16 (f). Z;/a does not include slosh mass height, H; and 1t can be
calculated by using only the COG of floating body and liquud height in tank.

When Z; fa 15 in the range between -0.4 and -0.1 and h/a 1s greater than 0.15, the degree of
sloshing on roll motion 1s negligible or small.
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6.4 Summary of Liquid Cargo Effects on Floating Body Motion

Based on the materials presented in this chapter, the influence of liquid sloshing on the barge and
FLNG motion 1s concluded as follows:

@® The liqud cargo effects enhance the sway-roll coupling. The absolute of the non-dimensional
terms A**and A*? represents the degree of the sway-roll coupling.

@® The sway motion affected by liqud cargo effects 1s analysed focusing on the non-dimensional
term R%? and sway-roll coupling. An explanation on observation of the peak and the local
mimmum in sway RAO due to the effect of liqud cargo 1s provided rationally.

@® The roll motion affected by liqud cargo effects 1s analysed focusing on non-dimensional term
R** and sway-roll coupling. An explanation on observation of the peaks and the local minimum
n roll RAO due to the effect of liquid cargo 1s provided rationally.

® The degree of influence of sloshing on roll motion corresponding to the relative vertical location
of tank and the fraction of liquud level in tank 1s investigated. The mechanical model provides
quantitative estimates of the influence.

@® The analysis 1s performed for two independent research results, the barge motion by Molin et al
and the FLNG motion by Rocha et al. The mnfluence of hiquid sloshing observed mn both of them
can be explained using the same approach with the mechamical model.
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7. Case Study for FLNG

7.1 General

In order to demonstrate the usefulness of the mechanical model in the FLNG development and
basic design, case study for FLNG stated i the chapter 5.3 1s performed.

7.2 Double-row Tank Arrangement

The "double-row" tank arrangement 1s adopted in FLNG 1in order to reduce the influence of
sloshing * and its effect on FLNG sway and roll motions is addressed in this chapter.

58.41
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22 55 ©
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7 318
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Figure 7.1. Tank Arrangement of FLNG Model for Double-row Case (umif: m)

Table 7.1. Loading Conditions for Double-row Case

Draft 1222 m 16.60 m
Water level in tanks 436 m(15%) | 14.52 m (50%)
Displacement volume 432364 m° 591,683 m"
KG 2299 m 18.53 m
Roll radius of gyration relative to 31.86 m 26.02m
COG of FLNG

GMt 2862 m 23.19m
Roll natural period without liquad 1525 140s
cargo effects (solid cargo)

Sloshing natural period of tank 73s 55s
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For this case, the six (6) tanks split into two as shown 1 Figure 7.1 are considered. As shown in
Table 7.1, the displacement, KG, roll radwus of gyration and GMt are same as the onginal in Table
5.7, but the sloshing natural period of tank becomes shorter since the tank width becomes shorter.

Figures 7.2 and 7.3 show the results of sway and roll motion. Corresponding to the change in
sloshing natural period of tank, the peak and the local mumimum of the sway motions are shifted.
For the roll motion, the mfluence of sloshing on roll motion 1s reduced sigmficantly.
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Figure 7.2. Sway and Roll motion with Liqud Cargo Effects for LC of 15% Double-row Case
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As shown 1n Figure 7 4, the sloshing influence factor 1s changed corresponding to changing a from
4510 mto 2255 m.

For the loading condition of 15%, SIF becomes small and as a result, the influence of sloshing on
roll motion 1s reduced significantly. For the loading condition of 50%, SIF and the influence of
sloshing on roll motion are kept small.

According to thus study, 1t 1s confirmed that the double-row tank arrangement 1s quute effective in
reducing the influence of sloshing on motion.
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7.3 Vertical Position of Tanks

According to the third point of consideration m chapter 6.3, vertical position of tanks affects the
mfluence of sloshing on roll motion.
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Figure 7.5. Tank Arrangement of FLNG Model Tank Vertical Position Case (umit: m)
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To demonstrate this, lower and higher case loading conditions are studied. The tanks are positioned
at 2 m below and 10 m above the position considered in the oniginal case for lower and lugher case

respectively.

As shown in Tables 7.2 and 7.3, the displacement 1s same as the onginal in Table 5.7, but KG, roll

radius of gyration and GMt are slightly changed due to change in tank’s vertical position.

Firstly, change of the sloshing influence factor 1s investigated as shown in Figure 7.6. As the
vertical position of the tank changes, Z;/a and SIF change accordingly. Since SIF vanation 1s not so
large, the influence of sloshing on roll motion 1s expected to be small.

Table 7.2. Loading Conditions for Lower Case

Draft 1222 m 16.60 m
Water level in tanks 436m(15%) | 14.52 m (50%)
Displacement volume 432364 m° 591,683 m°
KG 2268 m 17.75m
Roll radius of gyration relative to 3202 m 26.22m
COG of FLNG

GMt 2894 m 2397 m
Roll natural period without liquad 151s 1385
cargo effects (solid cargo)

Sloshing natural period of tank 140s 87s

Table 7.3. Loading Conditions for Higher Case

Draft 1222 m 16.60 m
Water level in tanks 436 m(15%) | 14.52 m (50%)
Displacement volume 432364 m° 591,683 m"
KG 2459 m 2241 m
Roll radius of gyration relative to 3127 m 2553 m
COG of FLNG

GMt 2703 m 1932 m
Roll natural period without liquad 154s 1525
cargo effects (solid cargo)

Sloshing natural period of tank 140s 87s

Figures 7.7 thru 7.10 show the results of sway and roll motion. Comparing the Figures 6.8 and 6.11
of the onginal case, no remarkable difference 1s observed. For the cases with the loading condition
of 15%, sloshing affected the floating body motion obviously. The magnitude of the roll motion
affected by sloshing, however, 15 not changed since the magnitude of the roll motion depends on
the mass inertia, restoring, potential and viscous damping and moment due to incident wave which
are not changed largely.

For the higher case with the loading condition of 50%, the influence of sloshing on roll motion can
be observed [(d) in Figure 7.10]. In this case, a peak response of roll motion 1s observed due to
greater influence of sloshing on roll motion, but 1t 1s not large due to small external force [dotted
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line 1n (d)]. The peak response of roll motion at the period within the range of 7 to 10 second 1s
mainly due to sway-roll coupling enhanced by sloshing.

Note that this higher case 1s not realistic m FLNG. The unrealistic tank position 1s adopted in this
case study in order to hughlight the degree of influence of sloshing.

According to thus study, the tank location typically adopted 1n FLNG 1s found to be a good
arrangement with sufficient margin in deducing the influence of sloshing on roll motion.
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Figure 7.6. Sloshing Influence Factor for Tank Vertical Position Case
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Figure 7.9. Sway and Roll motion with Liqud Cargo Effects for LC of 15% Higher Case
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Figure 7.10. Sway and Roll motion with Liquid Cargo Effects for LC of 50% Higher Case

7.4 Storage Tank Operation
In this thesis, for the FLNG study so far, the hiquid filling level considered 1s the same for all six (6)
tanks. However, 1t 1s common 1 actual operation that the liquid filling level for each tank 1s

different, and it can also be controlled.
For storage tank operation case, multiple hqud filling levels for each tank are modelled as shown

mn Figures 7.11 and 7.12. For each case, the draft 1s kept same as that of the loading conditions of

15% and 50%.
The tank operation case 1 1s the case where filling of storage tanks 1s done as evenly as possible but

with different filling levels. The tank operation case 2 1s the case where filling of the storage tank 1s
performed two by two in order.
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As shown in Tables 7.4 and 7.5, the displacement 15 same as the onginal in Table 5.7, but KG, roll
radius of gyration and GMt are slightly changed due to the change of the tank filling

Draft 1222 m
5% 15% 75% 25% 15% 54
h/a=0.03 h/a=0.10 h'a=0.16 h/a=016 hSe=010 h/a=0.03
(S
Draft 16.60 m
30% | 4% T 30%
h/a=0.18 h/a=0.26 BI% B0% he/'s=0.26 h/a=.19
h'a=0.52 hia=052

Figure 7.11. Multiple Liquid Filling for Tank Operation Case 1

Draft 12.22 m
0% i 45% 45% [hET 0%
h/a=0.00 h/a=0.00 h'a=0.79 h/a=029 b &=01.00 h/a=0.00
Draft 16.60 m
0% 6% 9% 9% G0% 0%
h/a=0.00 h/a=0.3% h/a=0.58 h/a=058 h/g=0.38 h/a=0.00

Figure 7.12. Multiple Liquid Filling for Tank Operation Case 2

For the tank operation case 1 as shown in Figures 7.13 and 7.14, three (3) peak responses are
observed corresponding to the 3 different filling levels of tanks. Interestingly, the response peaks of
sway and roll at the wave period around 25 second cancel each other [(c) and (d) in Figure 7.13].
For the tank operation case 2 as shown in Figures 7.15 and 7.16, due to the high filling level,
remarkable influence of sloshing 1s observed only in the sway motion for the short period wave.

According to thus study, the tank operation case 2 where filling of the storage tank 1s performed two
by two in order 1s the preferred operation to reduce the influence of sloshing on motion.
It 15 also noted that this operation will mininize the duration of the low filling level in tank, and

reduce the influence of sloshing on motion.
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Table 7.4. Loading Conditions for Tank Operation Case 1

Draft 12.22 m 16.60 m
Water level in tanks Figure 7.11 Figure 7.11
Displacement volume 432364 m’ 591,683 m’
KG 2310m 19.05m
Roll radius of gyration relative to 3181 m 2598 m
COG of FLNG
GMt 2852 m 22.67m
Roll natural period without liquad 1525 1415
cargo effects (solid cargo)

Table 7.5. Loading Conditions for Tank Operation Case 2
Draft 1222 m 16.60 m
Water level in tanks Figure 7.12 Figure 7.12
Displacement volume 432364 m’ 591,683 m’
KG 2369 m 2011m
Roll radius of gyration relative to 31.58 m 2591 m
COG of FLNG
GMt 2793 m 21.62m
Roll natural period without liquad 153s 144 s
cargo effects (solid cargo)
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Figure 7.16. Sway and Roll motion with Liquid Cargo Effects for Draft 16.60 m
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—

7.5 Summary of Case Study
Three (3) case studies are performed and the usefulness of the mechanical model in the FLNG

development and basic design are demonstrated. Findings from these case studies for reducing the
mfluence of sloshing on FLNG motion are as follows:

@ The double-row tank arrangement 1s quite effective measure.

@ The standard tank location adopted in FLNG 1s the preferred arrangement whach 1s robust.

@ The tank operation where filling of the storage tank 1s performed two by two in order 1s the
preferred choice of operations.
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8.

Conclusions

The calculation method based on the mechanical model 1s presented in this thesis in order to
estimate and understand the mnfluence of the liquid cargo effects on the floating body motion.
The conclusions drawn from the study undertaken are presented below.

The liquid cargo effects are represented by the spning-mass type mechanical model and they are
coupled with motion of floating body.

The parameters of a mechanical model for the iqud 1n a rectangular tank are determined
analytically.

The method presented in this thesis 1s validated by comparing with the moment for the rotational
oscillation of a rectangular tank measured by Bosch et al and the one calculated by 3D FDM
prograim.

The method presented 1s validated also by comparing the barge motion measured and calculated
by Molin et al.

The method presented 1s again validated by comparing the FLNG motion measured and
calculated by Rocha et al_

The sway and roll motion affected by the liqud cargo effects are reasonably evaluated, except in
the case where the effect of the non-linear sloshing 1s sigmificant.

The liquid cargo effects enhance the sway-roll coupling. This shall be paid attention in order to
understand the coupled sway and roll motion with the liqmd cargo effects.

A rational explanation on observation of peak and local mimimum in sway RAO due to the effect
of liqud cargo 1s provided by taking into account of the effect of the mass and sway-roll
coupling.

A rational explanation for observation of peak and local mummum 1n roll RAO due to the effect
of liqud cargo 1s provided by taking into account of the effect of mass mertia, restoring moment,
and sway-roll coupling

The mechamical model provides quantitative estimates of degree of influence of sloshing on roll
motion corresponding to the relative vertical location of tank and the fraction of hqud level in
tank.

The influence of liquid sloshing observed in two mdependent research results, the barge motion
by Molin et al. and the FLNG motion by Rocha et al. both can be explained by a single method
using the mechanical model.

Three (3) case studies are performed and the effectiveness of the mechanical model in the FLNG
development and basic design 15 demonstrated.
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In the future, further investigations on the followings will enhance the completeness of this
research work.

@ Investigation on influence of non-linear sloshing at low filling level
The method of Verhagen and van Wingaarden was a simple analytical solution which predicted
the non-linear roll moment at low filling level of the tank fairly well. This method was coupled
with the floating body motion by Journée '*.
Incorporating principles from this method would eliminate some of the weaknesses in the
method suggested by the author using the mechanical model.
Considering the anti-roll tank and the experimental result of FLNG with loading condition of
15%, 1t 15 expected that the low filling of hiquid reduces the roll motion.

@® Investigation of surge and pitch motion
The characteristics of surge and pitch motion affected by the liquud cargo effects are similar to
that of the sway and roll motion, but not complex due to reduced influence of sloshing on pitch
motion.

@® Investigation of yaw motion
The influence of sloshing on yaw motion 1s expected to be insignificant; however, it 1s worth
quantifying the effect.

@® Investigation of floating body motion in quartering sea
The influence of sloshing investigated in the past only for the beam sea 1s the most sigmificant
sea for sway and roll. The influence of sloshing to this motion 1s expected to be less significant;
however, 1t 1s worth quantifying the effect.

® Investigation of floating body motion in irregular sea in short and long term sea states
This investigation would quantify whether the floating body motion 1s amplified by sloshing,
and 1dentify sea states that should have been taken into account.

® Investigation using the prismatic tanks instead of the rectangular tanks
According to the Appendix 4 of this thesis, parameters for the prismatic tank model can be
obtained easily. This mmvestigation would yield more realistic results since the tank shape
actually adopted for FLNG and LNGC 1s prismatic.
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Thus thesis covers the mnfluence of sloshing on sway and roll motion of FLNG based on linear
potential theory, and considerations and conclusions are presented provided based on the results
obtamed only from by the quantitative examination. However, the author 1s in possession of a lot of
useful findings and knowledge.

Hence, the author would like to add additional notes which are not mentioned in the preceding
chapters of this thesis and some of which are not yet undergone quantitative inspection. Author
hopes that these notes would be verified by research m the future.

1. The influence of sloshing on pitch, heave and yaw motion 1s not significant and practically
neghgible.

2. When the liquud height in tank 1s very low, the sloshing natural period 1s long and the sloshing
affects sway, roll and surge motions. However the enlarged motion 1s balanced and becomes
smaller due to sway-roll coupling and surge-pitch coupling.

3. When the liquud height in tank 1s low, the sloshing affects sway, roll and surge motions.
However, the motions are not be enlarged a lot due to non-linearity of the sloshing.

4. When the liquud height in tank 1s intermediate or deep, roll motion will not enlarge a lot due to
large mass inertia effect and the small external roll moment.

5. When the liqud height in tank 1s intermediate or deep, sway and surge motions will be enlarged.
In addition, the corresponding short period wave appears frequently.

6. Considening above mentioned facts, due attention shall be paid to sway and surge motions
affected by sloshing of liquud at intermediate or deep height in the tank. This may worsen the
FLNG performance in the normal environmental condition; e g_ fatigue, offloading operation,
although 1t does not get affected in the harsh environmental condition; e g. ultimate strength,
safety.

Table 8.1. Influence of sloshing on FLNG motion

Liquud height in tank Very low Low Intermediate
(W/a<0.05) (0.05 < h/a<0.15) Deep
Sloshing natural period Long Middle Short
Sway NP ° NP Attention
Roll NP° NP° NP*
Surge NP ° NP° Aftention
Pitch NP ' NP NP '
Heave NP ' NP ' NP '
Yaw NP ' NP ' NP '

NP: No problem
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Appendix 1 Details of Mathematical Expression in Chapter 2.2

A1.1 Preservation of Static Properties

To preserve the static properties of the hiqud, the sum of all masses must be same as the liqud
mass mr, and their centres must be kept at the same elevation. These constraints are expressed

analytically by-
mﬂ+imn =Mz, _mDHﬂ-l_iman =0

Duplication of the natural frequencies requires:

2
m,@, =K

where w,, 1s the slosh natural frequency of the n-th mode. This is a first relation that shows how to
choose the spring constant and spring-mass.

A1.2 Force and Moment by Linear Displacement

When the tank 1s excited at angular frequency w by a small time-varying linear displacement X
along the x axis, the spring masses deflect by a distance x,, relative to the tank walls as a result of
tank motion. The forced horizontal motion and the spring masses deflections are defined as

follows:

X(f) = —iX, expliot) = X, sin(ax ) — iX, cos(wt)

x,(H=x, exp{mr] =X, ms{mt] +1x,, sin{ax)

The equation of motion for each spring-mass system without damping 1s expressed as:

mi +Kx, =-mX
(— w’'m, + Kﬂ) x, expliot) = —iw*m X explict)

_ —ie'mX, -—io'mX, -io'X,
i —&IIZFHH-FKH {m:_ml)mn m:_ml

The net force exerted on the tank in the Xj direction 15 given by the reversed inertia forces of the

MOVINg masses:
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F, =—mni’—imﬂ[i'+5fn)={—fmlmuj'ﬂ +m2imﬂ(—ixu +x, ]}exp(im‘)

n=l n=1

= JI:—imzmuXu+mzimn[—iXﬂ af:l’;l )}CXP{"W)

= ~iX,a7 expliox) {mu ¥ g’”ﬂ[l N m:af : ]}

= —im, X 0" explicot) {

2 2
nl My @, — @ }

Likewise, the net moment exerted on the tank 1s given by:

=—Zm,Hax,, +meax

=l

=3 m(H5, - gr,) =3 m (0" H, + g)x, explic)

n=l n=1

m 2
H, +
= —im X, exp(i&r]{ T m—"f}

2
n=1 Mp mn —

=_;thm2exp{mr){im"[H hg] - }

n=1 My h m,, ﬂ'J

= m(H, ml @ | &
= —im thzexp:&r {ZA[;? - n] _ 2}
w1 m o o0 o -0

= m,(H 2 @’
:—:mthm exp{:m!‘){z L Im T+ gz "mz)}

mmp\ h @ —@ he @, —

e

_ - em|E & ?
= —im,hX " explict) > ::; ?" - + hiz [1+ zai > ]:|}
=l n n
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=—imthﬂmzexp{fﬂ){im" gl+im" I:"+ £ ) o }

2 2 2
namp h@, womp he, )&, — o

A1.3 Force and Moment by Angular Rotation

When the tank 1s excited at angular frequency w by a small time-varying angular rotation a, about
an axis through the COG, the spring masses also deflect by a distance x,relative to the tank walls

as a result of tank motion.
The forced angular motion and the spring masses deflections are defined as follows:

a(t) =—ia, expliot) = a, sin(ot) —ia, cos(art)
x_ (f) =x, expliot)=x, cos(at)+ix, sin(ar)
The equation of motion for each spring-mass system 1s expressed as:

mi +Kx =-mHa+mga
[— w’'m, + Kﬂ) x, expliot) = —imﬂ[wan + g)cxu expliot)

_ —im,,[man + g)cxn B —.ia'i't,,(a:.'zfz--',r +g)au _ —.i[mIHn + g)aﬂ
- -om+k, (@-o)m, g -o

X

"

The net force exerted on the tank 1s given by the reversed inertia forces of the moving masses:

ST S . = —ileo'H,+ ]
F,=-Y m}j, =&Y mx,expliot) = &’ Y m, ;[12 " f)"“ expliot)
=l =l =l m

m IH
=—ia,»’ expliot) > m, mz—,,-l-g
n=1 D,

"

2
—

- - - mn Hﬂ ﬁ?z
= —imzha, o’ EXP{IH){Z m { n hiz ] o, —o’ }
n-l iy n

o H 2
= —imyhoty@’ CXP‘[I'Q“){Z — e +§::[ ;: N hinmzai ml}

n=l Mg ho,
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Likewise, the net moment exerted on the tank 1s given by;

M}' = _[Iﬂ' +mﬂHﬂ2 h_gm”Hn {xn +Hn&)+gi mﬂx”

A=l

:{Iﬂl +mﬂH§ +ZmnH: X _Zmn{Hnin _gxn)
n=l1

A=l

=—ia,o’ exp{iax{fn +myH, + imnH: )+im?r (man +g);trl expliot)
n=1

M=l

o o 5 IH
=—ia,o° exp(i&n‘{fn +myHg +> . m,H, J+ > m, [man + g} I[m — +Ig)an explicx)
n=l n=l a @

2
=l [

= @ 2 2
= —ig,0° exp{iax){(fﬂ +mﬂH§+ZmaHf]+Zm{Ha+ £ ] —zm 2}
A=l mn

TI @ z 2
=—:mrh2aum1exp{iax){mr—}+zﬁ(i+ gz] @ }

mmr U h  ho

2 2. .2 2 4
mmp\ h h @ h @

I. o HI E.H 2 2
=—imph’a,0” expliot ) —2— +Zﬁ e LA @
mph
I, =I,+mH;+> mH;
n=1

The third and fourth terms in the parentheses are further expanded as:

- ml‘l EHﬂg mz - ml‘l zHﬂg m: mz - ml‘l 2'Ii.ril'l g mz
2 =2

2.7 1 2_2 2.2 7 2 2
mmp e o -0 Tmp e o, o, -

2 2 2
mmy h he, o, —@

2 2
my ho, h @, -

@ = m, g 2H, m, g 2H, @
m, h h 2(1+ 1 _w? =2 m, he® h o @’
T n n =l T n

m 2 2 m 2 2 2 m 2
Zmn g @ zzmn g mn @ _ mn g g mn
2 1 4 2 2 12
n m My he o, 0, -0

2 2 2 2
w1 My ho, heo” o, —@
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2
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&
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m; he, ho" o, —o

2
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As a result, the net moment 1s finally expressed as:

I

2 2 2 2 2 2 2 2
m; how, ho~ m; ho, ho, m; ho, ho, @, -

|

) —m, g g
— 4y =
mrhz Emr hm: ho’
_ . M g |2H, g
M, =—imh*a,@" expliox ) +,._1Ehm§[ h +hm§] |
2
o mﬂ Ha g &12
+ —| —+
z‘mr( h f’fﬁ’i) @, — @

o

A1l.4 Linear Damping

It 15 reasonable to assume that 1t can be represented accurately by equivalent linear viscous
damping when the damping 1s small The equation of motion for horizontal motion with linear
viscous damping 1s expressed as follows:

m %, +C, %, +K x, =—m X
—i’ X, C,
x:l'l = 3 3 - N =
W, —@ +ily,0,0 2m, @,

The equation of motion for angular motion with linear viscous damping 1s expressed as follows:

m,x, +C,x, +K x, =—m H, a+m,ga
X = _i(mIHn—Fg}xﬂ _ Crr
mT 1 N : -
@, —@° +i2y, o 6 2m,®,
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As a result, force and moment due to horizontal motion and angular motion 1s obtained as below:

F, = -im X,0 *exp{mx){ o }

n-lmraa, @ +i2y,0,0

f’ ) 2
H, g @
— impha,e” explicot > —+
° ( ){,,_lmr he. a_lmf.kh haﬁjaﬁ—m1+52;}rﬂmﬂm}

o o '/ ™ 2
H @
, =—im hX @’ expliot E M| Hw, &
" Pl ){,,Z_;‘mfhcqf Emnh he, ) @} — o' +i2y,0,0

1, m, g g <m2(H g

i&”z W ha?  am hat\ B 2ha

; 2 2 . mIT n-lmT &1 &1 n=1 mr mn mﬂ
—im h*a,m” explicot X . ) :

m, g @
+
,,Z_;‘mr[ hmﬁ} o, — o +i2y,0,0
The term, @’ consist of a real and an imaginary number which are expressed as below:

@} —@® +ily, @0

2 2 2 2 -
@ B W Pn— @ —12y,@,m

@O - +i2y, 00 © -0 +i2y,e0 o - —i2),00
@’ (mz - ml) _ ~- o (2y,0,0)

(@ -0 +eno0) (@ -a') +Cre0)

Re @’ _ o @ - mz)
@, 0" +i2y,0,0] (0?-0) +(27,0,0)

Im mz | _ - mz {zynmn &1}

@, —@" +i2y,0,0 | [a:-f —caz)2 +(2y,0,0)

The damping 1s the energy dissipation of a real liquid. The energy dissipation occurs at the walls
and free surface as a result of viscous boundary layers and within the interior of hiquud as a result of
viscous stresses. For small tanks, dissipation at boundary layers dominates, whereas for large tanks,
the dissipation within the mterior of liquud may be dominant.

The energy dissipation by wave propagation at far distance does not contribute to the energy
dissipation mechanism of liquid cargo 1 the tank unlike the ones from the surrounding water.
Damping solely viscous in nature 1s quite small even for a moderately large tank and for tanks with
dimension of 1 m or so the damping ratio generally equals to 1% or less. For large tanks adopted in
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FLNG or LNGC, damping 1s much smaller. Therefore, the effect of damping from liqud cargo on
floating motion 1s quute small and negligible.

To achieve large damping ratio, a series of baffles shall be attached to the tank walls/bottom.
However, the damping of liquud cargo 1s still small Even with baffles, the damping ratio 1s seldom
greater than 5% of the critical damping.
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Appendix 2 Details of Mathematical Expression in Chapter 2.4

A2.1 Force and Moment by Linear Displacement

The horizontal force and moment mn the rectangular tank excited horizontally are obtained by
mtegrating the liquid pressure over the tank wall area_

hi+s By kst

= f | P,.aydydz— f Jf’lx_,ﬂfwh ﬂ’fplz.q

Er

" | s cosp e+

_ 2 explicr) 12+ S
=_I%J:£Mum expliat) 2 Z_I.m — @ 2 (2n-1) cosh(4_h)

4a C{’Shpw(z + %)}

o) — & x(2n— 1] cosh(4,h)

% (. -
=—i2pﬁXnm1exp(iar]j <E > —

_% n=1
=—ipabX o exp{.i @t ) x

] 1 .
{h * HZ.;' @ - 7 (2n-1) cush{)[hh)_-{[émmh" [z * %] dz}

=—ipabX o exp{far)x
8 1
h+
{ gmz @ 7*(2n—1) cosh(,h

)—smh(a,,h)}

=—im, X, explict)x

= 8(a/h)tanh(A k) o B
{”E 2an_1y m:-mz}’ "y = pabh

b/ s B /B
ks By b5 By %2 2

M = _! !Zp|x-ﬂz ! ‘![Zp|x-—ﬂ' MZ-I_‘[ ‘E[IPL-—&:MC
S
_zbj |, dz+bj x|,
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M, =M, +M,

= —.imth ﬂmz expl:f tf.f] ® )
o el
12 = a) @~
] i ;r*{zi -1 [E] coshl{jw};) ] J]

=—:mThX @ explior) x
Z 4atanh (2,1) (a]l 2 @
on—1h * {zn 1) LA cosh(A,h) || @ — @*
The relationship below 1s mntroduced into the formula:

1—@ z( msh ] 1= ztanhﬂ,h)mh(‘”)

_(@2n-1)x

®} =g, tanh(A h). A,

Then, the formula of the moment 15 obtained as:

M, = —imhX exp(i&r] x
I 4atanh(A h)

1 £1+m 7 (2n—1)h 1 zml 1
12(;;] % —E4(2:_1)4(%] [Etanh{inh)mﬂh(%J—l) “n @ |

= —imphX, umz exp{f mr) X
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Appendix 3 Correction of The New “Dynamic Behavior of Liquids in

Moving Containers”

This appendix shows notes for correction of the text named The New “Dynamic Behavior of
Liquds n Moving Containers” which was referred in the mathematical expression of the

mechanical model and the analytical solution for the rectangular tank (chapters 2.2 and 2 4,
Appendices 1 and 2).

Horizontal motion parallel to the x axis. Forthis case, the tank displacement 1s expressed
as X{7) = —11,exp(1£2r). This choice makes the real displacement equal to Y sin(t. The
veloet{y components of the tank walls are v =w = 0 and © = LY, Qexp(1€21). Thus, the
boundayy conditions at the wetted surfaces of the tank are e ssad as:

Vb= iXaﬂEﬂ.E_ at wetted surfaces (1.8)

=== To be corrected
OK X, QexpliQr)

@, (1) = X (1) = —iX, expliQt)

This 15 correct.

Forced maotion - oscillatory translation of the tank

The free (e1genfunction) slosh modes are thatffisis for constructing a solution when the
tank 15 forced to oscillate. For a first le, the tank 15 assume to oscillate along the v

axis. For a ractangular tank, the dary condition Eq. (1 8) therefore reduces to:

w0 _ QX ™7 for x=+a/2; _ for y=1+h/2 (122)
d dy '
O,z )44 + I.L||: 2n—1 ]
(v 2 o } -1k
To be corrected - .
cosh|(2n —1jm(z/a + F?,.'Eﬂ]]
aQx 3 - 1.26
0 E‘Xp[."ﬂ.l‘) eush[{ln — I)E{h!.-‘a_:l] E ]
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Forces and torques. Proceeding as before to integrate the liqmd pressure distribution on the

walls and boftom. the v-component of the force exerted on

. tanh((2n — 1)nh/a rl 3

the tank 15 found to be:

tanh|(2n — 1)rh/2a]

2
Fro _J1ljsa a
i me b E[E] +B[E (m-1P 71 Lz (2n—1)mh/2a
lig"%e =1 n=1rm J
To be corrected
gi To be corrected g
nmz w2 — o) 2he;,

Equation (1 34} shows
ation [Eq. (1.30)] when the amphitude 1

by hcep. The torque exerted on the tank 15 given by:

‘orce for a pitching oscillation 1s the same as jhe rorgue

of the translationfis replaced

My Iy +1{ ta.t]h[ 2n—1)mh/al 1, .
11nﬂgh3ﬂ ﬂl m,:qh- h o 21?—1)31': }m}" 2 F?m%
To be deleted
Mm— 2 2
tanh[ (2n—1)mh/2a] tmh[( n—1)mh/a 1, oD
(2n—1)nh/2a 1 2 hoy
r.'

(2n —1)Pn’
2

To be corrected
- 2 2
— iy, o Q2

__ tanhf(2n—1)mi/24] s

[(2n —1)mh/24a]

Q

e

(1.35)
h

£l
o -
Figure 3.2 shows the model and the
symbols used mn the analysis. The derivation of

the model equations given below 1s independent
of tank shape and fill level. The system of
springs, masses, efc., 15 supposed to “fit” inside
the actual tank and replace the liqud. For clarnty,
only two spring-masses are shown, but there 15 in
fact one spring-mass for each slosh mode. The
spring masses do not have a moment of mertia,

so any needed moment of mertia [; 1s assigned to
the ngidly-attached mass 1, The center of mass
of the system 1s at the same height above the
bottom of the tank as the liquid, and the locations

H, of the masses are referenced to the center of
mass. The width of the tank 15 2a_Gravity g or an

equivalent thrust-induced accelera cts along
the axis of the tank. The tank 1s excited

2a

small time-varying linear displacement .Y, and

angular rotation o, about an axis through the
center of mass. The spring masses deflect a
distance ¥, relative to the tank walls as a result of
the tank motion.
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Static properties. To preserve the static properties of the liquid, the sum of all the masses
must be the same as the liquid mass mj;,, and the center of mass of the model must be at
the same elevation as the liquid. These constramnts are expressed analytically by:

my + zm,, = Mizy To be ] (3.1)

2
—myHy +> m,H, =0 | Hg Eﬂbe corrected (3.2)

Likewise, the net torque ex. on the tank 1s giv

— M =(Iy + mgHy )iy + Zm.ﬁkn (i, + Hy, g )— menxn (3.5)

where the last term 1s the torque caused by the offset of each spring-mass from the tank
centerline. (Some terms have already been cancelled out of this equation.) The equation
of motion for each of the spring-masses 1s expressed as:

m, (Xo + &, + H,big )+ K, x, —m, gty =0 (3.6)

Just as was done in Chapter 1, the tank accelerations are assumed to be oscillatory
at frequency (). The components of the tank motion are therefore given by —Y,exp(1Q1)
and —10,exp(1€)7), and Eq. (3.6) can expressed as:

Xp=-—

3.7)

IHEX{] H, +g/ﬂ2 020, To be corrected
- 0 _ :
wp —Q° wp — Q7 —iX, expl(iQt)

where Eq. (3.3) has also been used to elimunate K. With these equations, the amplitudes
of the force and torque on the tank can be expressed analytically as:

B m (HD.‘ +g )
}Yﬂ %o Zm‘-'"ft 2 _02 ] (3.8)

2

m Q
5 —1+ u ( 5 5
iQmyy | g 0F -Q

F amp

o Q7

M HIQY+2H, g+ 20’0
{J?;?_IJ =—0g | Ip +mGH§+ZHInH +n33;gz Iﬂn( né / 2

m{,g

m, | H,Q%+

—MijigXo z n Z gg To be cormrected (3.9)
Mig | @y — Ll z/ﬂz

g

To allow easy comparison to the model force comparison, the slosh force expression 1s
re-written 1n a shightly different by using the following identities:

2 4 i1 1
N =1+ ‘ﬂ 5 and WI-(-h et —t-e—

m,.—r\ o, —Q? NJ" =

To be corrected To be corrected
. = 3 1

n _— e —

S ri(2n-1) 12
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Appendix 4 Parameters for Prismatic Tank Model

The dynamic behaviour of liquud in tank 1s represented by the mechanical model The parameters of
mechanical model for the rectangular tank can be obtained analytically.

This appendix shows that the analytical solution for rectangular tank can be expanded to a
prismatic tank with slight modification

/

Figure A4.1. Rectangular Tank to Prismatic Tank

A4.1 Force and Moment by Dynamic Behaviour of Liquid in Tank
The force amplitude along x-axis and the moment amplitude about y-axis (passing through COG of
liquid 1n tank) caused by the dynamic behaviour of hiquid in tank excited horizontally and
rotationally around y-axis are represented as following formula:
F, = m @’ > m, g =m, | H g e
I _ X, 2 + he, 2 + > —
? "{ n_lmrwf—mz} D{Emr ha? é-’”r[ h  het )@l - o

m.'!'m n

M @ m 2
:-'_m;; =X, Zm“ gz +Zﬁ ﬂ"' gz 1m 2
mpho mmy he, am\ h  he, o, -

[ I o m, m, g 2H, g
m.;tz—'_ m hm hm Z‘ hmz[ h +hm1)
T n=1 Hey n1 n

-

+hayy
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A4.2 Mechanical Model Parameters of Rectangular Tank

The mechanical model parameters of a rectangular tank are obtained analytically.

@} =g, bl ), 2, =2
m, _8a tanh(%,h) H, 1 _ 2(a/h) mh(ﬂ,h)
my  h @2n-1" h 2 x(2n-1)

1 s s 1 ) 4 768a/h tanh[(2n —1) 77/ 24|
I“:Emr[a +h) 1 :Emf(a o ){1+{h af o+ a)zjg (2n—1f }

m; = p abh

A4.3 Modification of tank model parameters from Rectangular to Prismatic

The parameters of mechamcal model of a prismatic tank can be obtained from that of a rectangular
one by applying slight modifications as shown below.

1. Free Surface Width

For a rectangular tank, free surface width 1s equal to its width and does not vary with liqud depth.
However, free surface width of a pnsmatic tank varies with liqud depth; hence a 1s replaced by
afh).

o7 = gh tanh(4,0), 4, = 2=

a(h)
m, 8a(h) tanh(,h) H, 1 2(a(h)/h) ml{m)

my h ;-'{31:2?1—1)3, h 2 #(2n-1)

2. Liquid Mass
Liquid mass shall be obtamed from prismatic volume of the tank

My = P[ﬂbh caamr)

3. Mass Inertia

Mass inertia of ngid cargo of a prismatic tank 1s smaller than that of a rectangular one. It shall be
calculated based on the dimensions of tank such as overall width, liquud height and chamfer
dimensions.

The mass mertia of free rotating liquud 15 subtracted and as a result, the mass inertia of liqud cargo
becomes significantly smaller than that of ngid cargo.
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The ratio of mass mertia 1s decreased when the ratio of width and liquud depth 1s close to 1. The red
line shown in Figure A4.2 denotes probable ratio of mass mertia of a prismatic tank. It 1s smaller
than that of a rectangular tank due to chamfer and larger than that of a hexagonal one.

The effect of reduction in mass inertia due to liqud cargo, however, 15 small comparing with the
total force and moment. Therefore, analytical formula for rectangular tank can be used.

I, = émr(a(h)z + i)

1 . 4 768a/h = tanh|(2n —1)7#/2a (h)]}
I.=— h h —— 1
12 oG’ + %H(M’ am) 7+ a@) | (2n -1y

x 08
(&
e}
B
£ 06
B
©
E 0.4
B
o
..
0.2
0 | %‘ Octagon
0 0.2 04 06 0.8 | .
hb or bh

Figure A4 2. Ratio of Moment of Inertia of Various Shapes

A4 4 Sloshing Natural Frequency of Prismatic Tank

According to “Sloshing” by Faltinsen and Timokha **, the sloshing natural frequency of the i-th
mode of a prismatic tank with chamfered bottom 1s given by the equations (1) and (2) mn Figure
A4 3 Eq. (1) gives the sloshing natural frequency of a rectangular tank and Eq. (2) gives a
correction factor and w',.; 1s the corrected sloshing natural frequency of a prismatic tank.

However, following points shall be kept in mind in order to use the correction factor properly.
1. Correction factor 1s valid only for free surface width equals to Br.

2. Correction factor of chamfered top 1s not obtamed.

3. Correction factor 1s generally close to 1.
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Figure A4 3. Corrected Sloshing Natural Frequency of Prismatic Tank

In addition, the sloshing natural frequency of a prismatic tank can be approximated using the
equation of sloshing natural frequency of a rectangular tank with varying free surface width.
Therefore, in practice, the correction factor of Eq. (2) can be omutted to obtain the sloshing natural
frequency of a prismatic tank.

1.20
&
1.00
Q)
E 0.80 ——
g A’—d
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s B %
uw &
s 7
] ¢
S 0.40
= —Rectangular
= e Prismatic
0.20 B Experiment ||
¢ CFD
0.00 !
0 20 40 60 80 100
Fluid Level (%)

Figure A4 4. Sloshing Natural Frequency of Prismatic Tank
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The Eq. (2) 15 obtained as an asymptotic formula in “Sloshing™ for a two-dimensional prismatic
tank with the chamfered bottom by Faltinsen and Timokha *”. The assumptions of the asymptotic
formula are as follows:

1) target liqud domain 1s geometrically close to the origmal liquud domain,

2) target liquid domain 1s contained within the original liquid domain,

3) the mean free surface of the target liquid domain 1s same as that of the original liquud domain

When the mean free surface 1s located at the bottom of chamfer, the original hiqud domain @ shall
be redefined, whereas when 1t 1s located at the top of chamfer, the asymptotic formula 1s not
applicable due to the assumption 2) mentioned above.

Zo=Z, . L .
’ Q, - Original liquid domain (Rectangular tank)
Q. Qo= Q'cUdQ,
! Q'y - Target liquid domain (Prismatic tank)
8@, - Reduced volume (Chamfer)
\ _ / Yo - Mean free surface of @,
Y5 ° Mean free surface of Q'
e
A Zo'=30 AN
Qo
.. Qo
Zo =Zp
.
N /1

Figure A4.5. Assumptions of Asymptotic Formula

The sloshing natural frequency and correction factor for a prismatic tank with dimensions as shown
mn Figure A4 6 are obtained and plotted. The sloshing natural frequencies obtained by expeniment
and CFD are also plotted.

The sloshing natural frequency 1s mostly related to the free surface width. The contribution of the
correction factor 1s neghgible.
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The correction factor takes the mimmum value, when the free surface 1s located at the up end of the
chamfered bottom (20% fluid level in this case); however, the relative error 1s less than 0.4 %. This
is also pointed in “Sloshing” by Faltinsen and Timokha *.
The sloshing natural frequencies of a prismatic tank obtamned by experiment and CFD are agreed
well with that of the one calculated by the following equations.

(2n—1)r

@, = gA, tanh(4,h), A, =Tl

A c A
70 % Fluid Level o
E
o
™
20 % Fluid Level
\ / b E Correction factor 1 1s apphied
™
Y© ¥ | since the asymptotic formula is
._..| |H no longer valid in this region.
6.2 m 6.2 m
450 m
1.0 1.000

100 s o0 \ /ﬁ Ji—————"
m i e

0.99
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// — Rectamgular
— Prismmatic
030 ( 0992

Correction Factor

B Experiment ||
@ CFD
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Figure A4 6. Sloshing Natural Frequency and Correction Factor for Prnsmatic Tank
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A4.5 Moment of Inertia of Liquid in Tank

Gyeong ® demonstrated the reduction in mass inertia due to freely rotating liquid for shapes,
rectangular, ellipse, hexagon and octagon with various aspect ratios. The octagon case 1s close to
that of a prismatic one. This 1s a good reference for consideration of mass inertia of a prismatic
tank. However, 1t 1s essential to note that the term ‘h’ refers to overall height of the tank, not the
height of hiquid.
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Figure A4 7. Moment of Inertia of Liqud in Tank
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Appendix 5 Parameters for Arbitrarily Shaped Tank Model

In many cases, determination by analytical solution 15 neither practical nor possible. In such
circumstances, determination either by numerical calculation or experimental measurement 1s the
only available option.

For practical applications, modes at higher order (n > 2) are usually of liftle concern, since the
magnitudes of slosh mass for these modes are very small compared to the fundamental mode. It 1s
sufficient to consider only the first, lowest-frequency slosh mass. The procedure for determination
of parameters of a tank model 1s to excite it by simple harmonic motion using both horizontal and
rotating oscillation over a range of frequencies that encompasses the first sloshing natural
frequency, calculate or measure the resulting force and moment responses as a function of
excitation frequency, and fit a model to swt the force and moment calculated in the previous step.
The slosh mass, associated height and mass mnertia of disk are calculated by following equations.
As shown 1n the equations below, slosh mass 15 determined from calculated or measured honizontal
force against honizontal oscillation Slosh mass height 1s determined from moment against
horizontal oscillation or by honizontal force against rotating oscillation. Mass mertia of free rotating
liquid 15 determined from moment against rotating oscillation. These are summanzed 1n Table A5 1.

H _[M.}'_W g a}f—mz] g H _[ Fo amp £ ml:t_mz) g
L T Ty 9 1= 2 3 2 -y
ma X, @ mma, o @

mg* mg R M
In‘=IR+ 1 + : [2H1+ g]+}ﬁ1[H1+iJ — Yy

2 2 2 2 2 2 2 2
ojo’ o @; o ) o —0'  o'a

Remaiming parameters, spring constant, fixed mass and height are determined as below:

2 R
K=ma ., my=m —my, H’t}—;ﬂ'1
0

Table AS5.1. Determination of Parameters for Arbitranly Shaped Tank Model

Applied oscillation Hornzontal oscillation, X, | Rotating oscillation, a,
Calculation or Measurement H force Moment H force Moment
Slosh mass M O

Slosh mass height H; (9] (9]

Mass inertia of free rotating hqud I (8]
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Appendix 6 Details of Tank Liquid Force Matrix

Details of the matrix transfernng the coordinate of the tank liquid force from its local origin to
COG are provided here.

P | © -F'V
B v i v L S R b

0 (4 )z —26) (144 )y —Ve)
—FEY =m0 x| (1+ 4, )25 — 26) 0 —(1+4, ) (s —x5)
(Ve —¥s) Xre —Xg 0
I 0 _(1+A)'}[ZIG_ZG) Y — Y&
VEr" =m0’ x| (1+ 4, )25 — Z6) 0 — (X — %)

__{1"'441)(.]/75_.}’6) (1+Ay](xm ~%g) 0

i hBy{zm —z;) 0 0
VE? =me” x 0 hB (z,.—z,) ©
|~ hB}-{xm _IG] _th{ym _J"G) 0

—.IrIBy(Zm _ZG) 0 hBF(xm _xG)
—E‘-%ﬂ‘?:_?nj'ml 3 0 —hBI{Zm_ZG) th{)’m_yG)
0 0 0

ﬂll al! L'IH

Llly - 2 21 22 r.L]
—VE, V=—m@ x|a a a
31 32 a_’r_’r

a" :_k.VIG _.}’G)z +(Zm _ZG)Z _Ay(zm _ZG]Z
»

I e vy,

a® =— xm_xa)z +[J’m_y6)1 _Ax(ym _.}’G)Z_Ay(xm_xa)z

a™ :{xm _IG}{-VTG _J’G)
a® =a =[1+A).Xxm—xGIzm—zG)
a® =a® =(1+ 4, Ny _J"GXZTG _ZG]

12
a
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1Elll blz bl}
VES? —FFAV - VES'V = m0® x| B* b7 b7
b_’rl bi’_ b.’ﬁ

b = th;-{zm —zg)+ kJ’m - J"G)l + [Zm - ZG)ZI"' Ay(zm - ZG)Z
b2 =2hB (25 — 2o )+ kxm —xg ) + (Zm - ZG)Z]"‘A;(ZTG - ZG)Z
b = kxm - IG)Z +[J’m - J"G)l]"' Ar[ym _.}’G)z +A?[ITG _xG)l

b =p™ :_{xm _IGIJ’TG _:""G)
B® =b" = —hﬂ},{xm — X ] - (1 +4, Ixm —Xg Izm - zG)
b” =b™ :_hﬂx{)’m - J’G)—{l + -"JxIJ"m — Vg Izm - ZG)

The forces induced by liqud cargo relative to the COG of the floating body are expressed as below:

Fr +Fre =@’ Mp, ¢ +C; ¢

(M™ o o o M® M) (000 0 O O
o M2 0 M* 0 M*| /000 O 0 O
ol © 0 M¥ M* M¥ 0 (,J]000 0 0 0
B 0 M2 M*® M*¥ M¥ M¥| |00 0C* 0 O
MY 0 M® M* M® M| |0 00 0 C¥ 0
M*T M® 0 MY M® M®)lo 00 0O 0 O

M" =m (1+ 4, )=my +m 4,

MZ =m 1+ 4, )=m, +m.4,

M33=mr

MY =M =mhB, +mr(1+ 4, )z —26) = mr (276 — 26)+ mr[4 (216 —26) + 1B, ]

M° =M" =_mr{1+Ax){ym _J"G):_mr{)’m _.}’G)_mr“jr(.]/m _J"G]

M* =M* =—mhB, —mr[1+ Ay){zm —zg)=—my(zps — 25 )— mT[Ay(zm —z )+ hB}.]
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M* =M% :mr(1+A;-){xm _xG):mr(xm _xG)+mI'Ay(xTG _xG)

M* =M® =m; (yr —ys)
M¥ =M% =-m_(x,; —x.)
M*® =1, +mrh3£'_,_. +mr{2h3_,_.(zm —zG]+l{ym —yﬁ]z +(zmg —zG]EJ+A}.{zm —26}1}
=[Ixx 1y ]"‘mrkym _J"G]l "‘{Zm _26}2]"'”11";110:,- +2mrh3r{zm _ZG}"‘ mrAy{zm _26]2

=1z +mrk}'m -y6) +(zr —26}1]—Im' +meh*Cy + 2mphB, (205 — 26 )+ mrdy (26 — 26 )’
Cc* =mh’D,
M7 =1, "‘mr’i’zcx +mr{2h3x(zm _ZG]"'[{IIE _xe}z "‘{zm _ZG]E]"‘ A-:(Zm _ZG]I}
= (I:.i 1y ]"‘ My [{Im —xg) + (25 - ZG]E]"' mrh*C, +2myhB, (216 — 26 )+ mr A, (26 — 26 )’
=d.p+ mrkxm _16]2 + (Zm - zﬂ]z]_‘rﬂ +mrh1-‘.‘j'r + EmthI{zm _ZG}"‘ mr*{x{zm - ZG]I
C* =m h’D,
M® = mrl{xm _xG)I +{)’m _PG]2J+ mr“j;-(ym _J}G)z +mrAy{xm _xe)z

M¥ =M :_mr(xm _xGI)’m _.}’G)

M* =M*" =_mth}-(er _IG)_mr(1+Anym _IGIZM _ZG)

= _mr{xm _xGIZTG - ZG)_ mr(xm _xGiAy{zm - ZG)+hBy]

M* =M® :_mrhﬂz(ym _J’G)_mr(l"‘Anym _J"GIZTG _ZG]
= _mr{)’m _yGIZM _ZG)_mT{yTG _J’GIAJ:{ZM _ZG)+ hﬂx]
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The sum of the mass matrices of the floating body (excluding liqud cargo) and liqud cargo 1s
further calculated as below:

Mgc+> My, ¢

(MY 0 0 0 MY M)
0o M2 0 M* 0 M®
0 0 M®¥F M¥* M¥ 0
= 0 M®T M® M* MY M® =M[G+Z}IL_G
MSI {] MS3 MS‘I MSS MSG
M® M2 0 MY M® M

w

M"Y =M+ (mp +med ) =M+ me A,
M? =My +Y g +mpd)) =M+ mp A,
MP =My +> m =M

M? =M =My(zz6 —25)+ 2 my (276 — ZG)+ZmT[A:r{ZIG —z6)+hB,]
= {MRZBG +Zmrzm)_[MB + Zmr }ZG +Z’"r[“1;-{zm _ZG)+ th]
:ﬂ"‘zmr["‘fx{zm _ZG)+th]

M*®=M"= _MB{yEG _J’G]_Zmr{)’m _J"G)_ZmrAx(ym _J}G)
= —[ngm +Z“Ir:rzr;|;m)+[l'r:fj;r +Zmr}y{; —Zmrﬁx(ym ~Ys)
= U_Zmr‘iz(ym _J}G}

M* =M*" =_MB(ZRG _ZG)_Zmr{Zm _ZG)_ZmT[A}'(ZTE _ZG]"'hBy]
=—[4i"drﬁ,zM +Zmrzm)—(MB +Zmr)26 —ZmT[Ay{zm —ZG)+}IEJ,]
= U—Zmr[Ay{zm —ZG)+}IBJ,]

M* =M% =MB{XEG _IG)+Zmr{xm _xG)+ Zmrﬁy{xm _xG)
=[4i"drﬁ,:vcM +Zmrxm)—(MB +ZmT)xG +ZmTA).(xm—xG)
=0+ ZmrAy{xm —Xg)

M* =M* =MB{yRG _J}G]"'Zmr{ym _J}G]:[MRJ‘}BG +Zmrym)_(MB +Zm1‘)yﬁ =0
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M* =M= :_Ms(xm —xG)—ZmT(xm _xG)z_[MRIBG +Zmrxm]+[M3 +Zmr)ta =0

M* = gn +ZIxR +Zmrl(ym _J}G]z +{Zm _ZG)ZI
+Z[— Iy +mh*C, +2mphB, (26 — 25 )+ mp A, (27 —
=I5 +Z[— I, +mph’C, +2mhB, (2 —z6 )+ mpA, (zmg —

ZG)Z]
ZG)Z]
M>® =17, +2 I +Zmr[(xm —xg) +(zrg _ZG)Z]

+ Z[— I, +mh’C, + 2m hB (2, —zg )+ mpA (2 — ,G}z]
:I;}z +Z[_I:.u? +mrh2'cx +2mrh3x{zm _ZG)+mTAx{ZM _ZG)I]

M® = ;3 + Zmr[{xm _xG)z +{)’m _J’G)z]+ZmTAx{ym _.}’G)z + Zmrﬁy{xm _xG)z
= 1363 + ZmTAx (.Vm _J"G)I +Zmr‘4)- (xm _IG)I

M*¥=M" =I§12 _Zmr{xm —IGX)’m _.}Jﬂ)zflﬂl

M* =M% =I§13 _Zmr{xm _IGIZTG _ZG)_Zmr(xm _IGIAJ;{ZM_ZG)"‘}IBJ-]
:IE_Zmr{xm _xGIAy{ZI‘G —Zg)+ hB:.-]

M* =M% =I§:5 _Zmr(J’m—J’GIZm _ZG)_ZmT{yTG _J"GIA;-{ZM _ZG)+ hﬂz]
= Ig - Zmr{ym —V& IAx{Zm _ZG)+ hﬂz]
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Appendix 7 Velocity Potential of Incoming Wave and Phase Definition

There 1s no firm rule to define the direction of wave propagation and wave condition of the
reference ongin (=0, x=0) of velocity potential Definition generally depends on the application of
the velocity potential. Hence, 1t 15 imperative that the readers understand them carefully.

The wave propagation 1s defined by the combination of signs of wt (vanable of time) and kx
(vanable of location). When the signs are the same e g both positive and both negative, wave
propagates in the negative x direction.

For the floating motion applications in offshore industry, same signs are not usually adopted, so
that the wave propagation 1s in the positive x direction.

Ams{m‘+h} Acns(&r—h')

_ Red:wt=0 Red: wt=10
\‘-\BI'JC rmt=0.5 Blue : mt=10.5

Figure A7.1. Direction of Wave Propagation

The velocity potential of the inconung wave 1s expressed as below:

i g4 coshk(z+ h)
@ cosh kh

1 2
@ cosh k(z + h) expﬂﬂ B h)]}

@, = Rﬂ{ exp(i o) exp(—i kx)} - Rf:{ ——

The wave condition of the reference origin 1s determined by the combination of ““1” and *“2”
indicated in the formula above. “1” can take 1, —1, i or — and “2” can take 7 or —i.
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In cases 1 and 4, the wave crest 1s at the location x=0 at a time t=0_ In cases 5 and 6, the water
surface elevation 1s the mean elevation at the location x=0 at a time t=0 and the water surface
elevation will become lower in the next step.

Table A7.1. Combination of *“1* and *“2™

Case 1 2 Wave Direction Phase
1 +1 +i  Acos(wr —kx) To positive x 0
2 +1 —i —Acos(at—kx) To positive x +180
3 —1 +i  —Acos(ot—kx) To positive x +180
4 —i —i  Acosler—kx)  To positive x 0
5 +1 +i  Asin(cor — kx) To positive x —90
6 +1 —1  Asm (ar - kx} To positive x —90
7 —1 +i —Asin(wr—kx) To positive x +90
8 —1 —i —Asin(eor—kx) To positive x +90

Examples of incomung wave velocity potential from the papers and theory manuals are shown here.
Example 1
Case 1 1s adopted m WAMIT and WADAM.
& (x,t) = Re Y 6;(x)e™"
j

1gA NPIy : . . cosh(k(z + h))
Q1 = ig(,;_:}, in(zcosftysmf) 7(gz) = {

W : cosh(xkh)

Example 2
Case 4 1s adopted m AQWA. The equation of velocity potential 1s slightly different from that of
case 1 above; however, both equations are identical

&y ( Y ¢ ) =0, ( Y }C—nur

- iga,cosh[k(Z+d) ] L,fi' —mt +k(Xcosy+Vsing ) +a
mecosh(kd)

Example 3

Case 8

- H cosh k (d + 2 1 (x-ct)
bl - gH coshpfers)
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®, - Rﬂ{ i gAd cnshk(z+h)exp{_r_h)exp{i ﬂ)} Z&{ i g4 coshk(z + h)

o] cosh kh @ cosh kh
_ 1o®;) 10 |igdcoshk(0+h) .
n= g ol gﬁtRE[m cochkh expl(i (ot h’)]]
_ Re{— 114, o expli (ot kx)]] — Re[4expli (at — k0]
g @
=Re[.—<1 [cns(at—ﬁ:c)+i sin(mt—kx)]]=.—ims(&r—kx)
Case 2
~ i gd coshk(z+h)
@, = { e —expl~i (et h}]}
1 0@, 10 igA coshk(0+ h) )
=—— =———Re — —kx
7 go|, got [m cosh kh expl (et )]]

= ae[— 1ed (—iw)exp[—i (ot — kx)]] =Re[- dexp[—i (ot — )]
g @

= Re|- A [cos(et — ko) —isin(wt — kx)]| = —A cos(et — kx)

Case 3
3 —i gA coshk(z + k) . _
@, _Rf:{ o N Mt Gad Fﬂf}]}
_18®,| 18 _ [-igdcoshk(0+h)
e e, garRﬂ{ o cosin L kx)]}
1 —igd_ . :
RE[_E 2 ivexpl (ﬂ_m]]zaﬂ[- Aexpli (@ — k)]

= Re|- A [cos(et — kx) +isin(wrt — kx)]| = —A cos(ot — kx)
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—i shk(z+h
®, = Ra{ ‘Tj’l ©© ms]i; ) expl[—i {ar—h}]}

Y =_l£Rﬂ[—ngc05hk({]+h)

—i (ot — kx
go|, got @ coshkh xpl-7 ( )]}

- ae[— 12184 p)expl—i (ar - kx)]} = Re[Aexp[—i (ar — k0]
g o
= Re| 4 [cos(@rt — kx) —isin(et — kx)]] = 4 cos (@t — kx)

Case 5

o] gdcoshk(z+R)
@, —Rc{ el (or h)]}

_15-1:

- __ 10 g gACOShKO+R) b (et — )]
g =il g at @ Shkh
RE[— ——:mExP[I (o — -bf)]] Re|~ idexpli (ef — k)]
R.E

id [cos(a@t — kx) + isin(at — k)] = 4 sin (et — kx)

Case 6

_ Emshk(z+h) » B
@}——Rﬂ{ m'_iiéﬂiﬁ__exp[I(ar kiﬂ}

n=-

1= R{g‘i—mﬂz‘; ") expl-i (wr—kx)]]
zail g @

ae[— é%__,; o) expl—i (@t - kx)]} = Relidexp[i (et — k)]
= Reid [cos(at — ko) — isin(et — ko) ]| = A sin (et — kx)

1
g
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Case 7

gA cosh k(z + h) i 3
{ = expli (ot h}]}

__l-fﬂl _ g4 coshk(0 + h) .
B 4 _n_ gﬂrRﬂ[ @  coshkh explr (et kx)]]

ae[ imexpli (ot — kr)]} Reid expli (ot — kx)]]

m[ms(mr fox) + isin(ar — kx) ]| = — 4 sin (@ — kx)
Case 8

shk(z +h
®, = Rc{ —%mTlﬁ;)exp[—i (m‘—h)]}

__10 [ gAcoshkO+h) i i (et —
g_n_ g ot Rﬂ{ @  coshkh expl (ot kx)]]

REB% (~i @)exp[—i (ot — kx)]] =Re[- idexp[—i (@t — k0]

= Re|-id [cos(at — kx) — i sin(at — kx)]| = —4 sin (ot — kx)

1
g
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Appendix 8 Matrix Transformation to Arbitrary Reference Point

A8.1 Coordinate Transformation Matrix

The arbitrary matrix Ag transferring the coordinates from COG of the floating body to its ongin (0,
0, 0) 1s shown here. The coordinate origin 1s used as the motion reference poimnt and can be defined
at any location.

A | © —AgV
@ IvAl vAPR_aAlv_valy

where,
1 A:;Z 0 -z Y
A‘G = |: 21 A‘I;I:l “'r = ZG {] - IG
—Ys Xg 0

A8.2 Mass Matrix without Liquid Cargo

The mass matrix of the floating body relative to 1ts COG and the coordinate transformation matrix
are detailed as below:

‘M 0 0 0 0 0)
0O M 0 0 0 O
Mo_|0 0 M o0 0 0
““lo o o 15 IS IS
o 0o o I5 IS5 IS
L0 0 0 I IS Iy
0 —Mz; My, 0 —Mz; My,
—AZV =+ M, 0 —Mx VAL =| Mz, 0 —Mx
My, Mxg 0 My, M, 0
M()’é+zé) —Mxsyg — Mgz,
VAZ ~AZV-VARV=| My, M(2+22) —Myez
—Mxgz, —Mygzg M[xé +.}’é)
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The mass matrix of the floating body relative to the reference point 1s obtained as below:

My, =M. +A,

(M 0 0 0 Mz, ~My, )
0 M 0 - Mz, 0 M,
0 0 M My, — M, 0
0 Mz, My, Iy +M[)’3} + Zfz;) Iy —Mxgye I3 —Mxgzg
G 0 My,  In-Mcys I +M[xé+zé] I —Myszs
My Mxg 0 Iy —Mxgzg I —Mygzg IE"'M(xé +J"<1;])
(M 0 0 0 Mz, —My.)
G &
0 M 0 — Mz 0 Mo,
0 0 M My, —Mx; 0
0 Mz, Myg Iﬁ 113 112
Mz 0 -Mx, I 17 I3
'\._}nyG Mxg 0 Iﬁ 1301 Ig J

If = J“”M[yz +zz]dm IS =15 =—ﬂLx}r dm
If: = !”;‘[xz +zz]dm Ig = -_fi = —”sz dm
13 = [[[ [x* +»*] dm 13 =15 =[[[ _yz dm

IS +4i";:lr(y§F +zé)= .m;‘[{y—yﬁ)l +(z—zG]2]dm+M[yé +zé)
=!!L[y2 +zl]dm—ZyGJ‘J“[“yaﬁn—zzG”Lzaﬁn+(yé +zé)ﬂL dm+M[yé +zé)

Ll 2an - b 2o 221
IIGI —Mxgy, = _”L{x_xely_ya)m_m{%yﬁ

i dm o L < I xove [, dm Moy

=_.I..I‘L]‘}J dm+Mxgys + Mgy —Migys —Migys :Ilg
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A8.3 Mass Matrix with Liquid Cargo

The mass matrix of the floating body (excluding liquid cargo) relative to 1ts COG (including hqud
cargo) and the coordinate transformation matrix are described below:

i M, 0 0 0 M;{Zm _za} _Ma{ym _J’G]
0 M, 0 —M [z, —25) 0 M, (xp —x;)
M. = 0 0 M, Ma{ym_}'a] _Ma{xm_xa] 0
e 0 M,y (205 —25) M,(vas —¥s) I Tgn g
Mal{zm—za] 0 _Ms{xm_xa} Ile Iﬁﬂ Igﬂ
ir s s
\_Mﬂ{yaﬂ_yﬁ:] Ma{xm_xa] 0 Iy T Toss
0 —Mzzg Mzys 0 —Mzzg Mzys
1 S, 11
—AgV=— Mgz, 0 —Mpxg VAg =| Mgz, 0 —Mgxg
—Mzys Mzxg 0 —Mzys Mpzxg 0
A A2 B

VAL —AZV-VAIV=M_x|c" * *

31 32 33
C C C

1 _ 2 2 12 71

€ =2Y3:Vs — Vo + 223676 —Zg c = =—Xpe¥Ve — Xg¥Vps T Xgl¥s
) 2 2 53 3

€7 =2XgeXg —Xg +2Zp-Z. —Zp € =€ =—XpgZg —XgZps T XgZg
33 2 2 i I

€7 =2XgeXg —Xg +2VpsVs — V& € =€ =—VpsZig —VeZms tVeic

The mass matrix of the floating body (excluding liquud cargo) relative to the reference point 1s
obtaimned as below:

Mgo=Mzc+Ag

( M, 0 0 0 Mgz, —Mgyg)
0 M, 0 Mgz, 0 Mgxg.
0 0 M, Moy —Mgxg 0
- 0 ~Mpzpe Mgy I I, Igs
Mpgzge 0 —MpXps Ign Iy Ins
k_MB.}’E.G M pxy, 0 Igal Ign Igﬂ J

120 = [[[, (0= va0) + (= 256V lam+ My [yag” + 257 |= [, [ + 2] am
Igﬂ = jﬂMB [(x—xEG ]2 +{z—zEG )Z]dm +Mg [Jr:M2 + ZBGI]= ”IMB [Jr:1 +zz]dm

Iys = IILE[(I_IBG)Z +(3’_J’BG)2]"T’”+M3LM2 +3’BGI]=”LB[II +J‘2]d’”
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Igl:! =I§21 = __”L(B (x_xmxy_ym)dm_MB [IBG.}’EG]: __”LBJQ" dm

Iz =1Igy = _‘”_LB (x— %56 Nz — 255 ) dim _MR[XBGZBG]z _!ILB Xz dm

8 =1°

B3~ {pm :_”Ls{y_}'aexz_de)dm—Mg[ymEm]=—“‘La}Edm

A8 .4 Hydrostatic Restoring Matrix

The hydrostatic restoring matrix of the floating body relative to 1ts COG and the coordinate
transformation matrix are described below:

Co=gx
(0 0 0 0 0 0
0 0 0 0 0 0
00 P, :Mw()’.r_ye) _%(x.r_xa) 0
00 Jﬂ‘iup(y,r _J”G) p(Sﬁ+szb)—ﬂizG PS5
00 —%(x_r _IG) £Sx p(SZG2+Vwa)_MZG — PV + Myg
0 0 0 0 0 0
0 0 0 0 0 y,
—AgV=—pgd,| 0 0 0 VAL = g4, |0 0 —xg
—¥Vs Xz 0 00 0

2y,¥e — Ve

VAE _Azt;lv _VAgV =pPgA, | — VX — X Ve tX5V5

0

— PV, x, + Mx,

0

— VX —X;¥Ve T X5V
2X,Xg —Xg

The hydrostatic restoring matrix relative to the reference point 1s obtained as below:

Co=Cot+tA,=¢gx

i

0

o o o o o

0

o o o o o

Sﬁ:j_[{_?f da sg=ijx2 da S2=59=- L.rnyda

0
0

oA,
PALY;
— Py X,
0

0
0
Py
p[Slcl! +V.2, 5_ Mzg
PSy
0

0
0
— Py,
PSi2

p[SIOZ + szb]_MZG

0
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0
— V. x, + Mx,

— PV Yy + My

0

4
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S5 +4,, (2,35 - ¥2)= J.LP(V o) da+ A4, (2y,v5-¥2)
= j‘L'P },2 da—2y, “;ry da+yé>”% da +_f%[2y‘ry6 —yé)

= JL,, ¥ da=24,y,6 + 4,¥5 + 423,76 =35 )= 53

SIGE +Anp[_y_rx6_xfyﬂ +IGJ‘G)=—IL‘?{I—IGX)’—}‘G)JH+AW[—J}!IG —X;¥Vs +xGyG]
=— xyda+xg yda+yg xda—xgys da+AW(—yfo—x_ryG+xGyG)
IL, L, L,

=~[[, 2 da+ Ay Ay o~ e + A %o —3,¥o +oYe) =S

A8.5 Tank Liquid Force Matrix

The tank liquid force matrix, F to transfer the coordinate from its local origin to the coordinate
origm (0, 0, 0) 1s shown below.

. [ 0 —FMy
TO — - -
VE" VEf -F'V-VFV

where,
L L1? 0 I Y
L_|Fr Fr V=| z 0 —x
L Fll:n F{.‘ﬂ - TG G
Vs A 0

The tank liqud force matrix relative to local tank origin and the coordinate transformation matrix
are detailed below:

L _ 2
Fr=my@ x

(1+4, 0 0 0 hB, 0)
0 1+4, 0 ~hB, 0 0
0 0 1 0 0 0

hl
0 —-hB, 0 —=+h°C,+D,— 0 0
My @
hz

hB, 0 0 0 —+h’C,+D,— 0

my @

.0 0 0 0 0 0)
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0 _{1+Ax]zm {1+Ax).}’m

—FIW =—m,0® x| (1+ 4, )z, 0 —(1+ 4, )xp
—¥Vre Xre 0
0 —(+4)z206  Vro

VFR! —mye® x| (1+4,)z 0 —Xps

—(+4)ye (+4)x, 0

dll du d’H
VE® —F'V-_VF'"V =m @’ x|d™ d2 47
d’31 d’31 d?ﬂ-
d].l:th? +IJ} 2-|-7 2J_|-1{2' z dlﬂ_dﬂl__
yeIG TG TG y <TG = ==XV
d® =2hB,z,; + [Jc;,,ﬁ2 + zm2]+ Azg’  dP=d> =—hBxp, —(1+ 4, pepgzr
d® = [Jc;,,ﬁ2 + ym1]+ Ay + A, d® =d” =—hB_y;e —(1+ A )yrezre

The forces induced by liqud cargo relative to the reference point are expressed as below:

Fr +Fro =0" My, o +C; o

' {; 0 0 MIS Mlﬁ“\ '

MY 000 0 0 0

0 M2 0 M*¥» 0 M® 000 O 0 0

| 0 f.}MﬂM“M“ﬂ_'_U{]ﬂ{] 0 0
=@

0 M*Y MY M* MY M® 000 C¥ 0 0

MY 0 MEF MP O MF MT 000 0 C¥ 0

ME M2 0 M® M¥ M® 000 O 0 0
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A8.6 Equation of Floating Body Motion

The floating body motion relative to the reference pomt 1s described by the following equation in
frequency domain.

[Fo® (Mg +M, o )+ioB, +Co |- Xo =F2

And the equation of the floating body motion coupled with the liquud cargo effects 1s obtained as

follows:
[0 (Mg o +M, o +3 M, o J+i@By +Co -5 Cp 0| X =F2
or

[Fo? (Mg +M, o+ M, o )J+i@By +Co -3 Cp o] Xo =FZ
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Appendix 9 Non-dimensional Form of Sway and Roll Motion

The expression of sway and roll motion mentioned in the thesis 1s identical to the one from the

reference as shown in Table A9 1.

Thus 15 useful for comparing the sway and roll motion obtained by the author’s method with those

n the reference; however, 1t 1s not convenient for comparing with other results.

This appendix reproduces the sway and roll motion in the non-dimensional form as below:

Table A9.1. Axis of Sway and Roll Motion

Barge (Molin et al.) | FLNG (Rocha et al)
Chapter 5.2 and 6.2 5.3 and 6.3
Honzontal Axis Aﬂg{;}:my I::?;gd
Vertical Axis for Sway Sway ]?;f L;::ll;t wave | Sway F::Z.r l.;l)lt wave
Vertical Axis for Roll R""( fdm‘f;g“"e R"]idf;:fi;m

1. Horizontal Axis

o =

B
g

2. Vertical Axas for Sway (not different)

3. Vertical Axis for Roll

Xy =

Xos
kw,

where, w 1s the incident wave amplitude, B 1s the breadth of the floating body, g 1s the gravity

constant and & 1s the wave number.
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Figure A9 1. RAO of Sway and Roll motion for Barge Case 1
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Figure A9 3. RAO of Sway and Roll motion for FLNG LC of 15%
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Figure A9 4 RAO of Sway and Roll motion for FLNG LC of 50%
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Figure A9 6. RAO of Sway and Roll motion for FLNG LC of 50% Double-row Case
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Figure A9 7. RAO of Sway and Roll motion for FLNG LC of 15% Lower Case
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Figure A9 8. RAO of Sway and Roll motion for FLNG LC of 50% Lower Case
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(c) Sway motion with hquid cargo effects (d) Roll motion with liqud cargo effects

Figure A9 9. RAO of Sway and Roll motion for FLNG LC of 15% Higher Case
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Figure A9.10. RAO of Sway and Roll motion for FLNG LC of 50% Higher Case
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(c) Sway motion with hquid cargo effects (d) Roll motion with liqud cargo effects

Figure A9.11. RAO of Sway and Roll motion for FLNG Draft 12.22 m Tank Operation Case 1
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(c) Sway motion with hquid cargo effects (d) Roll motion with liqud cargo effects

Figure A9.12. RAO of Sway and Roll motion for FLNG Draft 16.60 m Tank Operation Case 1
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Figure A9.13. RAO of Sway and Roll motion for FLNG Draft 12.22 m Tank Operation Case 2
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Figure A9.14. RAO of Sway and Roll motion for FLNG Draft 16.60 m Tank Operation Case 2
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