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ABSTRACT

The Effects of LNG-Sloshing on the Global Responses of LNG-carriers.
(May 2008)
Seung Jae Lee, B.S., Pusan National University; M.S., Pusan National University

Chair of Advisory Committee: Dr. Moo-Hyun Kim

The coupling and interactions between ship motion and inner-tank sloshing are
investigated by a potential-viscous hybrid method in time domain. For the time domain
simulation of vessel motion, the hydrodynamic coefficients and wave forces are obtained
by a potential-theory-based 3D diffraction/radiation panel program in frequency domain.
Then, the corresponding simulations of motions in time domain are carried out using the
convolution-integral method. The liquid sloshing in a tank is simulated in time domain by
a Navier-Stokes solver. A finite difference method with SURF scheme, assuming a single-
valued free surface profile, is applied for the direct simulation of liquid sloshing. The
computed sloshing forces and moments are then applied as external excitations to the ship
motion. The calculated ship motion is in turn inputted as the excitation for liquid sloshing,
which is repeated for the ensuing time steps. For comparison, linear inner-fluid motion was
calculated using a 3D panel program and it is coupled with the vessel motion program in
the frequency domain. The developed computer programs are applied to a barge-type
FPSO hull equipped with two partially filled tanks. The time domain simulation results
show reasonably good agreement when compared with MARIN’s experimental results.
The frequency domain results qualitatively reproduce the trend of coupling effects but the

peaks are usually over-predicted. It is seen that the coupling effects on roll motions
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appreciably change with filling level. The most pronounced coupling effects on roll
motions are the shift or split of peak frequencies. The pitch motions are much less
influenced by the inner-fluid motion compared to roll motions.

A developed program is also applied to a more realistic offloading configuration
where a LNG-carrier is moored with a floating terminal in a side-by-side configuration.
First, a hydrodynamic interaction problem between two bodies is solved successfully in
frequency and time domain. A realistic mooring system, including fender, hawser, and
simplified mooring system, is also developed to calculate the nonlinear behavior of two
bodies in time domain simulation. Then, the LNG-carrier and sloshing problem are
coupled in frequency and time domain, similar to the method in the MARIN-FPSO case.
Sloshing effect on LNG-carrier motion is investigated with respect to different tank filling
levels including various conditions such as gap distance between two bodies, selection of
dolphin mooring system, and different cases of environmental conditions using wave, wind,

and current.
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CHAPTER1

INTRODUCTION

In the conventional ship-motion analysis, the effects of inner free surface and its
sloshing inside the liquid container are usually ignored. Recent experimental and
numerical studies have shown that the coupling effect between liquid cargo sloshing and
LNG (Liquefied Natural Gas) ship motion can be significant at certain partial filling levels.
This effect is of great concern to the LNG FPSO/FSRU operation in the production site
and offloading operation of LNG-carriers close to LNG terminal. The coupling effects are
expected to become more important as the size of LNG-carriers significantly increases

with greater market demand as shown in Fig. 1.1.
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Fig. 1.1 Changing trend of LNG tanker capacity.
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The increase of LNG-carrier carrying capacity has caused practical and academic
attention to focus on sloshing phenomenon. From a practical point of view, the more
complicated nature of sloshing (such as ullage pressure effect, viscous effect, and
compressibility effect, ullage vapor condensation, and hydro-elasticity effect) makes the
experimental study inevitable. The extension of this experimental data to prototype scale
can be categorized as another big topic on it due to limitation of mechanical model size,
similitude problem between model and prototype, even different applicable scaling laws of
physical properties. From an academic perspective, however, evaluation of local pressure
for structural analysis or global force for ship motion analysis by simulation of sloshing
fluid is a major concern. In this study, sloshing analysis methods for coupling with ship
motion will be investigated in frequency and time domain.

The response of a LNG-carrier during offloading operation is one of the crucial
factors to the safety and operability of offshore LNG terminals. Nevertheless, the influence
of the time-varying liquid cargo and its sloshing on global tanker motions for various
loading conditions has rarely been investigated; as a result, the present study investigates
the coupling effects between the vessel and inner-fluid motions in partially filled
conditions are investigated in both frequency and time domains.

Faltinsen et al (2000) developed nonlinear sloshing analysis method and Faltinsen
and Timokha (2001) have extended this method to multimodal method based on an
asymptotic expansion of the fluid response. The method has been developed in detail for 2-
D and 3-D flow (Faltinsen et al., 2003) in rectangular tanks.

The coupling between ship motion and sloshing has been studied by Molin et al.

(2002), Malenica (2003), and Newman (2005) based on linear potential theory in the



frequency domain. In time domain, Rognebakke and Faltinsen (2003) studied coupling
effect in 1-D box-shaped tank and compared it with experiments. Park et al. (2005)
calculated sloshing behavior with irregular ship motion without the coupling of ship
motion and sloshing phenomenon. Kim et al. (2005) studied the effect of sloshing on ship
motion with 2-D sloshing calculation and Lee et al. (2007) studied sloshing effect on ship’s
roll motion with 3-D calculation of a single tank.

In the present study, a 3D time domain potential-viscous hybrid method for a
vessel with multiple tanks has been developed. All the hydrodynamic coefficients of ship
motion are calculated by three-dimensional panel method and they are incorporated in the
time domain equation through convolution integral and Kramers-Kronig relation. Since the
nonlinear viscous sloshing calculation is used in the present paper, the free-surface motion
inside the liquid tank is not necessarily small. However, for simplicity, the single-valued
surface profile is assumed, and very violent free-surface motions such as overturning and
splash are not considered. For comparison, a linear potential program in frequency domain
assuming small motions of liquid sloshing has also been independently developed. When
the inner-fluid motion is mild, both approaches should produce similar coupling effects
unless viscous effects are important. It is reported in Bass et al. (1985) and Lee et al.
(2005) that the viscous effect on liquid sloshing motion is not necessarily significant.

When solving the motion of LNG-carrier, linear potential theory and 3D panel
method (Lee, 1995) are used under the assumption of small-amplitude ship and wave
motions. It is well known that the linear diffraction-radiation potential theory reproduces
the vessel motions fairly well, with the exception of the roll. The vessel motions are

simulated in time domain using the inverse Fourier transform of the frequency domain



equation (Kim et al., 1999). In the time domain vessel-motion simulation, the nonlinear
hull viscous damping is also included.

A FDM-based sloshing analysis program has been used for the numerical
simulation of liquid motion inside the tank including impact pressure (Kim, 2001). When
the fluid motion is violent, the tank boundaries are exposed to impact loads, in which some
local physical phenomena are extremely difficult to reproduce. For example, splash and
wave breaking are typical phenomena in violent flows, but too much effort is needed for
such a reproduction (Kim, 2001). The primary concern of the sloshing program in this
paper is the global fluid motion which causes non-breaking or non-splash loads on the tank
wall; therefore, local phenomena with such strong nonlinearity are not considered.

The ship and liquid-cargo motions are coupled by the kinematic and dynamic
relations, meaning the vessel motions excite the tank sloshing while the sloshing-induced
loads in turn influence vessel motions. The calculated ship motions, both with or without
considering liquid sloshing, are then compared with the model test results. The model test
was conducted by MARIN as a part of SALT JIP (Gaillarde et al., 2004). The numerical

results generally compare well with the measured data.



CHAPTER II
DYNAMICS OF FLOATING STRUCTURES

2.1 Introduction

We will review the wave loads and dynamic response of floating structures based
on Boundary Value Problem (BVP). Wave theory of first- and second-order are reviewed
and then diffraction theory for floating structures are discussed with first- and second-order
potential forces in both frequency and time domain. Morison formula for including inertia
and drag force in time domain will be also presented. Finally equation of motion of

floating structures is established followed by integration scheme in time domain.
2.2 Wave Theory Formulation

Boundary value problem with kinematic and dynamic boundary conditions need be
established and solved for deriving wave theory. Assuming irrotational flow fluid velocity
vector can be expressed using velocity potential which is a scalar function. Ignoring

viscous effect of fluid, velocity vectors and pressures using velocity potentials are

oD oD od
U=s— , V=—, W=—o
OX oy 0z

(2.1)
p:—pgz—pag—l(®i+®§+cbf) (2.2)

ot 2
where U, v and w denote velocity vectors of fluid particle with respect to X, y and z,

respectively. The coordinate system is located on mean water level, z is positive upward

and X and Yy axes are on the mean water level following the right hand rule. Equation (2.2)



is expressing pressure p in fluid field using Bernoulli equation where p is fluid density and
g is gravitational acceleration.
The governing equation with assumption of irrotational, incompressible and

continuous flow is provided by Laplace’s equation:

0D 0D 0D

Vo PV Y s =0 (2.3)

A few of boundary conditions are needed to be defined to solve equation (2.3).
General boundary conditions for ocean wave problem are introduced. For bottom of the

ocean, vertical component of water particle’s velocity is zero which means the sea bed is

impermeable:
aib:o at z=-d (2.4)
oz

where d is water depth. On the free surface, wave is satisfying two boundary conditions:
kinematic and dynamic boundary conditions. Kinematic boundary condition states that

water particle on the free surface is assumed to remain on free surface:

a—77+u8—77+va—77—6£):O at z=n(x,y,t) (2.5)
ot OX oy

where 7(X,y,t) is the free surface elevation in spatial coordinate and time. The dynamic
free surface boundary condition is expressed with assumption that the pressure on the free
surface must be atmospheric pressure:

p%)+%(cbi+cbi+cbf)+pgz:0 at z=n(x,Y,t) (2.6)

The exact solution of Laplace equation with boundary conditions stated above is
usually difficult to obtain due to nonlinear terms of free surface boundary conditions.
Therefore assuming small wave amplitude compared to wave length and water depth, the

perturbation method can be used to obtain approximated solution of acceptable accuracy.



The solution ® assumed to be expressed as a power series in terms of a non-dimensional

perturbation parameter &

O=>) d" (2.7)

n=l1
where @™ denotes nth order solution of ®, and ¢ is wave slope as:

2A KA
E=—"= —

—= (2.8)

where A, L, and Kk is wave amplitude, wave length, and wave number defined as k=2 /L,

respectively. Similarly, wave elevation 77 can be also expressed as:

o0

n=> ¢&n" (2.9)

n=1

These power series in equation (2.7) and (2.9) are valid asymptotically for small
value of & which means that higher order terms are smaller than the lower order terms.

Substituting equations (2.7) and (2.8) into governing equation (2.3) and
expanding kinematic and dynamic boundary conditions into Taylor series about mean
water level, then governing equations and boundary conditions can be solved at each order
of & The summary of linear and second-order wave theory resulting from equations order
of & and & are as follows.

First-order velocity potential and free surface elevation:

(D(l) — Re|:_ IgA COSh k(z + d) ei(kxcosg+kysin9a)t):| (2 10)
@  coshkd '
7" = Acos(kx cos @ +ky sin @ — wt) (2.11)
Second-order velocity potential and free surface elevation:
o = Re{—EwAz COS}% 2k4(Z +d) ei(kacos0+2kysin9—2wt)j| 2.12)
sinh” kd
@ _ p2 oshkd o (Okxcos @+ 2kysin 0 2at) (2.13)

sinh® kd



where A is the wave amplitude, w is the wave frequency, K is the wave number, and &is the
incident wave angle.

The foregoing wave theory for regular ocean waves is applicable to ocean waves
simulation in laboratory and to limited types of full scale ocean waves where a swell sea
state can be approximated by long-crested regular waves. In the real case of sea state,
however, sea state is fully developed by wind and must be irregular. To describe this
irregular sea state, various wave spectra such as JONSWAP (Joint North Sea Wave
Observation Project) and Pierson-Moskowitz are proposed and used by most of ocean
engineers.

The simulated irregular waves using given wave spectrum S(w) can be expressed
by superposition of large number of linear waves:

n(x,t) = i A cos(kx+at+eg)= Re[z Ae“ki“}-”fi)} (2.14)

i=1

A=\2-S(0w)-Aw (2.15)

where N is number of linear waves, Aw is frequency interval, and & is phase angle

selected by random function. There are various ways of selecting Aw as presented in Fig.
2.1. In this study, fixed frequency with small random element is being used with small

A® to avoid repeatability of simulation in time domain.
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Fig. 2.1 Various ways of simulating waves using spectrum.

2.3 Wave Loads on Structures

When water depth is in deep water condition, diffraction of wave around the
structure is significant for large-displacement structure such as tanker based FPSO and
TLP. Therefore diffraction theory is proposed as most appropriate method to predict wave

loads on the structure. On the other hand in case of slender member, Morison’s formula is
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being used to including inertia and drag forces. In this section, discussion on both

diffraction theory and Morison’s formula will be presented.

2.3.1 Diffraction and Radiation Theory

Now we review on the boundary value problem for the interaction of incident
waves with a large three-dimensional body. In section 2.2, total velocity potential @ was
introduced satisfying Laplace equation in equation (2.3), bottom boundary condition
(equation (2.4)), and free surface boundary conditions (equation (2.5) and (2.6)) . When
structure is located in fluid domain, the body boundary condition using directional normal

vector n can be express as

o =V, on body surface (2.16)

on

where V, is normal velocity on body surface

Also diffraction potential @, and radiation potential @, should satisfy

following Sommerfeld radiation condition at far field boundary which means that

diffraction and radiation potential vanish at a great distance from the structure:

r—oo

oD
lim\/FK%iikCDDRjzo (2.17)
. ,

where r is the radial distance from the center of the structure.
Total velocity potential @ can be decomposed into the incident potential @,
diffraction potential ®,, and radiation potential ®,. All these decomposed velocity

potential can also be written as a perturbation series under assumption of small wave

amplitude with respect to the wave slope parameter ¢ in similar way in Section 2.2.
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o=3 0" :ig“(cpf”u@(;) +0") (2.18)
n=1 n=1

where @™ denotes nth order solution of ®, and solutions up to second-order will be

discussed in this section.

2.3.2 First-Order Hydrodynamic Forces
The first-order interaction between a monochromatic incident wave and freely
floating three dimensional body will be investigated. The total first-order potential can be

re-written as:

" = (0¥ + 0¥ +a?)

: (2.19)
Re [ 46y, )+ 45 (%, ¥, D)+ (x,y,2) e |
The first-order incident potential ¢|“) in equation(2.10) is re-written as:
IgA cosh k i A
I(l) — Re|:_ Ig COs (Z + d) el(kxcosﬁ-%—kysm&—wt)il (220)
®  coshkd

We can write the boundary value problems for the first-order diffraction ¢{’ and

radiation potential #{":

Ve =0 in the fluid (z < 0) (2.21)

(—(02 +9 %j S’)R =0 on the free surface (z = 0) (2.22)

Odpr _ _

o 0 on the bottom (z = -d) (2.23)

(1) 0)

oo _9h on the body surface (2.24)
on on

o’ =—ion- (é(” +a x r) on the body surface (2.25)
on Y '

r—oo

lim/r (gi ikj%,R =0 at far field (2.26)
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where r represents the position vector on body surface, I denotes radian distance from the
origin, n denotes outward unit normal vector at the body surface. The first-order

translational motion E and rotational motion ®" can be expressed as:

E‘”:Re{é(”e‘i“’t}, g(w:{ 1(1) 2<1>’ 3<1>} (2.27)
e = Re{u“)e‘"”t} . ah = {al“),aé”,af)} (2.28)

where the subscripts 1,2 and 3 in equation (2.27) denote translational mode (surge, sway,
and yaw) and in equation (2.28) denote rotational mode (roll, pitch, and yaw) with respect

to X-, y-, and z-axis, respectively. Simply we re-write six-degree-of-freedom first-order

motion as:
¢ = fi(l) fori=1,2,3 (2.29)
¢ = aﬁ; fori=4,5,6 (2.30)

Radiation potential can be decomposed into six-degree-of-freedom mode as:
6
V=D G 2.31)
i=1
where ¢ represents the first-order velocity potential of the rigid body motion with unit

)

amplitude in the ith mode in the absence of incident waves. These potential ¢~ also

should be satisfying all boundary conditions, i.e. bottom boundary condition, free surface

boundary condition, far field radiation conditions, and body boundary conditions. The

body boundary condition equation (2.25) can be re-written by replacing 4",

)
o9 =n, i=1,2,3 (2.32)

on

()
%:(rxn)i_z_ 1I=4,5,6 (2.33)

on
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on the body surface.

We can obtain first-order forces, moments, and free-surface elevation by solving
first-order diffraction (¢§)) and radiation (¢§)) potentials. Using perturbation method,

first-order hydrodynamic pressure P(t) and free-surface elevation 7(t) are:

oD
pO _ _ 2.34
P (2.34)

(0]
n" = —é acgt at z=0 (2.35)

By direct integration over the instantaneous wetted body surface S(t) we can

obtain total forces and moments on the body:

[[Pnids j=1.2,3

Sg

F(t), = (2.36)

”P(rxn)de j=4,5.6

Sg

where, S; is the wetted body surface when the body is remaining in calm water satisfying

first-order boundary value problem. The first-order hydrodynamic forces can be expressed

as following different terms.

FU =F{ +F{ +F} (2.37)
where F\! is hydrostatic restoring force and moment, F" is force and moment from

radiation potential, and F, is wave exciting force and moment caused by incident and
diffraction potentials.
The hydrostatic restoring forces F. represent force and moment induced by hydrostatic

pressure change due to the motion of the body. We can write:

F = K¢ (2.38)
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where (" is the first-order motion of the body as in equations (2.29) and (2.30), and

K is the hydrostatic restoring stiffness matrix whose components are:
Ky = poA,
Ky =Ki; = p9AY;
Kys = Kss =—pgA, X
Ky = p9(S,, +Vz,)-maz, (2.39)
K, =Ks, —p09S,,
Ky =—P9VX, +Mgx,
Kss = p9(S,, +Vz,)—mgz,
Kss =—p3gVY, + Mgy,
where V is buoyancy force from the mean body wetted volume, A, is the water plane
area, (X; , Y ) is the location of the center of the flotation in the horizontal plane, (X;, Y,,

Z,) is the location of the canter of the gravity, and (X,, V,, Z,) is the location of the

canter of the gravity, and

S, =[[xds
Sg

S, = H y’dS (2.40)
Sg

Sy, = [[ 2°ds

The forces and moment from radiation potential, Fél) , comes from added mass and
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radiation damping due to first-order motions of the rigid body. We can write:

FU = Re([f]{d”}) (2.41)
where
f=f, =—pﬂ%¢jds i, j=1,2,6 (2.42)

The coefficients f; are complex as a result of the free surface condition, and the

real and imaginary parts depend on the frequency @ . These coefficients can be written as:
2 a :
fy =—o"M; —iaC; (2.43)
Therefore equation(2.41) can be re-written as:

where, M® is add mass coefficients matrix and C is radiation damping coefficients

matrix.
The last term in equation (2.37), F.), represents first-order exciting force and

moment on the body as follow:

. 0.
Féi) = Re{—pAe—lmJ’j(¢I +¢D) aﬁj ds} j=12,---,6 (2.45)
So

We can see that first-order exciting force and moment are proportional to the
incident wave amplitude A and frequency dependent. The exciting forces from a unit
amplitude incident wave is called Linear Transfer Function (LTF) which represents

relation between incident wave elevation and the first-order diffraction forces on the body.
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2.3.3 Second-Order Hydrodynamic Forces
The second-order diffraction and radiation potential provide second-order forces

and moments acting on the floating body. The second-order total pressure is:

e

=—p (2.46)

Above equation (2.46) can be re-written in the presence of bichromatic waves:
P =Re[ AAD e + A A D" | (2.47)
where pjiI represents the sum and difference frequency quadratic transfer functions for
the pressure. The complete second-order pressure generally includes two separate

contributions: (1) the quadratic products of the first-order potentials p,, and (2) the

second-order potential itself p,. These two components are given by:

Pii = Pgi + Py (2.48)
Pai = {—ipoW}” Ve } / AA (2.49)
P = [—ipw}“ 'Vr/f.(”*} / AA (2.50)
o = ;poiaff/( AAAA) 2.51)

Using given hydrodynamic pressure, the second-order wave force and moment on

the body can be obtained by direct integration of the hydrodynamic pressure over the

instantaneous wetted body surface, S;. The second-order force and moment can be

written as sum of four different components:

F® = Féz) +FF(,2)+ Fq(Z)_"Fl(fs) (2.52)
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where F{’ is contribution from the second-order radiation potential, F.” is from
second-order potential, Féz) is from quadratic product of first-order potential, F3 is

from second-order hydrostatic coefficient. For example, the force components of F.” and

FO=—p j j %Dnds (2.53)

0
@ _ (1) —(1) My )2 )
F! pﬂ[ VO +a xr)at(VCD )}ndS
+— ng.[ M _ “)+yaf” xaé” }Ndl+u(”xF(” (2.54)
_ Oy q® 0 |k
POA,| o, (Xsay” =Y,
where N = / 1-n; )2 k represents the unit vector in the z-direction, and 7" is the

relative wave height. The second-order force from radiation and hydrostatics are similar to
that of the first-order problem. The wave damping and added mass at the sum- and
difference-frequency can be obtained from first-order solutions, and the hydrostatic
restoring coefficients are identical to that of the first-order problem. The second-order

wave exciting forces in the presence of bichromatic waves can be defined as

o io" * e — —iw”
Féf):ReZZ[AjAf;e"“+AjA|fjle t} (2.55)

j=1 1=l

fr=fi+ 1 (2.56)

where f jli are the complete sum- and difference-frequency exciting force Quadratic

Transfer Functions (QTF). For example, QTF for fixed body can be written as:
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f=| =4 [[(ve Ve )nas - 55 [ g0 -#”Nd'} / AA (2.57)
fo = —'Zg(w;;” .vﬁ(m)ndS—m:w'JL(;;}l) .ﬂ(”*Ndl}/AjAl* (2.58)
f = piaf“(ﬂ+¢S)nd8}/(AjA,AjA*) (2.59)

2.3.4 Wave Loads in Time Domain

In this section, I will figure out extending monochromatic and bichromatic
solutions which were described in previous section to the random waves. Generally, linear
and second-wave hydrodynamic forces on a body under stationary Gaussian random waves

can be written as a two term Volterra series in time domain as follow.
FOQ)+F2 = [ h@nt-de+ [ [ h@ont-o)nt-1,)dzdr, (2.60)
where 7(t)is the wave elevation at the reference point, h(z) and h,(z,z,) are linear

and quadratic impulse response functions, respectively. We recall that the wave elevation
can be written as a sum of frequency components as in equation (2.14). Therefore
equation (2.60) can be re-written as a equivalent form in linear and bi-frequency domain.
In the presence of unidirectional waves of N components, the wave exciting force due to
incident wave and diffraction potentials can be expressed as:

FO(t) = R{i AL(w, )ei‘”"t} (2.61)

j=1
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N N i N N .
F?(t)=Re Z > AAD(w;,»,)e ™" + Z > AAS(w;, 0 ) " (2.62)

j=1 k=1 j=1 k=1
where asterisk(*) denotes complex conjugate, L(w;) is Linear Transfer Function (LTF),

D(w;,»,) and S(w;,®,) are the difference- and sum-frequency Quadratic Transfer

Function (QTF).

When a body is forced to oscillate in fluid, the wave will be generated and
propagating outward the body as time increases. These waves will continuously affect fluid
pressure on the body and this pressure field also affecting force acting on the body for all
subsequent instant. The time memory effect concept are introduced to describe force from
radiation potential. The pressure forces acting on the body from radiation potential in time

domain can be expressed as:

F,=-M*0)¢ - [ Rt-0){(0)de (2.63)

where M?(0) is added mass coefficients at infinite frequency, and second term,

convolution integral, represents wave force on the body from the waves generated by body
motion prior to time t. R(t) is retardation function or time memory function that is
related to frequency domain solution of the radiation problem. It can be expressed as

follow:
2 o
R(t)== j C(w)cos(at)dw (2.64)
d
where C(w) is the radiation damping coefficient at frequency @ . Equation (2.64)
represents retardation function R(t) is Inverse Fourier Transform of radiation damping

coefficient C(w) and, radiation damping coefficient C(w) is, inversely, Fourier

Transform of retardation function R(t). The added mass coefficient at infinite frequency
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can be expressed as:
a a © sin(wt)
M? (o) = M? () + jo R(t)——— dt (2.65)
10}
where M?®(w) is added mass coefficient at frequency .

We can obtain energy spectrum of linear, sum- and difference-frequency

diffraction forces using Fourier transform on the equations (2.61) and (2.62) as follows:

5¢ (@)=, ()|L(o) (2.66)
() =5[" NEANTE

s¢ 8j ( +ﬂ, ﬂ] S"(zszﬂ(z ﬂjdﬂ (2.67)

P (@) =8 [D(m0-u)| S,(WS, (@ wdu (2.68)

where S (@) is wave amplitude spectrum, SS)(a)) is linear wave force spectrum,

SP*(w) and S (@) are the second-order sum- and difference-frequency wave force

spectra, respectively.

2.3.5 Morison’s Formula

In case of slender cylindrical members on the floating platform where the diameter
of the member is small compared to the wave length, we usually can neglect diffraction
effect and have to consider viscous effect dominantly. In order to solve this problem, the
Morison’s formula is widely used for calculating wave force in practical sense. In the
Morison’s formula the wave load, per unit length of the structure, normal to the section of
slender structure with diameter D, which is small compared to with the wave length, is

expressed by sum of an inertial and drag force:
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zD? . zD?

F,=C.,p u,-C,p

1
%o+ PC4 (Uy =X, |u, = (2:69)
where pis density of fluid, C, is the added mass coefficient, C (=1+C,) is the
inertial coefficient and C, is drag coefficient. U, and U, are the acceleration and

velocity of fluid normal to the structure, respectively, and X, and X, are acceleration

and velocity of structure, respectively. This empirical formula assumes that fluid
kinematics are calculated at reference point of structure and fluid is undisturbed by the
existence of the structure. First two terms in equation (2.69) are inertia force composed of
Froude-Krylov force and added mass effect. The last term in equation (2.69) is drag force
with respect to relative velocity between fluid and body motion. This relative velocity term
represents drag force contribution to both wave exciting force and damping to the motion
of the body. In this study of floating terminal and vessel, viscous effect due to drag force of
slow drifting motion is included by using this Morison’s formula by arranging plates

whose mass is zero along projected area at the direction where viscous effect is needed.
2.4 Motion of Floating Structures

We have discussed, in previous sections, the theory and formulation of prediction
of hydrodynamic force on floating structures. In this section, formulation of equation of
body motion induced by hydrodynamic forces is introduced and solution in frequency and

time domain including numerical integration scheme is established.

2.4.1 Equation of Motion in Regular Waves
From Newton’s second law, conservation of momentum, the equilibrium between

inertia of the structure and external forces can be expressed as:
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2
d xg

dt?

m =f (2.70)

d
12+ ox(Io)=m (2.71)

dt
where m is constant mass of structure, Xxg = {XG, Ys» ZG} is coordinate of body center of

gravity, fand m is external force and moment, I is moment of inertia, ® is angular
velocity. If we assume small angular displacement of body motion, nonlinear term

ox(Im) in equation (2.71) can be negligible. Therefore above two equations can be

combined in one linear equation of motion as follows:
M =F(t) (2.72)
where F(t) is external forces, such as hydrostatic, hydrodynamic forces, mooring lines

forces, sloshing forces. C is acceleration vector of body motion vector {= {g" RTINS 6} in
six degree of freedom. Notation {g" N 3} represent linear motion of structure at origin

in X, Yy, Z direction (surge, sway and heave), and {g" 1:655G, 6} are rotations along X, Y, z

direction (roll, pitch, and yaw). M is 6x6 mass matrix of body which is defined as:

[ m 0 0 0 mz, -—myg|
0 m 0 —-mzg 0 MXg
0 0 m m —mx 0
M, = Ye © (2.73)
0 —mzg mys |11 |12 |13
mzg 0 —MXg |21 |22 |23
| —Mys  MXg 0 |31 |32 |33 |

where {XG, yG,ZG} is location of center of gravity with respect to origin of body fixed

coordinate system. m and |; are mass and moment of structure, respectively, which is

defined as:
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m:J‘J'J‘deV (2.74)
Iij:J.”pB[x-xdj—xi-xj]dV (2.75)

where p; is density of body mass, Vy is the body volume and &; is the Kronecker

delta function.

2.4.2  Frequency Domain Solution
Equation (2.72) about body motion in six degree of freedom can be rearranged

using equations (2.38) and (2.44) as follows:

[ M +M* (@) |§+C(0); + K = F(o) (2.76)

where M®(w) is the added mass matrix, C(®w) is wave damping matrix, and K is the

hydrostatic restoring stiffness matrix, and F(®) is external force vector due to wave,
mooring, sloshing, etc. In frequency domain where linear superposition rule can be applied,
nonlinearity in the system needs to be linearized. For example, viscous roll damping which
is the quantity playing important role in ship motion can be included using critical
damping. And sloshing effect, even though this is strongly nonlinear phenomenon, can also
be linearized and implemented by adding inertia and hydrostatic force into each terms in
equation (2.76). The body motions corresponding to the first-order and second-order wave

exciting forces can be expressed as:

¢ () = RAO(w)-F (w) (2.77)

{**(0") =RAO(0")-F¥* (0") (2.78)

where RAO(w) is the Response Amplitude Operator which is defined as:
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RAO(0) =| ~0* (M + M* (@)} - ia)C(a))+KT (2.79)
Once the RAO(w) is obtained, response of the structure in random waves can be

also obtained using linear spectrum analysis:

S, (®) =|RAO(o)| (S (@)+55 (o) ] (2.80)
where S, (@) is structure motion spectrum, S (w) and SP*(w) are the first- and

second- order wave force spectra, respectively, which are introduced in equation (2.66) to

(2.68).

2.4.3 Time Domain Solution

As we discussed in previous section, solving the equation of motion in frequency
domain is straightforward and simple. Even with the linearization of the nonlinear drag
forces, where an iterative calculation is needed, frequency domain analysis provides more
efficient way than the time domain analysis. In practice, therefore, frequency domain
analysis is widely used in initial design stage of structures where optimization of structure
is the primary goal. In the detail stage, however, error due to nonlinear quantity in
frequency domain analysis may not be acceptable where critical nonlinear effect is
significant such as mooring or riser systems. Therefore, time domain analysis is commonly
taking advantages in conformal design stage. In this section, derivation of numerical
scheme of time domain equation of motion will be presented.

Using equation (2.63), radiation potential force, total external force on structure

can be expressed as follows:

[ M+ M () [§+ K = F (t) + F (t.§) + Fy (8.6) (2.81)
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where M*(0) is added mass coefficient matrix in equation (2.65), F,(t) is first- and
second-order wave exciting force on the structure, F (t,@) is the nonlinear drag forces

from Morison’s formula, and F_. (t,f;) is radiation damping force as follows:

Fo(t.y)=[ Rt-n)tdr (2.82)
where R(t) is retardation function in equation (2.64). The forces due to mooring lines are
not included in this equation and will be discussed in Chapter II1.

There are many numerical integration schemes to solve above second-order
differential equations. In this study, I will use Adams-Moulton method which provides
second-order accuracy to solve the equation. The reason why I use this method is that the
finite element analysis of mooring lines is developed using the same method and final
coupled equation of structure-mooring lines will be solved together at each time step. In
order to apply Adams-Moulton scheme to second-order differential equation (2.81), we

can firstly separate this equation into two first-order differential equations as follows.

ME =F, (1) + F. (t,8) + F, (t,{) - K¢ (2.83)
{=¢ (2.84)
where M=M+M” ().

Next, integration of each above equations for time step from t™ to t™" yields

following equations.

(n+1) (n+1)

M =ME™ + [ (F+F +F,)dt+ [, —Kgdt (2.85)

(n+1)

C(n+1) :g(ﬂ) +J‘:(n> édt (286)
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Adams-Moulton scheme I am about to apply is:

t(n+l)

[ xdt= %[x“‘) +X" ] (2.87)

After applying Adams-Moulton scheme to equation (2.85) and (2.86), we have:

M&(nn) =M§(n)+%(Fl(n+l)+Fl(n)+Fén+1)+Fén)+F,£‘n+l)+F,§n))
2.88
_EK(c(nH)_'_g(n)) ( :
2
n+ 2 n+ n n
g( ) :E(g( 1)_§( ))—é( ) (2.89)

Now we have two linear algebraic equation with unknown quantities ™" and
¢™". Here we have to notice that convolution term F."*" from retardation function and

drag forces F{""" from Morison’s formula are unknown variables at time step t""". To

avoid iterative procedure to compute these terms, I introduce Adams-Bashfort scheme for

following nonlinear force terms:

o AtFY for n=0

‘[‘(") Fedt= %(3FC(”) —Fé”"”) othewise (250)
o AtF)” for n=0
o at= %(3F,§n) _Flsjn_l)) othewise @51)

Then by combining equation (2.88) to (2.91), we can obtain final integration

equation as follows.

4 — 4 Q) (n+1) (n (n) (n-1) (n) (n-1)
{A—VM+K}AC_A—RM§ +(F™) +F" )+ (3F" + F ")+ (3R +FY ) 2.92)
- 2K¢™ +2F,

where

AL =g - (2.93)
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and F, is constant force such as a net buoyancy force on the structure for balancing the

mooring lines system. Once A{ is calculated from equation (2.92), &™" and ™" can

be obtained from equation (2.89) and (2.93), respectively. These values are used in
computing the right hand side of equation (2.92) for next time step. While using the
Adams-Bashforth scheme was for the purpose of avoiding iterative procedure, this scheme
may cause numerical instability. To overcome this problem, smaller time step is required
to ensure both numerical stability and accuracy. However, time step to be used in mooring
line analysis is much smaller enough to solve nonlinearity of mooring line and, in this
study, I am using same time step of motion analysis and mooring line analysis. Therefore
time step in solving total equation of motion is generally controlled by mooring analysis

and naturally meets this requirement.
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CHAPTER III

MOORING LINE DYNAMICS

3.1 Introduction

In the previous Chapter II, the analysis of the hydrodynamic loads and
corresponding motions of a floating structure are presented. Now we will study on analysis
of mooring system of floating structures. Various types of mooring lines and systems are
used to maintain floating structure’s position and avoid drift away from a target position.
In this chapter, the theoretical background and numerical formulations of the static and
dynamic analysis of mooring lines and risers will be discussed. To import and export oil
and gas products, risers are used in connecting between seabed and the platform. These
risers also contribute to position keeping of the floating platform, not intended in design
purpose. The usage of Steel Catenary Risers (SCR) is recently increasing in deep water
platforms due to its effective costs. Therefore risers can be added to mooring system and
analyzed in hydrodynamic sense in the same way as mooring lines are using.

The slender rod theory is commonly used for the analysis of mooring line and riser.
The advantage of slender rod theory is that single global coordinate system is used to
develop governing equation. In this study, we apply the elastic rod theory derived by
Nordgen (1974) and Garret (1982), and the formulation and numerical schemes are
following RAN (2000) that equations are numerically solved by the finite element method

(FEM) in time domain.
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3.2 Slender Rod Theory

The slender rod theory uses the position of the center line of rod in space to express

deformation of the rod. As illustrated in Fig. 3.1, we can define location vector r(s,t),

where S is the arc length along the rod and t is time.

/

q
r(st) 5%

Fig. 3.1 Coordinate system for slender rod.

Firstly we assume rod is inextensible that arc length S is not changing if rod is
deformed or not. The equation of motion can be derived using the equilibrium of the linear
force and moment for a segment of rod with unit arc length as follows.

F'+q=pr (3.1)
M +r'xF'+m=0 (3.2)
where prime(') and dot(’) denotes differential with respect to arc length and time,
respectively, F and M are force and moment along the center line, respectively, q is

applied force per unit length, p is mass of the rod per unit length. For an elastic rod with
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equal principle stiffness, the bending moment is proportional to curvature and is directed
along the bi-normal. Thus the resultant moment M can be written as:

M’ =r'x Elr"+ Hr' (3.3)
where El is the bending stiffness and H is the torque. By substituting the equation (3.3)
into equation (3.2):

r’x[(EIr”)'+F}+H’r’+ Hr’+m=0 (3.4)

and the scalar product of the above equation with r’ yields:

H+m-r'=0 (3.5

By assuming no distributed torsional motion in line element and torque is small

enough , Hand m are assumed to be zero. Thus equation (3.4) can be rewritten as:

r'x[(Elr")' +F} =0 (3.6)

Using a scalar function A(S,t), the resulting force in equation (3.6) can be
written as:

F=—(Elr") + Ar’ 3.7)

The scalar product of equation (3.7) with r' is:
A=F-r'—(EIr") .r'=T —El&* (3.8)

where T =F-r' is the local tension and x(x* =-r'-r"

) 1is the local curvature of the rod.
Combining equation (3.7) and (3.1):
—(Elr") +(ar') +q = p¥ (3.9)
Assuming rod in inextensible, the r must satisfy the inextensibility condition:

r'r=1 (3.10)
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If the rod is linear and small extensible, the above inextensibility condition

equation (3.10) can be extended:

T A

_T A 3.11
) AE ~ AE -11)

The scalar function A(S,t) is called a Lagrangian multiplier and position vector
r(s,t) can be obtained from equation (3.9) through (3.11) with appropriate initial
conditions, boundary conditions, and applied force q. The applied force on the rod can be

decomposed into the gravity force, hydrostatic force, and hydrodynamic force as follows.
q=w+F +F* (3.12)

where w is the weight of the rod per unit length, F* is the hydrostatic force on the rod
per unit length, and F® is the hydrodynamic force per unit length. The hydrostatic force

can be expressed as follows.

F* =B—(Pr') (3.13)
where B represents the buoyancy force of the rod per unit length, and the P is the
hydrostatic pressure in scalar function at the point r on the rod.

The hydrodynamic force on the rod can be computed using Morison’s formula:

F'=—C,i"+C\, V" +Cp|[V" - "

Vn _wn
. (V=) (3.14)
=-C,i"+F

where C, is the added mass coefficient of the rod per unit length, C,, is the inertia
coefficient of the rod per unit length per unit normal acceleration, C, is the drag

coefficient per unit length per unit normal velocity. V" and V" are fluid particle’s

velocity and acceleration normal to the rod centerline, which can be expressed as:
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V' =(V-£)-[(V-F)-r']r (3.15)
V'=V—(V-F)-r (3.16)

where V and V are the total fluid particle’s acceleration and velocity at the center line

of the rod under assumption of undisturbed fluid field by the existence of the rod. The

rod’s acceleration and velocity normal to its centerline ¥" and F", in equation (3.14),

can be calculated from the following equations:
" =F—(F-r')r’ (3.17)
i =F—(F-r')r (3.18)

We can combine equations (3.12) through (3.14) with (3.10) to obtain the

equation of the rod with its weight, hydrostatic and hydrodynamic forces in fluid.

pi+C,p, i+ (EI") —(Ar') =W+ F' (3.19)
where

A=T+P-Elx* =T —Elx’ (3.20)

Ww=w+B (3.21)

T=T+P (3.22)

and W denotes effective weight and T denotes effective tension.

3.3 Finite Element Model

The governing equations (3.11) and (3.19) are nonlinear that is difficult to be
solved analytically. Therefore, we employ finite element method to solve these equations

and can write weak form of (3.19) as follow.
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[oTA o+ cutr)+ BN AR - A () s
L (3.23)

==EmAW§+[iW—(Bﬁ7}A

0

where A is interpolation function, and U, (t) is the unknown coefficient to be solved

that are defined as:

r(s.0) = AU, (D) (3.24)
and
5r(.) = A(8)8U, (1) (3.25)
The linear and small extensibility condition, i.e., equation (3.11) can also be re-
written as:
L l1,, A
jo P {E(rr T —1)—E}ds =0 (3.26)

where P, is also interpolation function as follow
A(5.0) = P, (8) 2, (1) (3.27)

The cubic shape functions for A(S) and quadratic shape function for P, (S) are

defined as follow.
A =1-3&+28
A=L(£-28+¢)
A =357 -2¢°
A=L(-&+&)
P =1-3&"+2&°
P, =4£(1-¢) (3.29)
P,=¢(2£-1)

(3.28)
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where &= S

The position I, the tangent r', and the Lagrangian multiplier A are selected to

be continuous at the node point between adjacent elements. Therefore the parameters U;;

and A are defined as:

Uil = “(O:t)v Ui2 = rir(oat)a
U,=r(Lt), U,=r'(Lt), (3.30)

i4
A=A00. A=ACD, A= ALY
Therefore the unknown quantities are to be solved at the position vector and
tangent vectors at the two end nodes of the elements, and the scalar function A. The A
represents the line tension at the end nodes and the midpoint. The equation of motion for
the element can be written by substituting equations (3.18), (3.24), and (3.27) into

equation (3.23) as follow.

(Mg + Mg U+ (K + A, K g JU —F, =0 (3.31)
where

My = [, PAAS,ds (3.32)

Mi =Ca| [, AAS,ds— [ (AAAAds)UU,,| (3.33)

Ky = j EIAA'S,ds (3.34)

K = | PAAAG,dS (3.35)

Fil = IOL(Wi + IEid ) A1d5 (3.36)
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and J; denotes the Kronecker Delta function, My, is mass, Mg, is added

2

mass, KiljIk is the material stiffness that comes from the bending stiffness El , and K,

is the stiffness from tension and the curvature of the rod. Equation (3.26) can be written

as:
G, =AuUyUs—B,-C,4, =0 (3.37)
where
1 L ! !/
A =5j0 P A'Ads (3.38)
1 eL
By = [, Puds (3.39)
1 L
C,.=——[ P Pds (3.40)
AE %0

The equations (3.31) and (3.37) are resultant equations of motion which have 12
second-order ordinary differential equations and 3 algebraic equation in 3 dimensional
problem. Following sections will discuss the numerical scheme for solving these nonlinear

equations.

3.4 Formulation of Static Problem

Before solving governing equations in dynamic problem, static equilibrium
problem must be solved, thus fist term in equation (3.31) which is related to time
dependency can be ignored and the governing equations of rod become following

nonlinear algebraic equations:

R, =0 (3.41)

=0 (3.42)
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where,

R ( ijlk +4 Knulk )Uj _Fil (3-43)

where F, is a static forcing term from the gravity force, drag force from the steady

current and other applied static forces on the rod. The Newton-Raphson’s iterative method
is used to solve the nonlinear equations. The equations (3.41) and (3.42) can be

expressed as follow using the Taylor series expansion.

R = RO + R (AU, )+ ai" (A2,)=0 (3.44)
jk n
oG oG
G™) =G 4 AU m (AL )=0 3.45
v y ank( )%( ) (3.45)

Writing above equations in matrix form:

o(n) 1) n
Kii" Kin {Aujk}: {_Ri(l )} (3.46)
o o [ as, [T lep
where,
Kltj?k(n) Klj|k +ﬂ“(n)K§qu (347)
n n L Irp! n
K™ = KU =( [ PAAds|Uy (3.48)
n n L ’ ! n
D™ = A, U =( ) PmAkApds)U}p) (3.49)
D™ — _C :——LjLPPds (3.50)
mn mn AE 0 m-°n N
Rl(ln) (Klljlk +4 Knljlk)UJ('I?) _Fil (3~51)
m _ (" 1 um o) 1 )
Gm_1;a[§{ AUS) (AU )-1}- 2 P }m (3.52)

Equation (3.46) can be re-written as following form after renumbering by Ran

(2000).
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K" (Ay)=F" (3.53)
where K represents stiffness matrix and the column vector y consists of U; and 4, as

follow.
.
yz[UH U, U, U,U, U, 4 4U,;U,U,U, U;U, 13] (3.54)

The force vector F is expressed as follow.

T

F:[Rn RIZ R21 Rzz R31 R32 _Gl _Gz R13 R14 R23 R24 R33 R34_G3] (3'55)
and

Ay =y™D —y® (3.56)

An iterative procedure is applied with initial guess of U and A to solve
equations. The stiffness K and force vector F in equation (3.53) are calculated to
solve Ay again. This iterative procedure continues until Ay is smaller than tolerance
defined in advance.

The force vector F can be written as follow from right hand side of the equation

(3.23):
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~ar+(Br) | | [N
~Elr, 0
—ar+(Br) |, | | -NU
~Elr)|., ~L)
—ﬂ,r3'+(Bl‘3")’ ls=o _N3[l]
—E|I’3"|s=0 _L[zl]
0 0
F' = 0 = 0
/“1’_(Br1”)’ oL _N[l[z]]
14 2
Elrl ’s:L _L'[z]
[ 14 ' _N
/”2 _(Brz) ‘S:L [22]
EIr/|_, -
[; n/ _N [2]
/1!’3 —(BI’3) ’s:L [32]
Elr/|,_, ‘(L)a
| 0 |t . (3.57)

where the superscripts [1] and [2] denote the first end of the element (S = 0) and the second

end (s = L) of an element, respectively. N = {Nl, N,,N 3}T is the nodal resultant force and

L={L,L,,L, }T is the nodal resultant moment M(Lxr"). After solving the variables U

and A at n+1 step iteratively, the resultant force at the end nodes of an element can be
obtained from force vector F" and force vector at n+1 step, F"*", can be determined as

follow.

F' =—F™" (3.58)
3.5 Formulation of Time Domain Dynamic Problem

In order to formulate the dynamic problem, time dependent term that was removed
in static problem analysis is recovered, thus we recall equation (3.31) and stretch

condition equation (3.37):
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MU j = = (K + 4K )U . + Fy = F, (3.59)

G, =AU, -B,-C4, =0 (3.60)
where,

My =My + M3, (3.61)

F,=-F,-F, +F, (3.62)

F, =K U (3.63)

Fi =2, KouU 5 (3.64)

Note that the equation (3.59) is a second-order differential equation and (3.60) is
algebraic equation. To solve second-order equation (3.59) numerically, we can establish

two first-order ordinary equations as follows:

Mijlkvjk = lE‘n (3.65)
U, =V, (3.66)

Integrating the above two equations from time t™ to t™" yields:

t(n+l) t(n+l)

MyVydt = Fdt (3.67)

t(m t(m

t(n+1) t(n+1)

Ugdt=|, Vdt (3.68)

£ (m

Knowing My, contains the added mass which is not the constant with respect to

time dependent, however, we approximate the time varying My, in time interval

S At
At —t™) to a constant M;ﬂ:z) , that means the mass at t(”)+?. Then the

integrations in equation (3.67) can be simply written within second-order accuracy as
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follow:

ﬁ(n-% 7 (n+ “(n+% <N t(n+l) ~
Mii )VJ(k "+ M )Vj(k):J't(n) F, dt (3.69)

And the right hand side of the equation (3.68) can be expressed as follows using

first-order Adams-Moulton’s scheme, or a trapezoidal rule:

n+ n Al n+ n
Uj(k ) =U;k) +7(Vj(k ) +Vj(k)) (3.70)

Re-arranging equation (3.69) and (3.70)(3.86), we can obtain:

4 2 (fH%) 4 > (n+% (n) 2 D
EMijlk AUjk :EMmk )ij +E {m F,dt (3.71)
2
(n+l) _ (n)
Vi = (AU)-v (3.72)
where
AU (n+1) — U §n+1) _U (n) — E(V.(FH—]) _I_V(n)) (3 73)
jk jk jk B jk jk .

and the integral term in right hand side of equation (3.71) can be expressed as

follow:
t(n+1) - t(n+l) t(n+l) t(n+l)
1 2
o Fdt=—[  Fdt-[ ~Fdt+] ~Fdt (3.74)
Applying trapezoidal rules to first two terms in above equation, we have:
t(n+l) At .
I et = Ay )

3.75
A\ 1y ( )
:?[KijlkAU i 2K U ]
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I(Ml)det =

(n)

2(n+1) 2(n)
FO0 4+ RO

/I(n+1)K2 U(n+1)+/1(n)K2 U(n)]

n nijlk nijlk

(3.76)

nijlk nijlk

N|B N|Z N|B N|2

[A(m )Kz U(n+1)+i(n+ )Kz U(n)}

2/1(””K2 UP +2K2,UPAL + 24 K2 AU }

nijlk nijlk nijlk

where A, :/1:”%)—/1,5”_%). The third term in right hand side of equation (3.74) is
including the applied force F, which is from gravity and hydrodynamic forces. The

gravity force is independent of time, but the hydrodynamic force obtained from Morison’s

formula is unknown at time step (n+1) since this hydrodynamic force is function of the
unknown rod position and velocity. Therefore, the Adams-Bashforth explicit scheme can

be used as previously introduced:

(n+D) AtFI(IO) for " :0
. (3.77)
o Fi At ( 3" —F™ ) otherwise

Combining equations (3.69), (3.70), (3.75), (3.76), (3.77), we have time integral

equation of equation (3.59) as follows:

nijlk

[4 M(”*)+K,;,k+/1(” VK2

2 ijlk nijlk
At ) I

}AU +2K 5, U0 (A4,)

(3.78)

4 N - (-1
:FM”:L -)Vj(kn) +(3Fi('n) ~F 1))_2(Kulk +4, " Kr?ljlk)UJ('lr(])

The time varying mass term M ,ﬂlk can be approximated using Adams-Bashforth
scheme:
~ (n+1) 1 72 (n 7 (n-
Mijlk t= E(3Mi§|k) - Miﬁlk 1)) (3.79)

For the stretch condition equation (3.60), G'"' at time step (n+1) can be
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approximated from G, attime step (n) using Taylor expansion as follow:

0 =2G"" ~2G\" +2.%5n zuy i« +2%n AL,
U, oA

n

= 2G" +2K U AU —2C A4, (3.80)

mijlk
— HG™ 4 [pom ()

= 2G" + D, ’AU, 2D, VA4,

Note that equation is multiplied by 2, for the numerical convenience, to make

element stiffness matrix symmetric. The equation of motion (3.78) and stretch condition

equation (3.80) can be re-written in a similar matrix form to the static problem analysis.

Zto(n) 1z tl(n) -
}Eijlk E<Iin {AUjk}:{ RAiI } (3:81)
o 0w || a4, |76,
where
< to(n 2 7 (n 72 (n— (n—%)
Kii" = E(W =MD )+ Ky + A K (3.82)
thi}'n(n) = 2K§ij|ku fL” (3.83)
Dy’ = 2Kp U (3.84)
Dy = 2D (3.85)
) 2 2 (n ‘2 (n— n n—
Ri = E(:SMélk) L 1))+(3Fi€ '~F, 1))
(3.86)
(n-3) n
_2(Ki}Ik +2’n ’ Kr?ijlk)ugk)
G =2G (3.87)
The formulation of coefficients in above equations, such as Ki},k , Kfijlk and G,

are same as those in static formulation, while superscript n in dynamic analysis indicates

nth time step instead of nth iteration in static analysis. The final equation of motion for a
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rod element can be written in a matrix form as follows:

K™ (Ay)=F" at time step n (3.88)

where y is written in equation (3.54), K and F are similar to those in static problem.

And also nodal resultant force can be obtained as follow.

F' =-F™ (3.89)
3.6 Modeling of the Seabed

In general catenary mooring system, mooring lines or risers near the anchor may
lie on the seabead. Interaction between seabed and steel catenary riser (SCR) is very
important in riser design purpose. In this section, modeling of interaction between mooring
lines/riser and seabed playing an important part in numerical analysis will be discussed.

The horizontal friction effect between line and seabed is neglected in numerical
modeling. In the vertical direction, however, the seabed can be modeled as a quadratic

elastic spring in vertical direction. Locating mean water level on the X-y plane, interaction

force vector f(= f,i+ f j+ f,k) can be expressed as:

c(r,— D)’ for r-D<0

(3.90)
0 for r,—D2>0

fxzo,fyzo,fzz{

where D represents the water depth or vertical distance between the seabed and the origin

of coordinate system, and T, is the z-component of the position vector r(=ri+r,j+rk)

of the line. Including seabed interaction force vector F:°, the equation of motion (3.31)

1s re-written as follows:
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(M i + M )Ujk +(Kiljlk + )“nKr?ijlk )U x =K +Fy’ (3.91)
where
L 2
F — J.O Ad;c(ry — D) for —D<0
i =
0 for —D2>0
L (3.92)
— jO A‘]é‘gc(é‘BAkU ik~ D)z for I’3 — D < 0
0 for —-D2>0

and, o,; i1s Kronecker Delta function as follow:

1 for i=3
5, = ‘ (3.93)
0 otherwise

For the static analysis, the stiffness matrix is modified as follows using Newton’s

method:
. _OR}
ijlk aU B
L ’ (3.94)
= J.o 278,653 A (8, AUy = D) forr,—D<0
0 forr,-D>0

Above additional stiffness Kijﬂk due to seabed interaction is added to Kitj?k
defined in equation (3.46). In the time domain analysis, time integral of seabed interaction
force vector F;” can be carried out using the trapezoidal rule and the stiffness matrix
modified as follows:

J.t((nn:l) Fdt = %(an(nm + Filf(n)) = %I:KiilkAU Kt 2Fifb(n)] (3.95)

Therefore, equation of motion in time domain, equation (3.78), can include seabed

effect as follow:



|

4

At?

M
4
At

(n+3) (n-3) n
i+ K+ 4, 7K }AUik+2K2 U (A4,)

nijlk nijilk

]
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(3.96)



46

CHAPTER 1V

COUPLING SHIP MOTION AND SLOSHING PROBLEMS

4.1 Introduction

In this chapter, coupling ship motion and sloshing problem is done in two domains:
frequency domain and time domain. Fig. 4.1 illustrates how two problems are coupled in

both frequency and time domain by stating each program module that is being used.

WAMIT WAMIT
- Added Mass - Added Mass
FREQUENCY - Radiation p_ampmg
- Wave Exciting Force
DOMAIN Mean Drift Force
. SLOPOT
- Motion RAOs
& Y )
CHARM3D ABSLO3D
- Multibody - - N-S solver
TIME - \'iVa\:je/V/\:nd/Cu;rent g - Mu::!p:e tanl_(ts ’
DOMAIN - Fender/hawser, - Multiple excitation
mooring MVIEW3D
l P _ 3.D visualization [ I
A 4

Fig. 4.1 Big picture of ship motion and sloshing coupling.

4.2 Frequency Domain Calculation

Now, in Chapter IV and V, we will discuss the coupling ship motion problem and

sloshing problem in both frequency domain and time domain, respectively. In this chapter,

two problems are combined in frequency domain where the linear potential theory is valid.
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To calculate hydrodynamic coefficients in frequency domain, the 3-D potential panel
method program WAMIT is used. Sloshing phenomenon is implemented into frequency
domain by calculating added mass and hydrostatic correction due to the existence of inner
free surface of floating structure. Finally, these two problems are combined into an
equation of motion and solved to get ship motion RAO. The verification of coupling two
problems in frequency domains will be done by comparing them with the results of the
MARIN-FPSO experiment. The model FPSO was equipped with two sloshing tank and
experiments are carried out for various filling levels and wave environmental conditions.
Since this experiment is a part of SALT-JIP, some of the experimental data are presented

only for comparison with calculation without scale on data.

4.2.1 Ship Motion

4.2.1.1 Hydrodynamic Coefficients

In the frequency domain ship motion calculation, a panel-based 3D diffraction and
radiation program, called WAMIT, is used to obtain hydrodynamic coefficients and
linear/drift wave forces. The detailed mathematical background has been discussed in

Chapter I1.

4.2.1.2 Effect of Irregular Frequency

In the linear potential solution by integral equation method, we may have
erroneous results at discrete frequencies called irregular frequencies, whose behavior is
similar to that of resonance. This phenomenon is due to non-uniqueness of integral
equation at irregular frequencies corresponding to the Dirichlet eigen frequencies for the

closed domain defined by the interior free surface inside the body boundary. F. John
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(1950) demonstrated that irregular frequencies occurred when the following adjoint

interior-potential problem had eigen frequencies as shown in Fig. 4.2.

v, (X, T)
p(x,T)= ykm

n

w(0,y) =0 Viy(x,y)=0 w(B,y)=0

v

p(x,0=0  °F
Fig. 4.2 Adjoint interior boundary value problem

Interior potential w(X,y) satisfies the fo llowing conditions:
Inside the cylinder in the region bounded by the immersed surface of the body and

the extension of the free surface inside the cylinder;

2 2
Vi = Zx‘/szriyy; =0 (@.1)

On the extension of the free surface inside the cylinder, kri]rr being the wave

number corresponding to the irregular frequency a)ri]" , h=1273...;

v, k' =0 “2)
On the surface of the cylinder below the free surface.

w=0 (4.3)
In summary, boundary conditions for a rectangular section with bean B and draft T

arc:
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w(0,y)=0 on Left (4.4)

w(B,y)=0 on Right (4.5)
X, T

w(x,T)= l//yliw ) on Free surface (4.6)

w(x,0)=0 on Bottom 4.7)

The irregular wave frequency can be obtained by separation of variables in the

Laplace equation. Eigen function can be written using separating variables such as:

o . [ nzx
w(X,y)= an(y) -sin (T] (4.8)
(nnx}
—:—z sin
= B
2 (4.9)
/8 " . [ hxX
ayz =;bn(y)'SIH(T]
Governing equation (4.1) can be expressed as follow by using equation (4.9):
nzx g nzx
b b 0 4.10
Z(y)ln(Bj;Bz (y)ln(Bj (4.10)
" n27l'
b, (Y)—?bn(Y)ZO (4.11)
b, (y) = A@B +Ce &’ (4.12)

Therefore solution equation (4.8) is:

WX, y)= i{ Aje%”y + cne‘"s”vj.sin (”%Xj} (4.13)

Eigenfunction is:
(X, y) = [AheBy +Cne_3yj-sin (”LBXJ (4.14)

Applying bottom boundary condition w(X,0)=0 to equation (4.14):
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(Aﬁcn).sm(%xj:o (4.15)
C —-A (4.16)

Therefore equation (4.14) is,
W, (X,Y) = {AheBy + Cnesyj-sin (”LBXJ
—A (eBy e 8’ j .sin (”LBXJ (4.17)

nz nzXx
=A -2-sinh| — vV |-sin| —=
A, s1n(Byjsm(BJ

Again, applying free surface boundary condition to equation (4.17)

at y=T (4.18)

_opT) _nr (e e
w,(X,T)= Y 5 A -2 cosh( 5 Tj sm( 5 j

(4.19)
w(x,T)=A '2-sinh(n—ﬁTJ-sin(@j
B B
nzx
cosh| —T
_ X, T ( j
klrr — l//y( ) _n_ﬂ-—B = n—ﬂ-COﬂ’l n—”T (420)
B B

pxT) B sinh (r:;[Tj

Finally, irregular wave number k' and frequency " from disperse relation

are:
k™ =7 coth (”—”Tj 4.21)
B B
o = JkI" g tanh(k'"T ) (4.22)

Calculated irregular frequencies of LNGC-145K are shown in Table 4.1.
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Table 4.1 Irregular frequencies of LNGC-145K.

Transverse mode Longitudinal mode
mode (n) 1 2 3 1 2 3 4 5
wave number (K') | 0.104 0.154 0.220 | 0.084 0.086 0.089 0.092 0.097
Irregular frequency
i 0.93 1.20 146 | 0.80 0.81 083 0.85 0.88
(w, ) [rad/s]

In the present simulation, I used the BEM program where the irregular frequencies

are numerically removed. For example, the effect of irregular frequency on radiation

damping coefficients and Linear Transfer Function (LTF) of LNG-carrier (LNG-145K) is

presented in Fig. 4.3 and Fig. 4.4. Using irregular frequency option, we can observe that

irregular frequency around 0.95rad/s and 1.2 rad/s is removed safely and all hydrodynamic

coefficients are used with irregular frequency removal in this study.

Radiation Damping Coeff.
Without Irregular Freq. removal
With Irregular Freg. removal

15

2E+006 S5E+007
2E+006 4E+007
Gé 1E+006 % 3E+007
>
o 8E+005 ‘% 2E+007
4E+005 1E+007
0 0
0 03 06 09 12 15 0 03 06 09 12
Freq. [rad/sec] Freq. [rad/sec]
8E+008 3E+011
6E+008 2E+011
= < 2E+011
S 4E+008 £
a
1E+011
2E+008
5E+010
0 0
0 03 06 09 12 15 0 03 06 09 1.2

Freq. [rad/sec]

Freq. [rad/sec]

15

8E+007

6E+007

4E+007

Heave

2E+007

0

0 03 06 09

Freq. [rad/sec]

12 15

3E+011

2E+011
5 26+011
> 1E+011

5E+010

0
0 03 06 09

Freq. [rad/sec]

12 15

Fig. 4.3 Radiation damping coefficient of LNGC-145K.
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LTF
ffffffffffff Without Irregular Freq. removal <):|
With Irregular Freq. removal 90°

2E+006 5E+007 1E+008
1E+006 4E+007 8E+007
g > 3E+007 2 6E+007
2 8E+005 g g
@ B 2E+007 T 4E+007
4E+005 1E+007 2E+007
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Fig. 4.4 Linear transfer function of LNGC-145K.

Freq. [rad/sec]

4.2.2 Sloshing Analysis in Frequency Domain

In most of the cases of sloshing phenomenon, inertia effect is dominant except very
low filling level in which viscous damping of sloshing fluid is playing significant role.
When sloshing is taken into frequency domain problem, two things are needed: inertia of
sloshing fluid and restoring stiffness correction due to the presence of inner free surface
inside the tank. Since potential theory is used to calculate added mass, viscous damping of

sloshing fluid is not considered in this study.

4.2.2.1 Analytic Sloshing Natural Frequency
Natural frequency of sloshing tank at each mode, as shown in Fig. 4.5, can be

obtained from disperse relation of the wave.
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W'\/—v\/

B ~ P2 NN D
n=1 n=2 n=3 h
"
B:— B=L B:—L
2 2

Fig. 4.5 Transverse natural frequency of sloshing tank.

From disperse relation for general water depth,
" = kg tanh(kh) (4.23)

where @ is wave frequency, K is wave number, § is gravitational acceleration, and h is

water depth. Replacing wave frequency and wave number with period and wave length:

(o)

Then wave period is,

T= = - 2L (4.25)

(o) foum(E

Relation between wave length and breadth of tank is,

s=1 . L-Z8 (4.26)
2 n

Finally, natural period for each mode is,

B
V n V7B (4.27)
% nzh

g tanh
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4.2.2.2 Added Mass of Sloshing Fluid

When considering the dynamic effects of sloshing phenomenon, the inertia force is
more important than damping or restoring forces. In this regard, the added mass of
sloshing fluid is shown in Fig. 4.7. The 3D panel method was also used in the calculation
of the added mass of sloshing fluid. Fig. 4.6 shows an example of the grid generation for
sloshing tanks at the filling level of 37%. When plural tanks are equipped on a single hull,
we can calculate the total added mass of each tank’s sloshing fluid at a time by generating
each tank’s grid together as shown in Fig. 4.6. Grid generation needs to be done from the
bottom of tank up to the free surface of sloshing fluid, meaning each different filling level

needs each grid generation to represent the added mass of sloshing fluid.

Fig. 4.6 Grid generation for sloshing tanks (Filling level:37%).

Fig. 4.7 shows an example of the roll added mass calculated by 3D panel method
for three different filling levels. At each filling level, a resonance peak frequency is
observed. Near the resonance frequencies, we observe the sharp rise and fall of a roll added
moment of inertia. The simulated resonance frequency is well matched against analytic

values of sloshing resonance frequency.
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Fig. 4.7 Example of sway added mass of sloshing fluid.

4.2.2.3 Hydrostatic Force Correction
The presence of inner free surface causes a change of bare hull’s restoring stiffness.

Fig. 4.8 illustrates change of restoring force due to the inclination of the ship.

H%\

w

Fig. 4.8 Restoring force correction due to inner fluid.

When the center of gravity of inner fluid g° is moved to a new position g,

due to ship inclination of ¢, the whole ship’s restoring force will be decreased as much as

the inner free surface’s contribution:
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Restoring force=W -GM -sing—w* - g°m-sin ¢

:(W .GM —w* -gsm)sinqﬁ

:(W.G_M_Ws.gsm)¢ (4.28)
- .

=(W-GM -1°p'g)¢

. . . . I° ) o )
where, W° is weight of inner fluid, g°m= Ve I° is second moment of inertia of inner

free surface with respect to x-axis, V° is volume of inner fluid. p° is density of inner

fluid, g is gravitational acceleration. The last term in the equation (4.28) represents

change of restoring stiffness:
K® =1°p°g (4.29)

From the equation (4.29), it can be observed that change of the restoring force due
to inner fluid is affected by only second moment of inertia of inner free surface with
respect to rotational axis and density of inner fluid, and it is not affected by filling level

(volume of inner fluid) or location of tanks.

4.2.3 CouplingTtwo Problems in Frequency Domain
Under the assumption of small-amplitude ship and liquid motions, ship motion and
sloshing problems can be coupled in the frequency domain based on linearized potential

flow theory. We recall the equation of motion:

[ M+M* (o) |§+C(0)i+Kg = F(t) (4.30)

where M and M®(w) are a ship’s real mass and added mass matrices, C(w) is

radiation damping matrix, and K 1is restoring matrix. In roll, viscous effect may be
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important. In such a case, viscous effects can be included by adding the linear equivalent

damping coefficient C; (®) to C (@)

C:4 ()= 27\/{M44 +Mg (a))} Kas (4.31)
where y 1is the damping ratio of the system damping divided by critical damping. The

body-motion and force vectors can be written as

¢ = Re{cfj’oei’”t}

. (4.32)
F(t)=Re{F; e}

The coupling of ship motion and liquid sloshing can be investigated by adding the

hydrodynamic force vectors of inner fluid motion to the right hand side of equation(4.30):

[M+M*(0) [§+] C(0) + Cly (@) |6+ KE = F(t) + F*(t) (4.33)

F°(t) in equation (4.33) represents the force vector due to liquid motion. I only

considered the inertia force of the sloshing since there is no radiation damping for the

internal problem.
F°(t) = M* (@) + K (4.34)
where M®(w) is sloshing fluid’s added mass.

The hydrostatic effect of internal fluid can be included as the reduction of restoring

force due to inner free-surface effect, as shown in equation (4.35):

K® =1°p°g (4.35)
where |° is the second moment of inner free surface with respect to the axis of rotational
motion, p° is density of inner fluid, and g is gravitational acceleration.

The resulting coupled equation of motion can be written as
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[—{M +M*(0)-M* (@)} " + iw[C(a))+cz4(a))]+{K—KS}}QLO —F,, (4.36)

4.3 Time Domain Calculation

In time domain analysis, the potential-based linear ship motion program is coupled
with the viscous-flow-based nonlinear tank sloshing program. In ship motion calculation,
taking advantages of time domain analysis, non-linear effect such as viscous roll damping
and surge-sway damping using Morison’s formula are included using adequate modeling.
Also a mooring system with mooring lines, hawser, and fender is implemented in this time

domain analysis.

4.3.1 Motion Calculation

All of the hydrodynamic coefficients were first calculated in the frequency domain
and then, the corresponding forces were converted to those for time domain including
convolution integral (Kim & Yue, 1991), initially introduced in Chapter II and shown in

equation (4.37).

F,=-M(©)¢ - [ Rt-0){(0)de (4.37)
where the convolution integral represents the memory effects of the wave force on the
platform from the waves generated by platform motion prior to time t. R(t) is called
retardation function and is related to the frequency domain radiation damping. The formula
for R(t) is given by

R()=2 [ C(@)cos(at)dw (4.38)

90
where C(w) is the radiation/wave damping coefficients at respective frequencies. The

length of the retardation function should be large enough to allow for full decay at the end



59

of the steps as shown in Fig. 4.9 and Fig. 4.10 as examples. In general, multi-body case
needs a longer length of retardation function than that of single-body case as presented in

Fig. 4.10 in order to reflect hydrodynamic effect due to the gap between bodies.

1.6E+009
8.0E+008
R44
0.0E+000
-8.0E+008 \ \ \ \
0 1000 2000 3000 4000
Steps
Fig. 4.9 Example of roll retardation function for single-body case.
1.6E+009
8.0E+008
R44 0.0E+000
-8.0E+008
-1.6E+009 \ T \ \
0 4000 8000 12000 16000
Steps

Fig. 4.10 Example of roll retardation function for two body case.

The term M?() in the equation (4.37) is the added mass of the body at infinite

frequency. The infinite added mass coefficients can be obtained from

M* () =M* (@) + | R(®) sin(@t) ¢ (4.39)
0 @

where M®(w) is the added mass at frequency . Then the total potential hydrodynamic

force can be obtained by the summation of incident wave force, added mass, and radiation

damping forces.
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4.3.1.1 Roll Viscous Damping

Time domain program is taking more advantages than frequency domain program
in non-linear effect modeling. The viscous effect (one of non-linear effect) of roll, surge
and sway viscous damping in time domain is modeled with appropriate ways. In roll mode,
viscous damping is so important as radiation damping that it cannot be ignored. In this

study, quadratic roll damping model is used as equations (4.40) and (4.41).

b(" - %+b{ - %-[X (4.40)

b =2-p-2p0 =g 4, (41

where a, is total mass in roll mode, p, q are damping coefficients as shown in Table 5.5.

Coefficients p, q are obtained from free decay experiment of the model and adjusted for

matching roll amplitude with experimental result.

4.3.1.2 Surge and Sway Viscous Damping

Viscous damping also affects surge and sway mode motion in time domain unlike
potential force from boundary value problem. Viscous damping in surge and sway
direction is included using Morison’s formula by arranging flat plates on each surge and
sway direction as shown in Fig. 4.11 as an example.

Wichers (1998) proposed hull drag coefficients with consideration and without
consideration of current effect for the tanker. These values will be adjusted for matching
surge and sway motion amplitude and all projected areas, as viewed from each direction,

will be divided for giving contribution to yaw motion.
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4.5

’7 Sway plates’ Cd values

s

Fig. 4.11 Arrangement of surge and sway plate for Morison’s formula.

 J

v

4.3.2 Irregular Wave Spectrum
To simulate irregular wave in time domain, I use the JONSWAP spectrum in the

following way:

S() SHszw?’(l 0.2871Iny) s(en )| s
W) = —=0. ny)exp| ——| —
. nIexpl =2 —=| |7 (4.42)

@

where Hy is the significant wave height, @ is frequency, @, is the peak frequency,

and y is the over shooting parameter. The symbol r is defined by

‘o exp{—(w— ®,) } (4.43)

20w,
where o = 0.07 when @<®, and o = 0.09 when @>®,. As we discussed and
introduced in equations (2.14) and (2.15), the generation of wave elevation from a
spectrum must be careful to a simulate more realistic sea state. In this study, I use equal

frequency spacing with fixed representing frequency method obeying following limitation

to avoid the repeating of wave time series.
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== (4.44)

Fig. 4.12 is an example of JONSWAP wave spectrum.

§ 10
5 Tp =12.0 sec
T 8 Hs = 5.0m
g 6 y=33
‘®
&
a 4
[
5 2
2
n 0
0 0.4 0.8 1.2 1.6 2

Freq [rad/s]
Fig. 4.12 Example of JONSWAP wave spectrum.

4.3.3 Mean Drift Force (Newman’s approximation)

The slow drift wave loads can be large when the mean wave loads are also large,
suggesting that slow drift motions are important when the volume of a structure is large.
However, the computation of second-order diffraction/radiation potential is very intensive.
In calculating slowly-varying vessel motions without this complexity in time domain, the
so-called Newman’s approximation was used. In other words, the second-order difference-
frequency wave-force quadratic transfer functions (QTFs) are approximated by their
diagonal values (mean drift forces and moments). We recall second-order wave loads from

Chapter II,

N N . N N .
FP(M)=Re| > > AAD(@, 08" ™" +3 5 AAS(;, 0 )" " (4.45)

j=1 k=1 j=1 k=1

Since natural frequency of floating terminal or LNG-carrier’s surge-sway-yaw

motion is very low, only second-order difference-frequency quadratic transfer function
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D(w;,w,) is important and sum-frequency quadratic transfer function, S(®;,®,), which

is related to springing in high frequency, can be neglected. Newman’s approximation

implies that difference-frequency quadratic transfer function, D(®;,®,) , can be

approximated as :

D(w;,»,) =D(@,®,) = %(D(wj,wj)m(a)k,wk)) (4.46)

This approximation is valid when the system’s natural frequencies are very small,
like the horizontal motions of the present problem. It is shown in Kim et al. (2005) that this
simpler approach produces reasonable results in the case of a turret-moored FPSO when
compared with the more accurate, time-consuming full-QTF method. The Newman’s
approximation, however, may not be very reliable when water depth is in shallow water

condition. The wave drift damping is expected to be small compared to other drag

components, and thus is not included in this study (Arcandra, 2001).

4.3.4 Sloshing Analysis in Time Domain (ABSLO3D)

The tank sloshing in time domain is solved by the Navier-Stokes equation. The
developed computer program (Kim, 2001) can handle the liquid sloshing in 3D multiple
tanks simultaneously.

To analyze the liquid sloshing inside a partially-filled tank under forced excitation,
two coordinate systems are employed, as shown in Fig. 4.13. This improved program is
now capable of multiple excitations of each multiple tank as in Fig. 4.13. This study,
however, is only calculating cases of multiple tanks excited by one excitation coordinate
system; in other words, multiple tanks are located in one floating body, and only one

excitation force will be applied to multiple tanks at the same time. A tank-fixed coordinate
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is defined at the center of the tank bottom, rotating with respect to point G. Another
Cartesian coordinate system (X, Y, Z) is defined at the origin G, and it has the translational
motion with velocity U . Assuming incompressible fluid, the equations governing the flow

inside the tank are the continuity and Navier-Stokes equations,

Vou=0 (4.47)
L A T & (4.48)
Dt yo,

where u=(U,,u,,u,) is the velocity vector, defined in the tank-fixed coordinates. The

symbols p,v, p,F are the liquid density, kinematic viscosity, pressure, and external force

vectors, respectively. while D/ Dt indicates the material derivative.

Fig. 4.13 Coordinate system of sloshing analysis program.

The external force consists of the gravitational force, translational and rotational

inertia forces. In these cases, F takes the following form:
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F=g—— ——x(r-R)-2Qx

du dQ d(r—R)
dt  dt dt

—Qx{ﬂx(r—R)} (4.49)
where g and Q are the gravitational vector and rotational velocity vector. In addition,
r and R are the position vectors of the considered point and the origin G. The second
term of the right-hand side is the translational inertia, while the third, fourth, and fifth
terms are due to the rotational motions, which are the angular acceleration, Coriolis, and
centrifugal forces. It should be noticed that these forces are defined with respect to the
tank-fixed coordinate system.

On the free surface boundary, both the kinematic and dynamic conditions should

be satisfied.

Dr,

= 4.50
Dt Uy (4.50)
Pt = Pam (4.51)

where the subscript f means the values on free surface and p,,, is the atmospheric or

ullage pressure inside of tank. Besides, a proper condition is necessary on the tank walls
and internal members.

The present study focuses on a simplified sloshing problem without highly violent
liquid motions including splash and breaking. As is well known, the sloshing flow can
become strongly nonlinear, particularly near the resonance frequencies. Such strong
nonlinearity includes wave breaking, particle splash, jet flow, and impact occurrence. It is
extremely difficult to take all of these complicated local phenomena into account, and such
violent local flows, while very critical to the structural damage of tank walls, may not be of
importance in global ship motion analysis. In this regard, the free surface boundary is

assumed to be a single-valued function. Then the kinematic free-surface boundary
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condition can be written as follows:

on
L iu-Vn=0 4.52
p n (4.52)

where 7 indicates the free-surface elevation.

As an example of test running of ABSLO3D, Fig. 4.14 shows free decay of free
surface when a single impulse-like sway motion is removed after 3.14 seconds. Free
surface elevation is measured at the center of the first tank. Two identical tanks are forced
to move at the same time. The length of each tank is 5 m, breadth of tank is 10 m, height of
tank is 10m and the tank is filled to 20% of tank height. Free surface was increased due to

impulse-like tank motion and it slowly decayed during 30 seconds.
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Fig. 4.14 Free decay test of ABSLO3D.

4.3.5 Coupling Two Problems in Time Domain

The coupling between tank sloshing and ship motion can be done by adding
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sloshing force vector into the right-hand side of equation (4.30) as follows:

F(t)=F*(t) + F, () (4.53)
where F®(t) is the external excitation force vector on hull surface by waves and

hydrodynamic reactions, while F(t) is the sloshing-induced force acting internally on

the tank. The mass matrix M in equation (4.30) represents the total ship mass including
fluid mass inside the tank. The mass and hydrostatic matrices are modified for different
volumes of liquid. Since the inertia force as a rigid fluid mass is included in the sloshing
program, I need to cancel out its effect by adding the fluid mass inertia in the right-hand

side of equation (4.30).

F, (1) =F" () + M (4.54)
where M is fluid’s mass diagonal matrix and F™(t) is the force vector from the

sloshing program including hydrostatic and dynamic forces by fluid motions.

In the MARIN-FPSO experiment, drafts of each filling level is kept as the same
value by adjusting ballast for each different filling level. Therefore, computational
simulation of each filling level in which vertical mass distribution of fluid is different

requires modification of the restoring coefficient as shown in Fig. 4.15.

Keel

Fig. 4.15 Modification of roll restoring coefficient.
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In this figure, G is the original center of gravity of body and ballast, and g is the

center of gravity of fluid. Due to the existence of inner fluid in computation instead of

ballast weight in the experiment, roll restoring coefficient K, is modified as equation

(4.55).
Kis =KotKe (4.55)
=K 44 +PViquia (G9)
where,
Gg = Keel - g —Keel -G (4.56)

When the center of gravity of fluid is lower than the original center of gravity of
body, as in Fig. 4.15, restoring force will be reduced, and the reverse is also true. Now we

have final ship motion and sloshing coupled equation in time domain.
[ M +M* (e0) =M [+ K+ Ky, [§=F, (1) +Fc(t,8)+F, (t,0) +Fy (1) (4.57)
In this equation, the ship and sloshing motions are coupled by kinematic and

dynamic relations in that vessel motions are exciting the tank sloshing, while the sloshing-

induced loads in turn influence vessel motions.
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CHAPTER V

CASE STUDY I: DYNAMIC ANALYSIS OF MARIN-FPSO*

5.1 Principal Particulars

In this chapter, coupling program of ship motion and sloshing will be investigated
by a comparison with the experiment result of the LNG-FPSO experiment carried out by
MARIN (Maritime Research Institute of Netherlands) as a part of SALT-JIP. The main
goal of this experiment is to investigate the coupling effect between the FPSO motion and
sloshing liquid motion in two tanks as shown in Fig. 5.1. Two tanks are filled with fresh
water and tested for three different filling levels (18%, 37%, and 56% of tank height) at the
same filling level of each tank. The LNG-FPSO is moored by soft springs to avoid drift
away against wave force. The wave is the only external environmental force and wave
headings are tested for three different angles (head, quartering, and beam sea conditions).

On this MARIN-FPSO, two sloshing tanks are equipped as shown in Table 5.1.
The length of aft tank (No.4) is 6.936 m longer than the forward tank (No.2). Breadth and
height of the two tanks are similarly designed. The principal particulars of both the
MARIN-FPSO and mooring system are presented in Table 5.2. Shape of the hull is similar
to barge type, and external mooring stiffness is modeled by linear spring for surge, sway,

and yaw modes.

* Reprinted with permission from “The effects of LNG-tank sloshing on the global
motions of LNG carriers” by Lee, S.J., Kim, M.H., Lee, D.H., Kim, J.W., and Kim Y.H.,
Journal of Ocean Engineering, 34, 11-20, Copyright[2008] by Elsvier.
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Fig. 5.1 General sketch of MARIN-FPSO and LNG tanks arrangement.

Table 5.1 Characteristics of sloshing tanks.

Designation Magnitude

AFT TANK no.4 (inner dimensions given)

Tank aft from aft perpendicular 61.08 m
Tank bottom from keel line 33m

Tank length 49.68 m

Tank breadth 46.92 m

Tank height 3223 m

FORWARD TANK no.2 (inner dimensions given)

Tank aft from aft perpendicular 209.54 m
Tank bottom from keel line 33m

Tank length 56.616 m

Tank breadth 46.92 m

Tank height 32.23 m

70
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Table 5.2 Principal particulars of FPSO (bare hull) and mooring system.

Description Magnitude
Length between perpendicular 285.0 m
Breadth 63.0 m
Draught 13.0m
Displacement volume 220,017.6 m’
Displacement mass in seawater 225,518.0 ton
Longitudinal COG 142.26 m
Transverse metacentric height 1530 m
Vertical center of gravity 16.71 m
Vertical center of buoyancy 6.596 m
Transverse metacenter above base line 320l m
Mass radius of gyration around X-axis 19.49 m
Mass radius of gyration around Y-axis 7842 m
Mass radius of gyration around Z-axis 71.25 m
Surge 6.50 x 10° N/m
Mooring p
Stiffness Sway 2.43 x 10° N/m
Yaw 1.76 x 10° N-m/rad

5.2 Simulation Conditions

In this case, wind and current are not considered in order to investigate the
dynamic coupling effect between ship motion due to wave and sloshing motion at different
filling levels. As shown in Table 5.3, wave heading is selected as three different directions:
head sea, quartering sea, and beam sea conditions. Significant wave height, peak period,

and y factor are selected to be consistent with MARIN experimental conditions. Sloshing
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tanks are filled at four filling levels, 0%, 18%, 37%, and 56% of tank height, levels are

also tested by MARIN.
Table 5.3 Simulation environment.
Wind N/A
Current N/A
4
Heading & |:L
90Q° 8Q°
Wave Significant height 50m
Peak period 12 sec
v of JONSWAP spectrum 33
0% 18% 37% 56%
Filling levels

5.3 Hydrodynamic Coefficients of Ship

In order to calculate hydrodynamic coefficients in frequency domain, we need to
generate panels on the hull surface as shown in Fig. 5.2. Total number of panels for this

barge-type hull is 2300.
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Fig. 5.2 Grid generation of hull for 3D panel method (Number of panels=2300).

By solving diffraction/radiation problem using a constant panel method program,

called WAMIT, I can obtain added mass, radiation-damping coefficients, LTFs (linear

transfer function), mean drift forces, and motion RAOs (response amplitude operator) as

shown in examples from Fig. 5.3 through Fig. 5.9.
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Fig. 5.3 Added mass of MARIN-FPSO.
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Radiation Damping Coeffcients (MARIN-FPSO)
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Fig. 5.4 Radiation damping coefficients of MARIN-FPSO.
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Calculated motion RAOs for each wave heading angles are compared with the
experiment results from MARIN. In beam sea condition, Fig. 5.7, experimental data of
surge and pitch are not provided from MARIN. Motion resonance of sway at 0.1 rad/s is
due to an external simple spring mooring system to avoid drift away, and this motion also
slightly affects to roll and yaw motion. Sway resonance around 0.45 rad/s is due to roll
resonance motion. The motion RAOs under 135 degree wave heading condition are shown
in Fig. 5.8. Since potential theory is used, as also shown in beam sea condition, the roll
amplitude is over-predicted near resonance, without including viscous effects. Other than
that, the agreement between the prediction and measurement is acceptable. Fig. 5.9 shows
comparison of surge heave and pitch motion RAOs at head sea condition, and it too shows
a good agreement with the general fact that the experimental result does not show rapid

change due to the viscous effect.

5.4 Coupling Two Problems in Frequency Domain

5.4.1 Sloshing Added Mass

MARIN-FPSO has two tanks at fore and apt part, as shown in Table 5.1. The
added mass of two tanks will be calculated at a time and total sloshing added mass will be
added to equation of single-body. Fig. 5.10 shows grid generation of each three filling
levels. The total number of panels used in the case is 600 for both 18% and 37% filling
levels and 1000 for 56% filling level. Sloshing natural frequency is calculated in Table 5.4
for transverse and longitudinal modes. Since the two tanks have the same breadth,
transverse natural frequency is the same value at each tank and longitudinal natural

frequency is different as much as different length of each tank.
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Table 5.4 Natural frequencies of FPSO and sloshing tanks.

Natural frequencies (rad/sec)

Transverse Longitudinal
mode mode
Bare hull Roll : 0.50 Pitch : 0.47
s Hnd Apt tank Fore tank
lst 2Ild lst 21’1d
Sloshing
FL:18% | 0.49 1.31 0.47 1.25 0.41 1.11
Tanks
FL:37% | 0.66 1.55 0.63 1.50 0.56 1.37
FL:56% | 0.74 1.61 0.71 1.56 0.64 1.44
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Fig. 5.11 Sway and roll added mass of MARIN-FPSO’s sloshing fluid.
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For example, calculated sway and roll sway added mass is plotted in Fig. 5.11.
Since sway and roll must have the same transverse natural frequency, each mode has a

sharp peak at corresponding analytic natural frequency in Table 5.4.

5.4.2 Motion RAO Results

Now, ship motion and sloshing coupling effect in frequency domain will be
discussed by checking roll motion RAO, which is most dangerous mode due to the least
restoring force of all the modes. Fig. 5.12 represents RAOs of roll motion at different
filling levels with beam sea condition. Each figure includes the experimental results

obtained from irregular wave model test and frequency domain results.
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Fig. 5.12 Comparison of coupling effect of roll motion
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When there is no sloshing, roll natural frequency is located naturally at 0.45 rad/s
in both experiments and frequency domain. For the 18% filling level case, calculation
result shows that the natural frequency of roll is moved around 0.6 rad/s and roll motion is
almost zero around 0.45 rad/s. The experiment result is not showing this phenomenon
clearly, due to viscous effect. In sloshing phenomenon at lower filling levels, viscous
effect is more dominant than inertia effect; therefore, coupling result in frequency domain
with linear potential theory, which does not include viscous effect, is not demonstrating
this viscous effect. In 37% and 56% filling levels, we can clearly see the split of peaks in
the roll RAOs.

Since the sloshing resonance frequency of 56% is farther from the hull resonance
frequency, we observe greater separation distance between the two peaks. When I consider
roll RAOs near the bare-hull’s natural frequency 0.5(rad/s), the roll motions continue to
decrease with the fill ratio. On the other hand, the roll amplitudes near 0.8(rad/s) continue
to increase with the fill ratio. Therefore, the inner liquid motions can increase or decrease
the roll motions depending on incident wave frequencies. The peak frequency of the
present input spectrum is around 0.5(rad/s), which explains why roll motions continue to
decrease with increasing filling level. This frequency domain linear potential results show
a similar trend but the resonance peaks are significantly over-predicted because viscous
and nonlinear free-surface effects are not included.

Coupling effect in head sea condition is presented with pitch motion RAO at

different filling levels. An example is shown in Fig. 5.13.
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Fig. 5.13 Comparison of coupling effect of roll motion

(Frequency domain, wave heading = 180deg)

For head sea condition with pitch motions, it can be expected that the coupling
effects of liquid cargo and hull motion are less significant. It is primarily due to the fact
that the inertia of longitudinal hull is much larger than the dynamic effect of liquid motion.

In all cases in Fig. 5.13, the effects of liquid cargo sloshing in pitch motions are very minor.

5.5 Coupling Two Problems in Time Domain

5.5.1 Regular Wave Test without Sloshing
First, we discussed in previous chapters that time domain ship motion program is
using hydrodynamic potential forces from frequency domain by converting to time domain

forces using retardation function. Calculated diagonal terms of retardation of MARIN-
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FPSO are shown in Fig. 5.14.
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Fig. 5.14 Retardation functions of MARIN-FPSO.
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Using these potential forces, time domain must provide exactly the same results
with frequency domain results. The validity of the time domain program can be tested by
checking motion amplitude for a single frequency regular wave. As examples, heave and
pitch motion RAO of regular wave test for 135deg wave heading angle are presented in Fig.
5.15. Since heave and pitch are mostly affected by potential force, results of these two
modes must also be exactly the same as those of frequency domain results. As we can see,

regular wave test of time domain program provides these results of frequency by WAMIT.
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Fig. 5.15 Regular wave test of MARIN-FPSO.

5.5.2 Viscous Damping Modeling

The inclusion of viscous damping is particularly important for roll motions. Linear
and quadratic damping model are used in roll and the respective coefficients were obtained
from the free-decay tests in calm water. The damping values are further tuned to represent
their increase in waves as in Table 5.5. Roll motion amplitude is adjusted using linear and
quadratic damping model, and an example of time series and comparison of spectral
density function between simulation and experiments are presented in Fig. 5.16.

The mass-less plates is used for including drag effect in surge and sway direction
with Morison’s formula. Arrangement of surge and sway plates is presented in Fig. 5.17,

and drag coefficients and areas of each plate are listed in Table 5.6.



Table 5.5 Coefticients for quadratic roll damping model.

Damping coefficients in use

Wave Heading p q
90deg 0.9001 0.0281
135deg 0.1001 0.0281
180deg 0.1001 0.0281
Damping coefficients from MARIN experiments
p q
POS. 0.2371 -0.0109
NEG 0.1562 0.0792
DOUBLE 0.2001 0.0281
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Fig. 5.16 Time series and Spectral Density Function of roll (Wave heading = 90 deg)
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Table 5.6 Surge and sway plates of MARIN-FPSO.

No. oF Area (m) 0.5pAC,
I 3.0 130.000 199875.00
II 4.5 807.690 1655764.50
Sway plates 111 4.5 807.690 1655764.50
v 4.5 807.690 1655764.50
\Y% 4.5 807.690 1655764.50
VI 3.0 117.000 179887.50
Surge plate VII 300.0 819.000 125921250.00

For the surge plate, an extraordinary large value is used for beam sea condition
since normal velocity at surge is very small under beam sea condition. At head sea
condition, surge plate is not used since calculated surge amplitude is already well matching
with experiment as shown in Fig. 5.18. The time series and spectral density function of

surge and sway in beam sea case are presented in Fig. 5.19 and Fig. 5.20, respectively.
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Fig. 5.20 Time series and Spectral Density Function of sway (Wave heading = 90 deg)

5.5.3 Free Decay Test with Sloshing

To better understand the inherent physics in ship and inner-fluid-motion
interactions, free decay tests of roll and pitch are conducted for different filling levels as
shown in Fig. 5.21 and Fig. 5.22. In Fig. 5.21, the bare-hull’s roll natural frequency is 0.50
rad/s and the initial roll displacement is 5deg. Since MARIN-FPSO is barge-type, we can
observe that the overall roll viscous damping is large. With 18% filling ratio, the natural
frequency of sloshing is 0.49 rad/s, which is very close to that of bare-hull. As a result, the
initial free-decay motion may strongly agitate the inner fluid motion, and therefore, phase
shift occurs starting from the second roll period. The resulting roll amplitude is not
decaying, but instead slightly increases temporarily at 3" roll period due to the resonant
inner-fluid motion. In this case, the roll damping cannot be calculated based on the
traditional way using logarithmic decrement. It can also be noticed that the peak

amplitudes are appreciably smaller than those of bare-hull. As for the 56% fill-ratio case,
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the transverse natural sloshing frequency is 0.74 rad/s, which is higher than that of bare
hull. As a result, resonant sloshing motion does not occur by the initial free-decay motions.
With the inner liquid, the roll natural period is slightly increased and the overall damping
becomes appreciably bigger, especially for larger amplitude. The increased damping is
mainly due to the phase shift of inner-fluid motion and the inner-fluid
viscosity/nonlinearity, which cannot be explained by the linear potential theory alone. The
presented free-decay results with different levels of inner fluid are very similar to those
experimental results by the 24™ ITTC benchmark tests for damaged-ship stability.

The corresponding pitch free-decay simulation is also shown in Fig. 5.22. The
figure shows that the free pitch motion of the coupled system is almost not affected by the
inner-fluid motion due to the ship’s longitudinal inertia. The hull damping is much larger
than those caused by inner fluid motion. This phenomenon will also be confirmed in the
ensuing simulations of roll and pitch motions with inner liquid in irregular waves. Next,
the same free-decay test is also conducted, as shown in Fig. 5.23, in the presence of a
regular wave of amplitude=1.67m whose frequency=0.74 is close to the sloshing natural
frequency of 56% case. As can be seen in the bare-hull case, the floater oscillates at its
natural frequency in the beginning. After the transient responses are sufficiently attenuated,
the floater reaches a steady-state response oscillating at the wave exciting frequency. The
transient part is very similar to that of Fig. 5.21, in the case of 18% filling, while the non-
decaying steady-state part is analogous to the bare-hull case since the sloshing motion is
expected to be small (being far away from the first and second sloshing natural
frequencies) at the given wave exciting frequency. In the case of 56% filling, on the other

hand, the steady-state ship motion becomes appreciably larger than that of bare-hull since
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the natural frequency of the first mode sloshing is the same as wave excitation frequency.
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Fig. 5.21 Roll free decay test of MARIN-FPSO.
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Fig. 5.22 Pitch free decay test of MARIN-FPSO.
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Fig. 5.23 Roll free decay test of MARIN-FPSO with regular wave amplitude 1.67m.

5.5.4 Irregular Wave Test with Sloshing

To simulate a more realistic sea state, an irregular wave test of motion-sloshing
coupling effect is investigated. In the sloshing calculation, three different filling levels
(18%, 37% and 56%) are considered and the two tanks are filled at the same level for each
filling level. For the present simulation, no wind or current is involved, and the roll and
pitch-motion changes with sloshing are considered in beam and head waves, respectively.

Fig. 5.24 shows the input spectrum of incident wave field. Fig. 5.25 through Fig.
5.27 show a comparison between experiment and calculation of roll motion for beam sea
condition at different filling levels Fig. 5.25 shows roll spectra for 0% filling level. The
simulated spectra show good agreement with the experimental results. Fig. 5.26 and Fig.
5.27 show the roll spectra for 18% and 37% filling levels, which include tank sloshing
effects on ship motions. The most important coupling effect is the shift of resonance peaks
in roll. Particularly for 37% filling level, the single peak is split into two separated, smaller

peaks both in experiment and simulation. The secondary peak is related to the natural
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frequency of the lowest tank sloshing mode (see Table 5.4).

To see this phenomenon more clearly, the time series and spectrum of the tank
induced roll moment caused by inner liquid motions are plotted in Fig. 5.28 and Fig. 5.29.
As can be expected, the excitation spectrum has two separate peaks: one close to the peak
wave frequency and the other at the sloshing natural frequency. The increased response
near 0.74 rad/s in Fig. 5.27 is due to the large sloshing-induced loading in Fig. 5.29. In the
case of 18% filling level, the roll natural frequency coincides with the lowest sloshing
natural frequency, and thus the split of resonance peaks does not happen. It is also
expected in Fig. 5.26 that the liquid sloshing is violent with the excitation near the
resonance frequency, which may cause the slight increase of experimental roll-motion
amplitude; however, in the numerical simulation, such highly violent liquid motions are
not modeled, so numerical values are lower than the measured data. The discrepancy in
spectra (representing amplitude squared) in Fig. 5.26 results in much smaller differences in

time series.

g 10 .
v 8 e——e——=o Simulated wave
8 Measured wave | 7\
2= 6

%)
T £ 4
2= 2
© e c
= 0 °

0 0.2 0.4 0.6 0.8 1

frequency[rad/s]
Fig. 5.24 Wave spectral density (Hs=5.0m, y=3.3).
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Fig. 5.25 Simulated and experimental results of 0% filling level.
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Fig. 5.27 Simulated and experimental results of 37% filling level.

2E+009

1E+009

0E+000

-1E+009

Roll sloshing moment
[N*m]

Wave heading : 090 deg
Filling level : R2 (37%)

-2E+009
0

o o g i

Fig. 5.28 Simulated time series of roll sloshing excitation moment of 37% filling level.
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The roll amplitudes tend to decrease as the filling level increases. The observed
phenomenon is related to the fact that water tanks are effective in reducing the vibration of
a tall building caused by an earthquake. Fig. 5.30 shows the time series of both sway and
roll for 18% and 37% filling levels. The roll amplitude at 37% filling level is significantly
reduced, while the sway is only slightly decreased. The present barge has a soft mooring
system, and its sway natural period is much longer than resonant sloshing periods, thus the

sway motion is little affected by the inner liquid motions.

. 1§ Jf /q | m . fﬂ\ N ﬁ\ (:a’crlaitlogﬂrM (1jﬂ°/h) FL)
2o \f i \/H W\J | N\ ﬁ\\ \\/\ N \ i I il
_0 0 400 SCT)?me[selc;?OO 1600 2000
= | ulato (180/ FL)
f W'W WW “PW i) Mw W‘UW wt \.M‘MMMIMU Ml NW Il
o 400 scT)?me [Seléoo 1600 2000
(a)

Fig. 5.30 Simulated time series of sway and roll (a) 18% filling level, (b) 37% filling level.
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Fig. 5.30 Continued.

Fig. 5.31(a)-(d) represents RAOs of roll motion at different filling levels. Each
figure includes experimental results obtained from an irregular wave model test, frequency
domain results, and time domain simulation results. As was previously pointed out in Fig.
5.27, we can clearly see in Fig. 5.31 (c¢) and (d) the split of peaks in the roll RAOs of 37%
and 56% fill levels. Since the sloshing resonance frequency of 56% is farther from the hull
resonance frequency, we observe greater separation distance between the two peaks. When
I consider roll RAOs near the bare-hull’s natural frequency 0.5(rad/s), the roll motions
continue to decrease with the fill ratio. On the other hand, the roll amplitudes near
0.8(rad/s) continue to increase with the fill ratio. Therefore, the inner liquid motions can
increase or decrease the roll motions depending on incident wave frequencies. The peak
frequency of the present input spectrum is around 0.5 rad/s, causing the roll motions
continue to decrease with increasing filling level. The frequency domain linear potential
results in Fig. 5.31 (a)-(d) show a similar trend but the resonance peaks are significantly

over-predicted because viscous and nonlinear free-surface effects are not included.
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For head sea condition and pitch motions, it can be observed from Fig. 5.32 that
the coupling effects of liquid cargo and hull motion are less significant. It is primarily due
to the fact that the inertia of longitudinal hull is much larger than the dynamic effect of
liquid motion. Fig. 5.32 (a)-(c), for example, show pitch RAOs for different filling levels
of liquid cargo. Fig. 5.32 (a) shows pitch RAO without liquid cargo and Fig. 5.32 (b), (¢)
and (d) show pitch RAOs of 18%, 37%, and 56% filling levels, respectively. In all cases,
the effects of liquid cargo sloshing in pitch motions are very minor.

Another reason why pitch motion is not much affected by different filling levels is
that the acceleration on each tank’s free surface, due to pitch motion, is in same direction.
However, roll causes acceleration in opposite direction as shown in Fig. 5.33. It is obvious
that the free surface with opposite acceleration direction will be much easier to be excited
than the free surface with same acceleration direction throughout its surface.

From the conducted time domain simulations, we can observe the detailed
instantaneous coupling effects between the vessel and liquid motions through 3D

animation. One such snapshot is given in Fig. 5.34 as an example.
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Fig. 5.32 Comparison of coupling effect of pitch motion (Wave heading = 180deg)
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Fig. 5.34 Snapshot of motion-sloshing coupled animation in time domain

(37% FL, Wave heading=90deg)

5.6 Additional Discussion

5.6.1 Simple Correction Method

Additionally, let us consider the simplest correction method through mass-stiffness
adjustment. The mass correction is the change of liquid mass, mass moment of inertia, and
vertical center of gravity due to additional liquid cargo (this effect is minimized in

MARIN’s experiment by adjusting the ballast). The stiffness correction is the loss of roll-
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pitch hydrostatic restoring coefficients due to the presence of inner free surface, which is
given by equation (4.35). From equation (4.35), the inner-free-surface restoring correction
is affected only by the density of inner fluid and the second moment of inner free surface,
not by the filling level of liquid cargo. Therefore, the stiffness correction gives identical
results for different filling levels. Fig. 5.35 (d) shows the result of the simple mass-stiffness
correction method compared with a case without cargo liquid. The roll natural frequency is
shifted lower due to the decrease of roll restoring stiffness. This example illustrates that the

simple correction method cannot reproduce the complex dynamic and coupling effects by

liquid sloshing.
0.06
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Fig. 5.35 Comparison of roll RAOs. (a) Experiments by MARIN, (b) from time domain
simulation, (c) from frequency domain calculation, and (d) by simple approximate method

through mass-stiffness correction.
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Fig. 5.35 Continued.

5.6.2 Simplified Mass-spring Sloshing Model

Split of roll natural frequency with respect to different filling levels is a major
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characteristic of motion and sloshing coupling effect. Separated two natural frequencies
can be calculated easily by solving a 2-DOF mass-spring system. In order to predict
sloshing effect in roll mode, I can simplify each ship motion and sloshing phenomenon
using mass-spring system. Fig. 5.36 shows a simplifying model of ship motion in waves

and sloshing fluid inside the tank.

x(l_{ F(t) = Fycosart o =F '
> X5 0COS @
. q4 -
1 kZ -
m [OHO)

Fig. 5.36 Simplified ship motion and sloshing model (Uncoupled).

Equation of motion of mass m, and spring kK, is:

m, - X, (t) +K, - X,(t) = F, cos ot (5.1)
Assuming X, as:

X, (t) = X, -cosmt (5.2)
Then equation (5.1) can be expressed as:

(- m +k )X, =F, (5.3)
Therefore amplitude of displacement of mass m, is:

F

X =—" 54
b0 m +k (5.4)
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Similarly, amplitude of displacement of mass m, is:

F
X =—20 5.5
P —wt-m, +k, (5-5)

When applying this system to roll motion coupling of ship and sloshing, m, is
virtual mass of ship (roll mass inertia + roll added mass of inertia) and Kk, is determined

by natural frequency of ship’s roll motion. When there is sloshing fluid, k; should be
modified considering hydrostatic reduction of restoring due to the existence of inner free
surface as showen in equation(4.29). For sloshing components, m, the is added mass of
sloshing fluid at @~0.0 to represent mass of sloshing fluid in roll mode. K, is
calculated using m, and the natural frequency of sloshing tank with respect to different

filling levels. Therefore, sloshing fluid at different filling levels can be modeled using m,

and K, so that peak behavior of sloshing added mass at natural frequency is included by

using this model. These descriptions are summarized in Table 5.7.

I applied this system using real mass and natural frequencies from the MARIN-
FPSO case for the comparison with frequency and time domain motion-sloshing coupling
program [ developed. Table 5.8 shows values of mass and stiffness calculated from
MARIN-FPSO case, while Fig. 5.37 shows the natural frequency of simplified body mass

and sloshing tank for three different filling levels.
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Table 5.7 Description of mass and stiffness of simplified sloshing model.

K, (a)n )2 * {m44 +mg, (a)n)}

Equation

m,, + m24 (@,)

Description

Roll virtual mass of ship.

FL 0%: Ship stiffness from roll natural frequency.

FL 18,37,56%: Roll restoring reduction included.

(k'=k —1p9)
m, M3, i (9) Roll added mass of sloshing fluid atw ~ 0.0 .
a Stiffness from sloshing natural frequency at each
k2 (a)n )2 * m44, fluid (600) .
filling level.
Table 5.8 Mass and stiffness values of simplified sloshing model.
m [ke'm’]  k[kg'm’s]  m, [kg*m?] K, [kg*m?/s]
FL 0% 1.482E+11 3.706E+10 N/A N/A

FL 18% 1.482E+11 2.785E+10 2.595E+10 6.231E+09

FL 37% 1.482E+11 2.785E+10 1.447E+10 6.301E+09

FL 56% 1.482E+11 2.785E+10 1.441E+10 7.889E+09

20.00 ,
’l Body Mass (®,=0.50)

= 10.00 ’I — ——- Inner Mass (FL18%, ®,=0.49)
ﬁ_ 0.00 == Inner Mass (FL37%, »,=0.66)
.g Inner Mass (FL56%, o =0.74)

-10.00

-20.00

0 0.2 0.4 0.6 0.8
Freq. [rad/s]

Fig.

5.37 Displacement of simplified sloshing model (Uncoupled).
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Motion-sloshing coupled phenomenon can be simplified by combining the above

two models as shown in Fig. 5.38.

X/ F(t) = Fycost
H -
X2

L)

AN

Fig. 5.38 Simplified ship motion and sloshing model (Coupled).

Equations of motion for two degree of freedom spring-mass system are:

m, - X (1) + (K, +k,) - X (t) =k, - X, (t) =F,cosat

o (5.6)
m, - X, (1) =K, - X, (1) + K, - X, (t) =0
Assuming,
X (t) = X, -cos wt 57)

X, (1) =X, -cos wt

Eugqation of motion is written as matrix form as:

—@’-m, +k,+k, 2—k2 X _|F (5.8)
-k, —o°-m, +Kk, || X, 0

Then the displacements with respect to excitation frequency can be expressed as:

(—a)2 -m, + kz) F,

X " (corem ke )(—@tm, k)~ (k, )

1

(5.9)

k, F,

X. =
T (~@tm k) (-0t m, k)= (K, )’

(5.10)
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Fig. 5.39 shows results of equations (5.9) and (5.10). This figure clearly
represents the coupling effect of sloshing that we have observed in previous sections.
Secondary peak due to sloshing effect is moving to a high frequency region as the filling
levels get higher. Location of secondary peak frequency can be calculated by characteristic

equation of equation (5.8) as followings.

— 2. —
de{ R (5.11)
-k, -~ -m, +Kk,
or
w'-m-m,—*-m-k,—o’-m,-(k +k,)+k -k, =0 (5.12)

The roots of equation (5.12) will represent analytic value of secondary peak due

to sloshing effect.

m-m, (@) ~{m, -k, +m,-(k +k,)} & +k -k, =0 (5.13)

. -k, +m, - (k + k) ok +my - ( +k, )} —4om,-m, -k kg

5.14
2-m, -m, (>-19)

Calculated results of equation (5.14) are summarized in Table 5.9. According to
equation (5.14), the analytic secondary motion peak of 18% FL is 0.579, 37% FL is 0.721,
and 56% 1s 0.798. These values match perfectly with the plotted displacement of simplified
motion-sloshing coupling model shown in Fig. 5.39, and first peak of roll motion is also
predicted exactly as 0.397, 0.403, 0.406rad/s for FL 18%, 37%, 56%, respectively. These
results are explaining split of roll natural frequency in frequency and time domain coupling
program results in Fig. 5.31. Therefore, we can predict the frequency of first and second
peak due to sloshing effect by simply using equation (5.14) in the initial design stage

once we know ship virtual mass, sloshing added mass of sloshing at 0.0rad/s, and natural



frequencies of ship motion and sloshing tanks.
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Fig. 5.39 Displacement of simplified sloshing model (Coupled)
(a) 18% FL, (b) 37% FL, and (c) 56% FL.
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Table 5.9 Calculated natural frequency by uncoupled/coupled simplified sloshing model.

Uncoupled natural frequency [rad/s]
Coupled natural frequency [rad/s]
Body mass Inner mass
FL18% 0.49 0.397 0.579
0.50 FL37% 0.66 0.403 0.709
FL56% 0.74 0.406 0.790

5.6.3 Effect of Different Incident Wave Slope

Based on linear theory, body motion RAO should not be changed due to the change
of incident wave slope; however, nonlinearity of sloshing phenomenon is playing an
important role in motion RAO for different wave slopes (Kim et al., 2007). Fig. 5.40
shows roll RAO in beam sea condition for two different filling levels, 37% and 56%. For
37% filling level, we can observe that roll RAO with wave height 5.0m is higher than that
of 2.0m case; for 56% filling level, on the other hand, roll RAO for both wave heights of
2.0m and 5.0m do not look much different. Such a slight difference is due to the behavior
of sloshing fluid at a lower filling level, where sloshing fluid is in more nonlinear aspects
than that of a higher filling level. This test illustrates nonlinear effect of roll motion RAO

due to nonlinearity of sloshing fluid for different incident wave slopes.
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CHAPTER VI

CASE STUDY II: DYNAMIC ANALYSIS OF FLOATING
TERMINAL AND LNG-CARRIER

6.1 Introduction

In this study, dynamic coupling analysis of floating terminal and LNG-carrier with
sloshing phenomenon in the LNG-carrier side is carried out in a hydrodynamic coupling
analysis program. During the offloading operation in offshore site, a LNG-carrier can be
moored with a floating terminal either in side-by-side situation or in tandem mooring
situation, depending upon feasibility of each body’s mooring configuration. If each body
structure is symmetric in x-axis and y-axis as spar, selection of side-by-side mooring or
tandem mooring does not make any difference to a hydrodynamic point of view. However,
floating terminal and LNG-carrier are having relatively remarkable length in x-axis when
compared to breadth in y-axis. These structure’s characteristic properties can cause
completely different hydrodynamic regime in side-by-side or tandem mooring system.
Generally, a side-by-side mooring case is more dangerous in terms of ship motion safety
due to the gap effect between LNG-carrier and floating terminal. It is for this reason that
side-by-side mooring configuration is investigated in this study with various mooring
systems such as mooring lines, fenders, and hawsers. Water depth is also an important
factor in hydrodynamics of floating body and mooring lines below sea water. In this case,
water depth is 100m, an intermediate water depth in offloading configuration.

Hydrodynamic effect of water depth in second-order wave drift force is shown to validate
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usage of Newman’s approximation with intermediate water depth.

Hydrodynamic calculation of multi-body interaction is performed by the WAMIT
in frequency domain and implemented into time domain using time-memory function. Two
bodies are connected by hawsers and fenders which are strongly nonlinear mooring
systems. These systems are modeled using nonlinear springs, including gap distance of two
bodies. The hydrodynamic effect of fenders and hawsers are not included in this study due
to the assumption that fenders and hawsers are located above free surface. To discover
sloshing effect during the offloading operation, this study is investigating the case that two
sloshing tanks are only equipped in LNG-carrier side as shown in Fig. 6.1. The Navier-
Stokes solver, ABSLO3D, is used for time domain analysis of sloshing, demonstrated by
the single-body case in the previous chapter. Sloshing effect in frequency domain is

included by the added mass in frequency domain using WAMIT program.

-100 <0 y [m]

Fig. 6.1 General sketch of Floating terminal, LNG-carrier, and LNG tanks arrangement.
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6.2 Principal Particulars

Principal particulars of floating terminal and LNG-carrier are listed in Table 6.1.
For the investigation of gap distance effect, gap distance between floating terminal and
LNG-carrier is 6m for all cases, except one case of 40m, for investigation of gap distance
effect. Table 6.2 shows dimension and location of two sloshing tanks on LNG-carrier.
Three different filling levels (0%, 18% and 56% of tank height) are investigated in the
simulation, and both tanks are filled with the same filling levels. For the mooring lines, a
total of 12 mooring lines are used, 3 lines at each 4 corner of floating structures as shown
in Fig. 6.2. Each mooring line is composed of chain-wire-chain components as presented
in Table 6.3. Floating terminal and LNG-carrier are connected with hawsers and fenders
are located in floating terminal side. A total of 6 hawsers and 2 fenders are used, and their

configurations are listed in Table 6.4.

Table 6.1 Principal particulars of floating terminal and LNG-carrier

Description Unit Floating Terminal LNG-carrier
Length m 428.0 270.0
Breadth m 70.0 43.4
Draught m 14.5 11.916

Displacement ton 418,429.5 102,591.0
LCG m 214.0 134.878
VCG m 10.4 4.43

Kxx m 24.5 15.703
kyy m 107.0 67.5
k., m 107.0 69.302




Table 6.2 Characteristics of sloshing tanks on LNG-carrier.

Designation Magnitude

AFT TANK no.4 (inner dimensions given)

Tank center from aft perpendicular 80.27 m
Tank bottom from keel line 2.60 m
Tank length 40.04 m

Tank breadth 35.69 m

Tank height 2630 m

FORWARD TANK no.2 (inner dimensions given)

Tank center from aft perpendicular 174.29 m
Tank bottom from keel line 2.60 m
Tank length 4548 m

Tank breadth 3575 m

Tank height 26.30 m

Table 6.3 Mooring lines characteristics
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AE El Dry mass  Wet mass CB CBpg
Chain 1.807E+09 0.000E+00 500 65 3.0 2.45
Wire 1.714E+09 0.000E+00 118 79 2.0 1.0
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Fig. 6.2 Configuration of mooring lines, fenders, and hawsers.
Table 6.4 Fenders and hawsers characteristics
Location Stiffness Slack Length Orig. Length
[N/m] [m] [m]
Fore 8.00E+06 101.24 100.24
APT 8.00E+06 101.24 100.24
Fore Cross1 8.00E+06 81.62 80.62
Hawsers
Fore Cross2 8.00E+06 81.62 80.62
APT Crossl 8.00E+06 81.62 80.62
APT Cross2 8.00E+06 81.62 80.62
Fore 1.60E+07 5.00 (Thickness) 6.00
Fenders )
APT 1.60E+07 5.00 (Thickness) 6.00
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6.3 Simulation Conditions

This study performs various simulations including effects of gap distance between
two bodies, sloshing effect with respect to different filling levels, mooring lines effect, and
various types of environmental conditions. First, gap effect is investigated for two cases
(6bm and 40m). Sloshing effects are studied by selecting three filling levels (0%, 18%, and
56% of tank height). Mooring effects deal with actual mooring lines, simplified mooring
system, and dolphin mooring system. For all cases, two bodies are kept connected with
fenders and hawsers. For environmental condition, three types of environments are
included; wave, current, and wind. Irregular waves are applied for all cases with three
different wave heading conditions such as head sea (180deg), beam sea (90deg), and
quartering sea (150deg) conditions. In order to study the most harsh environmental
conditions, current and wind are always applied in collinear direction with wave heading

angle. A list of all simulation cases are shown in Table 6.5.

6.4 Motion Response in Frequency Domain

Motion RAOs of floating terminal and LNG-carrier in frequency domain are
investigated in this section. Fig. 6.3, Fig. 6.4, and Fig. 6.5 show motion RAOs of floating
terminal and LNG-carrier that represent modes that, in turn, correspond to three different
wave heading angles (90deg, 150deg, and 180deg). Due to the existence of a gap between
two bodies, motion characteristics of two bodies are different from that of a single-body.
For example, in beam sea condition (90deg) in Fig. 6.3, we can observe heave response
that is larger than 1.0 in certain frequency region unlike the single-body case. This is

because that trapped wave in the gap is amplifying heave motion, which is called



Table 6.5 Simulation scenarios of floating terminal and LNG-carrier.

Gap [m] | Sloshing FL [%] Mooring Environments
Terminal Mooring connec. w/ LNGC .
6 40| O 18 56 o ) Wave |Current| Wind
Real | Simplified | Dolphin | Fender | Hawser
Standard Case v v v v v 180°
Simplified Mooring | 2 | e ° ° ° ° 180°
Gap Effect ° ° ° ° ° 180°
4-1 | @ ° ° ° ° 180°
4-2 | o ° ° ° ° 180°
Sloshing effect
4-3 | @ ° ° ° ° 90°
4-4 | o ° ° ° ° 90°
5-1 | e ° ° o o 180°
Mooring Effect
52| e ° ° ° ° 180°
6-1 | e ° ° ° ° 90°
6-2 | @ ° ° ° ° 150°
6-3| @ ° ° ° ° 180° | 180° | 180°
6-4 | e ° ° ° ° 180° | 180° | 180°
Environmental
6-5| o ° ° ° ° 180° | 180° | 180°
effect
6-6 | e ° ° ° ° 90° 90° 90°
6-7 | @ ° ° ° ° 90° 90° 90°
6-8 | @ ° ° ° ° 90° 90° 90°
69| e ° ° ° ° 150° | 150° | 150°

Gl
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“pumping mode”. Among two bodies, generally, the body on weather side shows larger
motion than the other body, due to the fact that weather side body, LNG-carrier, is
shielding wave force. For the roll mode, we can observe each body’s natural frequency:
floating terminal is 0.3 1rad/s and LNG-carrier is 0.47rad/s as presented in Table 6.6. Since
sway mode is coupled with roll mode, sway motion peak is also observed at roll motion. In
terms of the yaw mode, floating terminal’s motion is almost zero while LNG-carrier’s
motion is a remarkable range from 0.4 rad/s to 1.0 rad/s. This can be clearly explained by
the fact that floating terminal is barge type that is a symmetric to y-axis (parallel to wave
direction), while LNG-carrier is asymmetric to y-axis. This asymmetric geometry caused
yaw motion even though wave condition is beam sea.

The other point of interest regarding the two bodies case is the roll evident in head
sea condition. Basically, when body geometry is symmetric to x-axis and wave heading is
head sea condition (180deg), there is no roll motion in the single-body case. In Fig. 6.4,
however, LNG-carrier’s roll motion is observed at roll natural frequency as shown in beam
sea case. Although body geometry is symmetric to wave direction, hydrodynamic forces
must be asymmetric to wave direction due to the existence of a gap between two bodies.
This is a primary reason for roll motion in head sea condition, and also a major

characteristic of the two bodies’ hydrodynamic interaction.

Table 6.6 Hydrostatic natural frequencies of FT and LNGC (Gap=6m)

unit : [rad/s] Heave Roll Pitch
FT 0.50 0.31 0.49
LNGC 0.57 0.47 0.6
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Fig. 6.3 Motion RAOs of FT and LNGC (Wave heading=90deg)
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Fig. 6.4 Motion RAOs of FT and LNGC (Wave heading=180deg)
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Fig. 6.5 Motion RAOs of FT and LNGC (Wave heading=150deg)

Also of note are the sudden changes of motion RAO at every mode, and every
wave heading is observed at 0.9 rad/s. This observation is likely due to the effect of 6m
gap distance, and will be tested by comparing the LNGC motion to the different gap
distance in order to understand how gap distance is affecting LNGC motion. Fig. 6.6
shows a comparison of LNGC’s selected motion RAO for three cases: LNGC only and
LNG-carrier with floating terminal at 6m gap and 40m gap. If LNGC is floating without
floating terminal in head sea condition, no sway and roll motion are observed; heave and
pitch motions show frequency-dependent trend including their natural frequency. If LNGC
is moored with a floating terminal with 6m gap, sway and roll motion emerged due to
asymmetric hydrodynamic forces along x-axis. Peaks at roll natural frequency (0.47 rad/s)
are also shown. For the heave and pitch motion, motions at each natural frequency (heave:

0.66 rad/s, pitch: 0.74 rad/s) are smoothed out by the gap effect. The most remarkable
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phenomenon of hydrodynamic gap effect is sudden changes of motion RAOs around 0.9
rad/s at all modes. The pumping mode of a trapped wave between two bodies is causing
this phenomenon. If gap distance is 40m, roll and sway motion at roll natural frequency is
still observed. However, we can clearly see that motion due to gap effect at 0.9 rad/s is
moved to 0.69 rad/s. This phenomenon is also observed at heave and pitch modes. When
the gap distance is wider, the period of trapped wave is getting longer, meaning the gap
effect will be located at a lower frequency than a narrower gap distance.

Fig. 6.7 and Fig. 6.8 shows added mass of FT and LNGC, respectively, as an
example. Each case contains comparison of added mass between 1 body and 2 body case.

Unlike 1 body case, 2 body case shows a peak due to gap effect at 0.9 rad/s at 6 DOF

modes.
LNGC Motion RAO
LNGC only 180° 180° 180°
***** LNGC with F.T. (gap=40m) || JL 6m|| JL40m
ffffffffffffffff LNGC with F.T. (gap=6m) A A D A
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£ 03 | s 06
g 0.2 A : 2
3 J e AV o 04

0.1 P B CRTERT T 02

7 R : N
0.0 e = Atrmeer: 0.0 AT
0 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2
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3 10 i 5
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Fig. 6.6 Comparison of motion RAOs of LNGC only and LNGC with FT
(Wave heading=180deg).



Fig.

120

6.0E+006 1.0E+010
- 9.0E+009
o HOET006 T 8.0E+009
= 5
9 2.0E+006 2 7.0E+009
a 2 6.0E+009
0.0E+000 5 0E+009
- 4.0E+009
2'0E+0060 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2
Freq. [rad/sec] Freq. [rad/sec]
8.0E+008 1.2E+012
8.0E+011 |
4.0E+008 =
= £
g < 4.0E+011
= X
> 0.0E+000 = 0.0E+000
UB) g OB+ LNGC Added Mass
-4.0E+008 40E+011| T LNGC only
LNGC with FT
8.0E -8.0E+011
80 +0080 0.3 0.6 0.9 1.2 0 03 0.6 0.9 1.2
Freq. [rad/sec] Freq. [rad/sec]
8.0E+008 1.0E+012
_ 5.0E+011
T 4.0E+008 i 0.0E4000
o X,
§ 2 -5.0E+011
£ 0.0E+000 3
-1.0E+012
-4.0E -1.5E+012
0 +008O 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2

Freq. [rad/sec] Freq. [rad/sec]

6.7 Comparison of added mass of LNGC only and LNGC with FT case (Gap=6m).

2.4E+007 1.6E+011
2.0E+007 L6E+011|
g 1.6E+007 E 15E+011
© 1.26+007 £ 15E+011
@ 8.0E+006 2 L4E+011
4.0E+006 1.4E+011
+ 1.4E+011 il
008 0000 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2
Freq. [rad/sec] Freq. [rad/sec]
1.2E+009 2.4E+013
8.0E+0 FT Added Mass
' 08 = 2.0E+013 |~ N\ | - FT only
P 4.0E+008 |_ £ FT with LNGC
§ 0.0E+000 ;_‘ 1.6E+013
[}
@ -4.0E+008 O 12E+013
-8.0E+008
1.2E+ 8.0E+012
12 009o 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2
Freq. [rad/sec] Freq. [rad/sec]
5.0E+009 4.0E+012
4.0E+009 —
E £ 2.0E+012
=. 3.0E+009 S
o =
>
g =
o 2.0E+009 & 0.0E+000
1.0E+009
. -2.0E+012
008 0000 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2

Freq. [r.’;ld/sec] Freq. [rad/sec]

Fig. 6.8 Comparison of added mass of FT only and FT with LNGC case (Gap=6m).
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6.5 Verification of Newman’s Approximation

In Chapter V, I used Newman’s approximation for calculation on second-order
drift force taking advantage of not calculating second-order potential and saving
computational time with the fact that water depth of MARIN-FPSQO’s case was a deep
water case. However, floating terminal and LNG-carrier case is for a water depth of 100m
that is shallow water depth. As I mentioned previously, Newman’s approximation is not
always valid in shallow water depth since drift force is a function of motion that is also
affected by water depth. Therefore, we need to first confirm that Newman’s approximation
is valid for water depth of 100m. In this chapter, the difference-frequency quadratic
transfer function (QTF) is investigated for different water depth cases. In order to calculate
full QTF using second-order potential, WAMIT 1is used with the option of a simpler
solution without free surface discretization.

First, a comparison of mean drift force and QTF of LNGC for deep water case is

presented. In Fig. 6.9, mean drift force (solid line) and QTF when @, —; is zero (circle

symbol) are a match at every frequencies. Additional plot of QTF when @ —w; is

0.138rad/s (cross symbol) shows small differences at 6DOF. However, drift force is mostly
low frequency motion, suggesting that usage of mean drift force (instead of QTF) is valid

in deep water cases. When water depth is 30m as in Fig. 6.10, a comparison of mean drift
force and QTF when @, —®; equals zero, which also shows good agreement. When
o, —w; 1s 0.138rad/s, we can observe that difference of heave and pitch mode at low

frequency is increased. This increase means an approximation of mean drift force, using

QTF terms adjacent to diagonal terms, can be causing a larger probability of error to some
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degree, providing that Newman’s approximation is not always valid in shallow water

depths. Next, when water depth is 100m, the water depth used in this study, Fig. 6.11,

shows the difference of QTF between @, —®; equals 0.0 rad/s and 0.138 rad/s is

decreased compared to the 30m water depth case. With this comparison, our case of water
depth is 100m is valid for Newman’s approximation without calculation of full QTF from

second-order potential. Fig. 6.12 shows heave QTF distribution and mean drift force as an

example of full QTF.
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Fig. 6.9 Comparison of Mean Drift Force and QTF diagonal terms (Water depth=infinite).
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Fig. 6.10 Comparison of Mean Drift Force and QTF diagonal terms (Water depth=30m).
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Fig. 6.11 Comparison of Mean Drift Force and QTF diagonal terms (Water depth=100m).
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Fig. 6.12 Example of heave QTF plot (Water depth=100m).

6.6 Viscous Damping Modeling

As we discussed in Chapter V, viscous effect of ship motion is modeled using
mass-less damping plates for surge and sway modes and critical damping in roll mode. Fig.
6.13 and Fig. 6.14 show the arrangement of damping plates for viscous effect in surge,
sway direction for floating terminal and LNG-carrier, respectively. Since no experimental
results exist and can be compared with time domain results, common drag coefficient
values for a flat plate (1.0~1.5) are used. Table 6.7 shows the area of each damping plate
and drag coefficients of floating terminal and LNG-carrier. The current effect is not
included in these damping plates, but is included by projected area for wind and current

forces as will be shown in Section. 6.9.
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Fig. 6.14 Arrangement of surge and sway plates on LNG-carrier

Regarding roll viscous damping, free decay test results are generally being used for

determining damping coefficient in linear and quadratic damping models. However, since

floating terminal and LNG-carrier do not have a free decay test, the roll damping model

using critical damping is being used as equation (6.1).

C., :27\/{'\/'44 +M

(@, )} Ka

(6.1)

where y is the damping ratio, ratio of the system damping divided by critical damping

(=0.05), M,, is roll mass of inertia, M, (®@,) is added mass at roll natural frequency,

and K,, ishydrostatic roll restoring coefficient.



Table 6.7 Surge and sway plates of floating terminal and LNG-carrier.
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No. Cq Area (m®) 0.5pAC,
I 1.00 99.000 50737.50
II 1.50 632.500 486234.38
) 11 1.50 632.500 486234.38
Floating Sway plates
. v 1.50 632.500 486234.38
Terminal
\Y 1.50 632.500 486234.38
VI 1.00 99.000 50737.50
Surge plate VII 1.00 468.600 240157.50
I 1.00 9.817 5031.46
II 1.50 834.120 641229.75
11 1.50 714.960 549625.50
LNG Sway plates
. v 1.50 714.960 549625.50
carrier
\Y 1.50 714.960 549625.50
VI 1.00 59.580 30534.75
Surge plate VII 1.00 517.154 265041.63

6.7 Approximated Mooring System

In this section, modeling of fender, hawser and simplified mooring system is

introduced. For fender and hawser, nonlinear behavior can be modeled using linear spring

stiffness, which is only activated when the distance of each fender or hawser is detected to

be activated. A simplified mooring system is developed using nonlinear stiffness in 6

modes from a static offset test of floating body with real mooring configuration.

6.7.1 Fender and Hawser Modeling

Generally, fenders are equipped to absorb the impact force by contacting two

floating bodies. Since floating terminal allows berthing of various sizes of carriers, several
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fenders are attached in floating terminal side. In this study, a half-circle shape fender is
used as in Fig. 6.15. When LNG-carrier is closer than the radius of fender, linear spring is
activated and relevant coupled force acts on floating terminal and LNG-carrier. On the
other hand, when the gap distance of two bodies are getting wider than their initial moored
position, hawser is used to avoid separation of two bodies. Hawser is attached to both
floating terminal and LNG-carrier at a number of points. This hawser can also be modeled
using linear spring model activated only when the distance of two attached points is wider
than the length of hawser line. When distance is closer than hawser length, no hawser force

is generated to simulate the slack condition of hawser line.

F, \ LNG Carrier

Fig. 6.15 Schematic plot of fender and hawser forces.

Fender and hawser forces and moments are:

F., =F. +F, (6.2)

M, =gy xFyy (6.3)

where I, 1s location vector of fender and hawser connected points on each body with

respect to each body’s fixed coordinates. Fender force can be modeled using fender



128

stiffness and effective displacement between two contacted points of each body.

F. =k -d (6.4)

(6.5)

don: dF_dFO (dF >dF0)
o otherwise

where k. is fender stiffness, d2" is effective displacement for fender force, d. is

distance between location of fender on floating body and touched point on LNG-carrier,

and dg, is initial fender thickness. Similarly, fender force can be modeled as equation
(6.6).

F, =k, -d” (6.6)

d,(_)'n :{dH _dHO (dH > dHO) (6.7)

0 otherwise
where Kk, is hawser stiffness, d2" is effective displacement for hawser force, d,,

represents distance between two points where hawser is connected on each body, and d,

is initial hawser length.

When two bodies are contacting on fender, resistance force due to friction is acting
on both bodies. This friction force can be modeled by using Coulomb damping force which
is regardless of displacement or velocity. This force is only depending on Coulomb
damping coefficient x# and normal force N . Since two bodies are moored in a side-by-
side situation, only Coulomb damping force in surge and heave direction is considered in

this study:

(Fep),, = —y-|N|-5ign((VR )1’3) (6.8)
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where 4 is coulomb damping coefficient, N is normal force on contacting point of

floating terminal and LNG-carrier, (VR) is relative velocity of surge and heave

1,3

direction.

6.7.2 Simplified Mooring Lines Modeling
Calculation of mooring lines dynamics requires an additional number of equations.
Therefore, a simplified mooring system using nonlinear springs in 6 DOF is proposed in

order to reduce the size of global matrix size and save computational time.

o
Z
N L’y : > Fo| Fsu
0
5
(a) (b) (c)

Fig. 6.16 Static offset test for simplified mooring system.

Fig. 6.16 illustrates how equivalent simplified mooring stiffness from static offset

test. For example, in surge mode, I can obtain static offset & by applying static surge

force F, as shown in Fig. 6.16(b). Varying this static force and obtaining static offsets

can provide static offset curve as in Fig. 6.16(c). First derivative of this curve at certain
offset o is the simplified mooring stiffness at certain offset o . For surge, sway and yaw

mode:

i=1,2,6 (6.9)
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where K, 1is equivalent mooring stiffness. For static offset test for heave, roll, and pitch

modes, restoring force due to body’s hydrostatic restoring coefficients will be already
included in applying force in rotational static offset test. Therefore, this original
hydrostatic restoring force should be canceled out in order to extract pure equivalent

mooring stiffness of a simplified mooring system out of total applying force.

(FSM )i = (AFrestoring )i +(kSM )i 5|
—K, -5+ (Kgy ), -5 i=3,4,5 (6.10)

(kSM )i :((FSM )i_Kii 5.)/5.

where K, is the original restoring coefficient of body. Fig. 6.17 shows the results of pure

simplified mooring stiffness from static offset test for surge, sway, heave, roll, pitch, and

yaw modes.
1E+007 1E+007 6E+006
Z BE+006 = BE+006 = 5.5E+006
8 6E+006 % 6E+006 8  sE+006
8 S S
099, 4E+006 § 4E+006 % 4.5E+006
> (4]
9 2E+006 9 2E+006 T  4E+006
0 0 3.5E+006
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Offset [m] Offset [m] Offset [m]
6E+007 _ 3E+008 2E+009
B g 5
z z E 1.6E+009
= 4E+007 = 2E+008 Z
S & € 1.2E+009
IS g g
o
E 2E+007 E 1E+008 g 8E+008
3 2 E 4E+008
0 0 0
0 004 008 012 016 0 0.004 0.008 0.012 0.016 0.02
.004 0. 012 0.016 0.02
Offset [rad] Offset [rad] 0 000 %gggt?rgd] 0.016 0.0

Fig. 6.17 Simplified mooring stiffness from static offset test.
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KB =

L — /NLEG

Fig. 6.18 Example of body-mooring coupled matrix

Fig. 6.18 shows global stiffness matrix when real mooring lines are coupled with
body stiffness matrix. This figure illustrates how calculations can be greatly reduced by

using a simplified mooring system instead of real mooring line dynamics calculation. The

matrix K® means floating terminal and LNG-carrier matrix with size of [12x12], K¢

is coupled matrix between body and mooring lines with size of [6x6], and K" is

mooring lines stiffness matrix with size of 8x(N+1)—1 rows and 8x(N+1)-—1
columns when each mooring lines has N elements. For an example, when a single

mooring line is composed of 5 elements as shown in Fig. 6.18, the size of mooring lines
stiffness matrix K" is [47x47]. When the number of mooring lines is NLEG, the

number of matrices that should be solved is same as NLEG . In this study, the number of
mooring lines is 12 with 20 elements in each leg, simplified mooring system is taking

advantage of 39% reduced computational time by solving size-reduced matrix as shown in
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Table 6.8.

Table 6.8 Comparison of computational time between real and simplified mooring system.

. ) ) Simulation Computational
Mooring system size of matrix , , comment
duration time
Real [179*179*12] 1800 sec. 18hr. 35min.
Simplified [12%12] 1800 sec. 1lhr. 20min, 2976 faster

6.8 Regular Wave Test

One way to validate that a potential force in frequency domain is exactly
implemented in time domain is to conduct a regular wave test without any viscous effect,
as is done in this section. Motion amplitudes at each of three different wave heading angles
are calculated and compared with frequency domain motion RAOs. At each frequency, a
single wave of corresponding wave period is applied and steady motion amplitude of 6
DOF is measured after initial transient motion response is naturally removed. For regular
wave test, two bodies are moored with linear spring to avoid drift away during time
domain simulation. The floating terminal is moored with external wall by a simple spring
and the LNG-carrier is again moored with floating terminal by a simple spring as shown in

Fig. 6.19. Stiffness value of each spring is listed in Table 6.9.
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Table 6.9 Mooring spring constant for regular wave test.

Surge Sway Yaw

Floating terminal 4.417E+09(K, ) 7.139E+09(K, ) 3.351E+11(Kq,)

LNG-carrier 1.0S0E+07(K,,) 2.094E+07(Ky) 3.595E+10(K),,,)

Kss

I
4
3

Kes

Fig. 6.19 Spring mooring for motion comparison and regular wave test.

Fig. 6.20, Fig. 6.21, and Fig. 6.22 show a comparison of motion RAO for wave
headings of 150deg, 180deg, and 90deg, respectively. From those figures, I can learn that
time domain program perfectly calculates potential hydrodynamic forces for all wave

heading conditions.
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(Full load condition, wave heading=150deg, water depth=100m)
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Fig. 6.21 Regular wave test of FT and LNGC
(LNGC in ballast condition, wave heading=180deg, water depth=100m)
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6.9 Environmental Loads

For the environmental loading condition for LNG-carrier moored with floating
terminal in a side-by-side mooring case, sea state 4 in Table 6.10 is used since sea state 3-4
is normal wave environmental condition for side-by-side mooring configuration.
JONSWAP spectrum is used to generate an irregular wave with significant wave height of
2.0m. Wave period for JONSWAP spectrum is 12sec, and y is 3.0. Details of the

JONSWAP wave spectrum are introduced in Chapter IV, and are not repeated in this

chapter.

Table 6.10 Pierson - Moskowitz Sea Spectrum vs Beaufort Force (Sea State Table)

: . Average
Sea Wind speed Significant Average
Force ) Waves Length
State (m/s) Wave (m) Period (sec)
(m)
1 0 1.80 <0.015 1 0.61
2 1 3.43 0.152 1.5 2.90
3 2 5.53 0.610 3 7.92
4 3 7.97 1.067 4 15.24
5 4 9.77 1.829 5 24.38
6 5 11.70 2.438 6-7 39.62
7 6 15.43 5.486 8-9 67.06
8 7 21.35 9.754 10-12 121.92
9 8 27.27 15.850 13-15 198.12
10
11 9 33.44 18.29-30.48 16-19 243.0-365.0
12

For wind loads, the measured wind velocity may be expressed as various types of a

spectrum. The simple shape wind spectrum used in this study is the API (American
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Petroleum Institute) wind spectrum:

o’ (2)

2 f |14 12%
P 27rfp

S(w) =

5 6.11)
3

where f is the average factor derived from measured spectrum as:

~0.025V,,(2)
z

fo

(6.12)
The symbol o(z) is the standard deviation of wind speed and related to

turbulence intensity. The values of o(z) can be expressed as:

; -0.125
0.15| — V., (2z when z2<72
[20) W( ) R

o(2) = (6.13)

; -0.275
0.15| — V., (2z when z>12
(20) w( ) R

where z, =20m is the thickness of the “surface layer” and V,,(z) is the one hour mean

wind speed (m/s) z meters above water level. V,,(Z) can be written as follows:
7 0128
Vi (2) =V (—j (6.14)
ZR
where V|, is one hour mean wind speed (m/s) 10 meter above water level (API, 1994).
From target API wind spectrum in Fig. 6.23, we can generate a wind velocity time series as
shown in Fig. 6.24. Re-generated wind spectrum from this time series and target API

spectrum are compared in Fig. 6.23.



139

w

T 25

— 20 i Target API spectrum

*? Re-generated spectrum
% 15

© 10

g 5

o

s 0

n 0 0.4 0.8 1.2 1.6 2

steps
Fig. 6.23 Target API wind spectrum and re-generated spectrum

(at 10m above MWL, V,;=14.0m/s).

wind vel. [m/s]

0 400 800 1200 1600 2000
steps
Fig. 6.24 Generated wind velocity time series.

Wind force from generated wind velocity can be used in obtaining longitudinal,

transverse, and rotational wind force and moments as follows:

2

wa = Cxpr (VW) AT (615)
2
Fo =Cpupa (V) A (6.16)
2
M Xyw = nypr (Vw) Ar LBP (617)
where F,,, F,,and M, = are longitudinal wind force, lateral wind force and wind yaw

moment, respectively. V,, is wind velocity generated from API wind spectrum as shown

in Fig. 6.24. A, is transverse wind area and A is longitudinal wind area. Lg, is the
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length between perpendiculars. Table 6.11 shows projected areas for wind and current

forces. C

Xw 2

C,.,and C are coefficients for wind force and moment presented by Oil

Companies International Marine Forum (OCIMF) in 1977.

— X direction(CXW,Cxc)

ffffffffffffffff y direction(Cyw,Cyc)

x-y rotation(C,,.C, )
0.08
0.04
z g
U <
o
S
Q O
-0.04
Wind coeff. Current coeff.
-1.2 -0.2 -1.2 -0.08
0 90 180 270 360 0 90 180 270 360
Heading angle Heading angle

Fig. 6.25 OCIMF wind and current force coefficients

Similarly, current force can be expressed using OCIMF coefficients as equations

below demonstrate.

2

Fie =CrePc (Vo) Tlgp (6.18)

2
Fre =Cyepe (Ve ) Thee (6.19)

2

M Xyc = nycpC (VC )2 T (LBP) (620)

whereF, ., F,.,and M, are longitudinal current force, lateral current force and current

yaw moment, respectively. V. is current velocity on the free surface. T is the average

draftand L, is length between perpendicular.
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Summarized wave, wind and current conditions are presented in Table 6.12. For
the simulation cases described in Table 6.3, wind and currents are always assumed as the

same direction as the wave in order to simulate the most severe condition.

Table 6.11 Projected areas for wind and current force

Length[m] Breadth[m] Draftfm] Freeboard[m] Aua[m?]  Aiong[m?]

FT 428.0 70.0 14.5 20.0 1400.00  8560.00

LNGC 270.0 43.4 9.59 30.0 1302.00  8100.00

Table 6.12 Environmental conditions

Vio 14.0 m/s
Wind
Peak in API spectrum 0.025
Current 1.0 m/s on free surface
Significant height 2.0m
Wave Peak period 12 sec
v of JONSWAP spectrum 3.0

6.10 Irregular Wave Test

6.10.1 Simplified Mooring System

Comparison of a real mooring system and the previously introduced simplified
mooring system on floating terminal is conducted. Fig. 6.26 shows floating terminal’s time
series and spectral density function (SDF) of two mooring systems under head sea wave

condition. Surge, sway, and yaw motion are compared since mooring lines control low
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frequency planar motion. Pitch motion is also presented as an example of not low
frequency motion. Simplified mooring system for surge, sway and yaw mode accurately
predicts the natural frequency of each mode. However, amplitude of time series is different
after the initial duration. This is because simplified mooring system does not calculate
hydrodynamics of mooring lines under free surface, but provides stiffness of real mooring
lines in each mode. In pitch results, an example of non planar motion, simplified mooring
system is a perfectly match with the result of real mooring system because pitch is inertia

dominant mode, and not affected by slowly varying force.

F.T. Time Series and SDF 180°
Real mooring JL 6m
**************** Simplified mooring ﬂ
— 8 1
£ 08
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Fig. 6.26 Comparison of real and simplified mooring system.
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6.10.2 Sloshing Coupling Comparison between Frequency Domain and Time Domain

In order to verify coupling of LNGC motion and sloshing, a comparison of motion-
sloshing coupling in frequency domain and time domain is presented for both only LNGC
and floating terminal. Since two sloshing tanks are equipped on the LNGC side only,
coupling scheme in frequency and time domain introduced in Chapter V is not repeated in
this section. In order to see the effect of motion-sloshing coupling clearly, LNGG is
moored with a simple spring in the regular wave test configuration. Fig. 6.27 shows a

snapshot of time domain motion-coupling program result.

Motion time =1313.600 s
Sloshing time =1314.000 sec

h [m]

z [m]

=200

Z hm]

10

x [mp>° _159 [m]
Fig. 6.27 Snapshot of motion-sloshing time domain simulation program.
Natural frequency of LNGC and sloshing tank with respect to different filling

levels is summarized in Table 6.13. Due to the fact that the breadth of two tanks is slightly

different as shown in Table 6.2, the transverse natural frequencies of each sloshing tank is
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not the same unlike MARIN-FPSO sloshing tanks that have same tank breadth. Fig. 6.28
shows examples of sloshing fluid’s added mass calculated by WAMIT. In roll added mass
as a representative transverse mode, filling 18% has resonance peak at 0.582-0.583rad/s,
and filling 56% has resonance peak at 0.861-0.862rad/s. These are the same results that we
can expect from Table 6.13. For surge added mass as a representing longitudinal mode,
each filling level has two separated resonances. Since the length of two tanks are different
(40.04m and 45.48m), two different resonance peaks were predicted at each filling level:
0.523 & 0.463rad/s for 18% filling level and 0.794 & 0.722rad/s for 56% filling level.
Calculated sloshing surge added mass exactly matches with two peaks at each filling level.
In MARIN-FPSO case, roll natural frequency and transverse sloshing frequency at filling
level 18% was almost the same. Sloshing tank’s geometry of LNGC, however, causes a

higher frequency (0.582-0.583rad/s) than roll natural frequency (0.47rad/s).

Table 6.13 Natural frequencies of LNG-carrier and sloshing tanks.

Natural frequencies (rad/sec)

Transverse mode Longitudinal mode
Bare hull Roll : 0.47 Pitch : 0.40
#4 tank #2 tank #4 tank #2 tank
Sloshing E Hnd E Hnd E ond E ond

Tanks FL:18% | 0.583 1.535 0.582 1.533 | 0.523 1.394 0.463 1.248
FL:56% | 0.862 1.848 0.861 1.846  0.794 1.738 0.722 1.619
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Fig. 6.28 Surge and roll added mass of LNGC’s sloshing fluid

First, LNGC under beam sea condition is presented in Fig. 6.29. Coupling in
frequency domain is done by adding sloshing added mass to ship added mass, and sloshing
calculation in time domain calculation is done by coupling CHARM3D and ABSLO3D as
introduced in Chapter V. When there is no sloshing fluid in the sloshing tank, both
frequency domain and time domain results show roll natural frequency, 0.47 rad/s, as
shown in Table 6.13. If filling level is 18%, roll natural frequency of LNGC is moved to
0.72rad/s. Roll amplitude in frequency is over-predicted compared to time domain results,
because of the neglecting of sloshing’s viscous effect at a lower filling level where viscous
effect is more dominant than a higher filling level. This phenomenon is also observed in
MARIN-FPSO case in Chapter V. When filling level goes to 56%, peak of roll motion is

separated and second peak at 0.9rad/s is observed, while the amplitude of both peaks is
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reduced compared with 18% filling level.
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Fig. 6.29 Motion-sloshing coupling effect of roll RAO.

(LNGC only, Linear spring mooring system, Wave heading=90deg)

Next, LNGC moored with floating terminal in head sea condition is investigated.
Fig. 6.30 shows roll motion RAO of LNGC moored with floating terminal for beam sea
condition. When there is no sloshing fluid in the sloshing tank, roll natural frequency is
0.47rad/s as LNGC only case. Increased roll motion RAO in the both regions lower than
0.4 rad/s and higher than 1.0rad/s is because the motion RAO in time domain is calculated
by motion SDF divided by very small wave amplitude SDF. In filling level 18% case, roll
motion peak is split into two frequencies; 0.43 and 0.61rad/s. In the LNGC only case, this
split phenomenon was not quite observed in filling level 18%. It is clearly seen, however,

that the second motion peak is caused by a natural mode of sloshing fluid at filling level
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18% (0.585-0.583rad/s). We can see another motion peak at 0.9rad/s due to the gap effect

of the two bodies. In the previous section, it is explained that hydrodynamic effect of 6m

gap distance occurs at 0.9 rad/s. For the filling level 56% case, this second motion peak is

also observed at 0.82rad/s in both frequency and time domains. A more reduced second

peak due to sloshing effect is also shown as I have learned from the MARIN-FPSO case.

However, time domain program predicts first motion peak at 0.52rad/s, higher than the

frequency domain coupling result (0.49rad/s). At 0.9rad/s, the gap effect on LNGC motion

1s observed as well.
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Fig. 6.30 Motion-sloshing coupling effect of roll RAO.

(LNGC with FT, Linear spring mooring system, Wave heading=90deg)

Roll motion coupled with sloshing, when wave is head sea condition, is shown in

Fig. 6.31. As it is introduced, roll motion in head sea condition is due to asymmetric
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hydrodynamics caused by a gap between two bodies. When filling level is 0%, roll peak is
observed at 0.82 rad/s, and the peak is more clearly observed here rather than beam sea
condition. Both frequency and time domain results show this phenomenon. For filling level
is 18% case, we can also see three motion peaks as beam sea case: 0.45, 0.62, and
0.82rad/s . Now it is evident that motion peaks at 0.45 and 0.62 rad/s are split phenomenon
due to the coupling of motion and sloshing. Peak at 0.82rad/s is due to gap effect. For
filling level of 56%, two peaks are observed at 0.52rad/s and 0.82rad/s. Time domain
program predict first motion peak at higher than frequency domain result (0.49rad/s).
Generally, due to sloshing effect, the second peak was getting smaller as the filling level
went higher, a trend we have seen in MARIN-FPSO and LNGC with floating terminal in
beam sea condition. However, in this case, second peak of roll RAO at 0.82 rad/s is greater
(0.95 deg/m) than 18% filling level result (0.5deg/m). It is because the location of peak of
roll motion RAO at head sea condition (0.82rad/s) coincides with sloshing natural

frequency of 56% filling level (0.82rad/s).
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Fig. 6.31 Motion-sloshing coupling effect of roll RAO.
(LNGC with FT, Linear spring mooring system, Wave heading=180deg)

Now time domain simulation results, including realistic nonlinear mooring system
using simplified mooring system, fender, and hawser, are presented. Fig. 6.32 shows a
comparison of roll and pitch RAOs for head sea and beam sea conditions. For the roll in
beam sea condition, general aspects of the second peak of motion RAO from motion-
sloshing coupling is observed. Magnitude of the second peak decreases as the filling level
increases. Also, location of the second motion peak was the same as the spring mooring
case we observed previously. For the roll in head sea condition, second motion peak at
filling level 56% is larger than that of 18% filling level. In terms of sloshing effect on
longitudinal motion, pitch motion RAO is also presented, and it is not affected by sloshing

since longitudinal inertia is much larger than that of sloshing fluid.
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Fig. 6.32 Sloshing effect of LNGC roll and pitch RAO

for head sea and beam sea conditions (Nonlinear mooring system).

Fig. 6.33 shows roll motion time series of LNGC in head sea and beam sea
condition and Table 6.14 shows the statistics of roll time series.

Fig. 6.34 shows examples of #2 and #3 hawser tensions in head sea condition.
Since hawser tension is calculated based on additionally extended length compared to
initial length, we can see that it is activated only when hawser length is larger than initial
length. Larger tension occurs with larger motion at 56% filling level than 18% filling level

case.
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Fig. 6.33 LNGC roll motion time series with respect to filling levels.
(Wave heading=90deg, 180deg)
Table 6.14 Statistics of roll time series in head sea and beam sea conditions
unit : [deg] Mean STD Max. Min
FL 0% 0.385E-02 0.269 0.988 -0.928
Head
S FL 18% 0.556E-02 0.227 0.946 -0.833
ea
FL 56% 0.279E-02 0.315 1.032 -1.365
FL 0% -0.913E-02 2.000 5.556 -6.278
Beam
S FL 18% 0.132E-02 0.839 2.471 -3.441
ea
FL 56% 0.930E-02 1.484 3.941 -3.781
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Fig. 6.34 Examples of hawser tension in head sea condition

6.10.3 Effect of Gap Distance

Gap distance between two bodies varies depending on floating terminal’s berthing
facilities. In order to calculate the effect of this gap effect on motion of LNGC, I selected
6m and 40m gap as representative cases of narrow and wide gap distance. Fig. 6.35 shows
comparison of roll and pitch motion RAOs with respect to different gap distances in head
sea condition. For the 6m gap case, we have previously investigated hydrodynamic effect
on ship motion itself and motion-coupling effect as well. For the 40m gap case as a wide
gap, roll natural frequency at 0% filling level at 0.47rad/s is observed. And gap effect is
also observed at 0.69rad/s which is lower than 6m gap effect frequency. For 18% filling
level, second motion peak was observed at 0.69rad/s. Magnitude of the second peak is
larger than first peak, unlike the previous cases of MARIN-FPSO or LNGC with floating
terminal with 6m gap. Resonance frequency of sloshing at 18% filling level (0.58rad/s) is

closer to the gap effect frequency (0.69rad/s) than in previous cases. For 56% filling level,
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second motion peak is located at 0.9rad/s. This is similar to LNGC only case that gap
effect frequency (0.69rad/s) stands aside from both roll motion natural frequency

(0.47rad/s) and sloshing resonance frequency (0.86rad/s)
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Fig. 6.35 Effect of gap distance of LNGC roll and heave RAO.
(Wave heading=180deg)

6.10.4 Effect of Mooring

Mooring configuration of floating terminal can be varied by water depth or
geological environment. A dolphin mooring system, which restricts planar motion, and
surge-sway-yaw, is selected to be compared with a simplified mooring system. Fig. 6.36
illustrates the configuration of a dolphin mooring system on floating terminal. A linear
spring in surge, sway and yaw direction is attached to floating terminal with high stiffness

so that its planar motion is restricted. LNGC is moored with floating terminal with 6
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hawsers and 2 fenders located between the two bodies. Table 6.15 shows stiffness of

dolphin mooring in each direction.

LNG carrier

XX

Floating terminal

Fig. 6.36 Configuration of dolphin mooring system.

Table 6.15 Dolphin mooring stiffness

Kl,l K2,2 K6,6

Floating terminal 1.000E+09 2.000E+09 1.000E+12

Fig. 6.37 shows a comparison of surge-sway-yaw’s time series and SDF of floating
terminal for both simplified mooring and dolphin mooring system when filling level is 0%.
By using the high stiffness of the dolphin mooring system, floating terminal’s planar
motion is confined that dolphin mooring system’s spectral density function at low

frequency is negligible when compared to simplified mooring system.
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Fig. 6.37 Dolphin mooring effect in surge, sway, and yaw time series and SDF of FT.

(Wave heading=180deg, FL=0%)

Fig. 6.38 shows surge, sway and yaw motion SDF of LNGC when filling level is

0%. We can observe that dolphin mooring system shows large SDF in the low frequency

region. This can be explained by relative motion between floating terminal and LNGC.

When floating terminal is moored with dolphin mooring system in head sea condition,

fixed floating terminal’s motion can cause stronger tension than a simplified mooring

system in longitudinal direction. Fig. 6.39 shows #3 and #6 hawsers’ tension time history

and SDF. In low frequency regions in SDF, dolphin mooring case exhibits a larger tension

SDF than in the simplified mooring case. Large surge and yaw motion in low frequency

region is therefore caused by strong tension due to relative motion of the floating terminal

and LNGC.
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Fig. 6.38 LNGC motion time history and SDF of surge, sway, and yaw.
(Wave heading=180deg, filling level=0%)
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Fig. 6.40 shows time history and SDF of LNGC in head sea condition when filling

level is 0%. Non-planar motions, heave, roll, and pitch, are not much affected by mooring

system.
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Fig. 6.40 LNGC motion time history and SDF of heave, roll, pitch.
(Wave heading=180deg, filling level=0%)

For the roll motion when filling level is 56%, in Fig. 6.41, dolphin mooring case is
smaller than simplified mooing system. Absolute maximum roll displacement of simplified
mooring is 1.365deg and dolphin mooring is 1.112deg when the maximum value was

reduced to 84%. These statistics are presented in Table 6.16. However, second roll motion
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peak of dolphin mooring system is slightly increased from 0.67deg to 0.8deg, as shown in

Fig. 6.42.
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Fig. 6.41 Comparison of LNGC roll RAO between simplified mooring and dolphin
mooring systems. (Wave heading=180deg, filling level=56%)
Table 6.16 Statistics of roll time series in head sea and beam sea conditions
unit : [deg] Mean STD. Max. Min.
Simplified Mooring 0.279E-02 0.315 1.032 -1.365
FL 56%
Dolphin Mooring 0.581E-02 0.246 0.965 -1.112
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Fig. 6.42 LNGC roll motion RAO comparison between simplified mooring and dolphin
mooring systems. (Wave heading=180deg)

6.10.5 Effect of Environment

To investigate the effect of various environmental conditions, wind and current are
additionally applied to floating terminal and LNGC. Direction of wind and current is
assumed as collinear with wave direction for simulating severe environments. First, the
environmental effect on 6 DOF motion of 0% filling level for three environmental
direction will be shown; next, roll motion effect due to change of different filling level will

be described. Fig. 6.43 and Table 6.17 show a comparison of LNGC motion time history
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and statistics when the environmental angle is 90deg. Wind and current coming from -y
direction shifted their mean of sway to +y direction, from -0.425m to 1.85m. Yaw motion
was increased so that standard deviation was increased from 0.469deg to 0.611deg. The
mean of surge motion was also shifted to +x direction from 0.209m to 0.634m. Statistical
changes of pitch motion do not appear remarkable as standard deviation change is
0.000deg. However, pitch SDF shows wave induced pitch motion at 0.55rad/s is decreased,
while pitch motion due to gap effect at 0.9rad/s is increased. When environmental angle is
150deg shown in Fig. 6.44 and Table 6.18, we can observe more surge shifting than in the
90deg case. Mean of surge was affected by wind and current in —x direction from -0.364m
to -0.895m. Surge SDF is increased in low frequency region. For the sway mode, mean is
also shifted to +y direction from -0.299m to -2.07m. For 180deg environmental angle, as
can be seen in Fig. 6.45 and Table 6.19, effect of the environments on mean of surge is
most dominant as it is changed from -0.296m to -1.12m. Surge SDF also shows low
frequency motion is mostly affected by wind and current. Change of standard deviation in

sway and yaw is small at -0.028m and -0.023 deg, respectively.
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Fig. 6.43 Environmental effect of 6DOF time series and SDF of LNGC.
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Fig. 6.44 Environmental effect of 6DOF time series and SDF of LNGC.
(Wave, wind and current direction=150deg, FL=0%)
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Fig. 6.45 Environmental effect of 6DOF time series and SDF of LNGC.
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Table 6.17 Statistics of motion of LNGC (Wind, wave and current direction=90deg)

Mean STD Max. Min.
Wave only 0.209E+00 0.780 2.149 -1.804
Surge [m]
Wave + W&C | 0.634E+00 0.598 2.305 -1.360
Wave only 0.185E+01 2.597 4.175 -10.078
Sway [m]
Wave + W&C | -0.425E+00 2.329 5.777 -5.882
Wave only 0.239E-01 0.712 2.248 -2.253
Heave [m]
Wave + W&C | 0.231E-01 0.699 2.279 -2.213
Wave only -0.913E-02 2.000 5.556 -6.278
Roll [deg]
Wave + W&C | 0.197E+00 2.085 5.804 -5.597
. Wave only 0.621E-02 0.055 0.226 -0.184
Pitch [deg]
Wave + W&C | 0.621E-02 0.055 0.249 -0.213
Wave only 0.222E-01 0.469 1.385 -1.587
Yaw [deg]
Wave + W&C | -0.253E+00 0.611 1.614 -1.952

Table 6.18 Statistics of motion of LNGC (Wind, wave and current direction=150deg)

Mean STD Max. Min.
Wave only -0.364E+00 0.806 1.969 -2.740
Surge [m]
Wave + W&C | -0.895E+00 0.993 2.033 -3.684
Wave only 0.299E-01 1.034 2412 -3.722
Sway [m]
Wave + W&C | -0.207E+01 1.027 4.225 -1.014
Wave only 0.159E-02 0.262 0.730 -0.755
Heave [m]
Wave + W&C | 0.151E-02 0.262 0.729 -0.738
Wave only 0.847E-02 0.416 1.721 -1.656
Roll [deg]
Wave + W&C | 0.116E+00 0.440 1.509 -1.279
. Wave only 0.485E-02 0.347 1.061 -1.049
Pitch [deg]
Wave + W&C | 0.512E-02 0.355 1.018 -0.975
Wave only 0.509E-01 0.418 1.273 -1.131
Yaw [deg]
Wave + W&C | 0.321E+00 0.415 1.745 -0.880
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Table 6.19 Statistics of motion of LNGC (Wind, wave and current direction=180deg)

Mean STD Max. Min.
Wave only -0.296E+00 0.625 1.571 -1.814
Surge [m]
Wave + W&C | -0.112E+01 1.173 1.724 -3.903
Wave only 0.857E+00 1.001 1.114 -3.641
Sway [m]
Wave + W&C 0.480E+00 0.973 1.743 -3.234
Wave only 0.371E-03 0.178 0.513 -0.514
Heave [m]
Wave + W&C 0.361E-03 0.180 0.523 -0.507
Wave only 0.385E-02 0.269 0.988 -0.928
Roll [deg]
Wave + W&C 0.304E-02 0.302 1.245 -1.513
. Wave only 0.167E-02 0.227 0.667 -0.651
Pitch [deg]
Wave + W&C 0.204E-02 0.224 0.609 -0.602
Wave only 0.326E-01 0.453 1.165 -1.294
Yaw [deg]
Wave + W&C -0.516E-01 0.430 1.268 -1.288

Effect of environments on LNGC motion due to different filling levels is
investigated by comparing roll RAO of LNGC. Fig. 6.46 and Table 6.20 represent roll
motion RAO and statistics with respect to filling levels when the environmental angle is
180deg. When filling level is 0%, effect of wave and current increased absolute maximum
value from 0.928deg to 1.513deg. SDF at roll natural frequency is also increased from
0.6deg**s/rad to 0.8 deg’*s/rad. For the 18% filling level, absolute maximum value is
increased from 0.833deg to 1.362deg, but the change of SDF is small. When filling level is
56%, overall SDF is decreased while the change of maximum value is from 1.032deg to
1.213deg. Fig. 6.47 and Table 6.21 illustrate the case of 90deg environmental angle. In this
case, mean of roll displacement at every filling level is shifted to positive values, 0.197deg,

0.283deg, and 0.287deg at a filling level of 0%, 18%, and 56%, respectively.
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Fig. 6.46 Environmental effect in roll RAO of LNGC with respect to filling levels.
(Wave, wind and current direction=180deg)
Table 6.20 Statistics of roll motion (Wind, wave and current direction=180deg)
unit : [deg] Mean STD Max. Min.
FL 0% Wave only 0.385E-02 0.269 0.988 -0.928
° Wave + W&C | 0.304E-02 0.302 1.245 1513
Wave only 0.556E-02 0.227 0.946 -0.833
FL 18%
Wave + W&C |  0.460E-02 0.232 0.880 -1.362
Wave only 0.279E-02 0.315 1.032 -1.365
FL 56%
Wave + W&C |  0.490E-02 0.269 1.213 -1.349
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Fig. 6.47 Environmental effect in roll RAO of LNGC with respect to filling levels.

(Wave, wind and current direction=90deg)

Table 6.21 Statistics of roll motion (Wind, wave and current direction=90deg)

unit : [deg] Mean STD Max. Min.

Loy | Waveonly -0.913E-02 2.000 5.556 6.278
° Wave+W&C | 0.197E+00 2.085 5.804 -5.597
Wave only 0.132E-02 0.839 2.471 -3.441

FL 18%
Wave + W&C | 0.283E+00 0.848 3.059 3351
Wave only 0.930E-02 1.484 3.941 -3.781

FL 56%
Wave + W&C | 0.287E+00 1.502 4.170 3392
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Fig. 6.48 Environmental effect on roll motion RAO of LNGC

Fig. 6.48 shows how the summarized roll motion RAO is affected by environments
with different environmental angles. For head sea condition, motion RAO at 0% filling
level is slightly increased at roll natural frequency (0.47rad/s). RAO is not much changed
at 18% filling level motion. When filling level is 56%, however, second motion peak
around 0.85rad/s is decreased from 0.65deg/m to 0.47deg/m. When environmental angle is

90deg, wind and current effect on motion RAO at every filling level are not remarkable.
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CHAPTER VII

CONCLUSION AND FUTURE WORK

The interaction effects between ship motion and inner-tank liquid sloshing are
investigated by a newly developed potential-viscous hybrid time domain computer
program. The results are also compared with those based on linear potential theory in the
frequency domain. For time domain simulations, both potential-flow ship-motion program
and viscous-flow inner-tank-sloshing program are independently developed. In the ship-
motion program, the hydrodynamic coefficients including wave forces and drift forces are
obtained from a 3D panel-based diffraction/radiation program. The time domain sloshing
program is based on the Navier-Stokes equation solver, including the SURF method for
free surface. During the time marching, the tank sloshing program is coupled with the
vessel-motion program so that the influence of tank sloshing on vessel motions can be
assessed. On the other hand, the frequency domain analysis is done by adding the 3D panel
method for interior problems. The inner-tank-sloshing effect is characterized by the
increase in added mass, the decrease in restoring forces of sloshing fluid, and the
hydrostatic correction of inner free surface. Although the frequency domain analysis is
based on linear potential theory, the results generally reproduce the qualitative trend of the
coupling effect between inner-liquid and ship motions. By using the potential-viscous
hybrid method in time domain, I have a better quantitative agreement when compared with
the experimental data. This agreement is due to the inclusion of viscous and nonlinear free-
surface effects of the liquid motion in the hybrid method. Apart from resonance sloshing

frequencies, the liquid cargo generally functions as a vibration absorber. The peak
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frequency of roll motions can be shifted due to the tank sloshing effect. The secondary
peak appears near the sloshing natural frequency, and its effects increase as the filling ratio
increases, an increase which can be observed in both numerical and experimental results.
The pitch-motion amplitudes are much less affected by inner-tank liquid sloshing
compared to roll motions even in head-sea condition.

I have also studied hydrodynamic characteristics of two body interactions by
investigating more cases on LNGC moored with FT. Hydrodynamic interaction, analyzed
in frequency domain, was successfully implemented into time domain program and
validated through regular wave test in time domain. The effects of two different gap
distances are observed, both in hydrodynamic coefficients and motion RAOs, at each
frequency corresponds to pumping mode of gap distance. Since water depth of FT and
LNGC was selected as relatively shallow water, calculation of second-order drift force
using Newman’s approximation was done by an investigation of the wvalidity of
approximation with respect to water depth. Coupling of multi-body motion and sloshing
was successfully coupled. The influence of sloshing on the LNGC with FT case was also
able to be characterized by second motion peak around natural frequency of the sloshing
tank. In particular, this second motion peak was amplified when natural frequency of
sloshing is near gap effect frequency. This means that, when LNGC and FT are moored in
side-by-side configuration, additional attention is required in determining gap distance
considering natural frequency of sloshing tank. Instead of a real mooring line model, a
developed simplified mooring line system provides reduction of computational time and
simplicity of mooring system modeling once the static offset test result is known.

Nonlinear fender and hawser models were modeled successfully in simulating real
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mooring configuration with a side-by-side case. To simulate various types of configuration
between LNGC and FT, various simulation cases containing gap effect between bodies,
mooring effect on selecting mooring type of FT, and environmental effect on various
environmental conditions are studied.

In the future, a more realistic offloading configuration can be investigated with this
program. Both floating terminal and LNGC can actually be equipped with sloshing tanks.
In this case, subsequently, each sloshing tank on each body needs to be coupled in motion-
sloshing point of view. Even the change of sloshing fluids’ mass in both sloshing tanks
during the transfer of LNG from one tank to the other can be investigated by this quasi-
static approach. Regarding time domain sloshing analysis program, I have used the
program developed for analysis of sloshing fluid in mild-slope condition, a condition that
does not allow either splash or overturning, but focuses on global behavior of sloshing
fluid for the purpose of coupling with the ship motion program. However, by using a
different type of sloshing analysis program that can simulate a more violent flow and can
calculate more accurate local pressure, the effect of sloshing impact on the pump tower is
another important issue of sloshing from a structural point of view that can be studied and

extended to fatigue analysis.
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