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Abstract 

The hydrodynamic interaction and mechanical coupl ing effects o f two floating platforms connected by elastic lines are investigated by using 

a t ime-domain mult i -hul l /mooring/r iser coupled dynamics analysis progi'am. Particular attention is paid to the contribudon o f off-diagonal 

hydrodynamic interaction terms on the relative motions during side-by-side off loading operation. In this regard, the exact method ( C M M : 

combined matr ix method) including al l the vessel and hne dynamics, and the 12 x 12 hydrodynamic coefficients in a combined matr ix is 

developed. The performance o f two typical approximation methods (NHI /No Hydrodynamic Interaction: iteration method between two vessels 

wi thout considering hydrodynamic interaction effects; SIVEM/Separated Mat r i x Method: iteration method between two vessels w i t h part ial ly 

considering hydrodynamic interaction effects, i.e. ignor ing off-diagonal cross-coupling terins in the 12 x 12 hydrodynamic coefficient matr ix) 

is also tested for the same side-by-side off loading operation in two different environmental conditions. The numerical examples show that there 

exists significant discrepancy at sway and ro l l modes between the exact and the approximation methods, which means that the cross-coupling 

(off-diagonal b lock) terms of the fu l l hydrodynamic coefficient matr ix play an important role in the case o f side-by-side off loading operation. 

Therefore, such approximation methods should be used w i th care. The fender reaction forces, which exhibit large force w i th contact but no force 

wi thout contact, are also numerically modeled i n the present t ime-domain simulation study. 

© 2006 Elsevier L td . A l l rights reserved. 
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1. Introduction 

As demands for oil and gas grow, field development with 
multiple floating platforms, which was considered to be very 
challenging in the past, is becoming more and more common 
nowadays. One example is the FPSO (Floating Production 
Storage and Offloading) operation to shuttle tankers. Another 
example is the combination of TLP (Tension Leg Platform), 
drilling barge, and floating FSU (Floating Storage Unit). 
Recently, the demand for clean energy, such as LNG (Liquified 
Natural Gas), is rapidly growing, and near-shore or offshore 
floating LNG terminals have been proposed. In such a case, 
LNG carriers should be operated in the proximity of the 
terminal and the effects of hydrodynamic interactions have to 
be carefully taken into consideration for the safe operation. 
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The FPSO to shuttle tankers is much cheaper than installing 
new underwater pipelines in a remote deepwater oil and gas 
field. In such a case, the tandem offloading with floating hose is 
a common and safe practice. However, the offloading Operation 
from the LNG terminal to the LNG carrier should be done with 
great care since the flow lines have to overcome extremely 
low temperature, and the arrangement and the gap distance 
are restricted by the arm-length of LNG off-loading Unes. 
The most feasible and economical practice seems to be the 
side-by-side offloading operation using coiwentional LNG off­
loading lines. Therefore, the study of hydrodynamic interaction 
effects between the two large-volume floating bodies in close 
proximity should be an important element of the development, 
operation, and downtime analysis of a floating-LNG-terminal 
system. 

The hydrodynamic interactions between multiple bodies 
have been reported by many researchers; Ohkushu [23], Kodan 
[14J and Fang and Kim [5] analyzed the hydrodynamic 
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Fig. 1. Global matrix of C M M (combined matrix method) (example for two bodies). 

K M K M 

1st Body Global 
Matrix 

Boundary 
Condition 

Tension 

K H 

2nd Body Global 
Matrix 

Boundary 
Condition 

Tension 

Hawser 

Fig. 2. Global matrix of SMM (separated matrix method) (example for two bodies). 

interaction by using 2D-like strip ttieory. Van Oortmerssen [26] 
and Loken [20] used tlie linear diffraction theory with constant 
panel method, while Choi and Hong [4] employed an HOBEM 
(higher order boundary element method) to study three-
dimensional hydrodynamic interactions between two vessels. 
On the other hand, multiple-body interaction in the time domain 
was studied by Buchner et al. [3], Hong et al. [7], Lee [17] and 
Kim [13]. They calculated hydrodynamic coefficients from the 
frequency-domain linear diffraction program, and then utilized 
those coefficients for ensuing time-domain simulations. Hong 
et al. [7] compared the potential-based computation with their 
experimental results for two vessels in side-by-side offloading 
operation with small gap. The comparison of motions and 

drift forces including the free-surface elevation at the gap was 
reasonable. A similar comparison was also made by Kim [13]. 

To evaluate the responses of multiple floating platforms 
connected by lines more accurately, there are additional 
aspects to be considered. The first aspect is mechanical 
coupling between the multi-bodies. Second, floating platforms 
possess many slender members, such as mooring fines, 
risers, and hawsers, and their coupling effects with the hull 
should be carefully accounted for. h i the present paper, the 
hull/mooring/iiser/hawser dynamic coupling effects as well as 
hydrodynamic interactions between two vessels are fully taken 
into consideration. In other studies of FPSO-shuttle offloading 
operability, Sphaier et al. [25] and Lee and Choi [19] used a set 
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Fig. 3. Force-displacement curve for the fender. 
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Fig. 4. Mesh generation of side-by-side moored FPSO/LNG and LNG caiTier. 

of simplified ship-maneuvering equations. However, this kind 
of much simpler approach may not be able to include all the 
complicated features of two-body hydrodynamic interactions. 

The dynamic coupfing between the hull and slender 
members can be evaluated in several different ways. One 
simple approach is called uncoupled analysis, which assumes 
that the mooring lines, risers, and hawsers respond statically 
(as a massless nonlinear spring) to hull motion (e.g. [17]). 
With this assumption, the inertia and damping effects as well 
as hydrodynamic loading on the slender members are not 
accounted for. When necessary, the mooring dynamics are 
evaluated separately as a post processing after obtaining the 
fairlead motions. The reliability and accuracy of this approach 
depend on platform-mooting types and water depth. Kim et al. 
[9,10] and Ma et al. [21] showed that such an uncoupled 
analysis of TLPs and spars may be inaccurate when used in 
deep water. Wichers et al. [27,28] showed that the uncoupled 
analysis may give even larger error in the case of FPSO or 
LNG/FPSO. Wichers et al. [27,28] recommended the fully-
coupled dynamic models to more reliably estimate realistic 
design values. 

In the present paper, the side-by-side offloading operation 
from a turret-moored FPSO to hawser-connected shuttle tankers 

is investigated. The turret-moored weathervaning FPSOs are 
more difficult to analyze motions than spread-moored FPSOs 
due to the fact that they may undergo large yaw motions 
and wind-wave-cuiTent loads are generally sensitive to them. 
Therefore, to evaluate more rehably the responses of tun-et-
moored FPSOs and shuttle tankers in wind, wave, and cuiTent, 
the effects of large yaw motion should be considered. Wichers 
[29], Kim and Kim [11] and Kim [13], for example, included 
such effects. Arcandra et al. [2] investigated such effects in 
more detail. 

To verify the developed numerical simulation method, 
a series of large-scale experiments was conducted in the 
3D OTRC wave basin at Texas A & M University for a 
tuiTet-moored FPSO designed for 6000 f t water depth. The 
numerically simulated FPSO global motions for a non-
parallel wind-wave-cuiTent envhonment were systematically 
compared with those measured from experiments. They were 
in good agreement, as reported in [12]. In the present 
study, the numerical analysis is further extended to two large 
vessels operating in close proximity in side-by-side offloading 
operation. 

The time-domain hull/mooring/riser/hawser coupled dy-
naiTuc analyses including two vessels were canied out by 
three different methods, i.e. first, based on the exact com­
bined full-matrix method (CMM) [13]; second, an iter­
ative separated-matrix method (SMM); and thu'd, a no-
hydrodynamic-interaction (NHI) method. Using the iterative 
separated matrix method, the hydrodynamic interactions are not 
fully captured but the corresponding module development can 
be greatly simplified and the resulting matiix size and computa­
tional time can be reduced by solving the individual vessels sep­
arately in an iterative manner. However, the reliability of such a 
simphfied method has to be checked against the combined fu l l 
matrix method. To the best of the authors' knowledge, this land 
of comparison has not been pubhshed yet. The main objective 
of this study is to assess the performance of the three different 
approaches for side-by-side offloading operation with various 
environmental conditions. Finally, the effects of fender-induced 
contact loading are also numerically modeled and analyzed in a 
similar way to that of Koo et al. [15], which is possible oifly in 
the time-domain approach. 

2. Formulation 

2.1. Hydrodynamics of multiple floating bodies in time-domain 
analysis 

When a large three-dimensional body interacts with incident 
waves, the hydrodynamic coefficients and wave exciting forces 
and moments can be obtained by using the first- and second-
order diffraction/radiation theory. In the diffraction/radiation 
theory, the total velocity potential can be decomposed into 
incident, diffraction, and radiation potentials. The total velocity 
potential satisfies the Laplace equation as a governing equation 
and all the requisite boundary conditions along the closed 
boundary including bottom, free surface, body boundary, and 
radiation boundary. The rigid-body motion of a single floating 
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Fig. 6. API wind spectrum (at 10 m above MWL, Vio = 5.0 m/s). 

body can be described by 6-DOF (degree of freedom) motions. 
Tlierefore, for multiple floating bodies, 67V-DOF motions 
have to be simultaneously solved, i.e. one diffraction problem 
with afl the body fixed and 67V radiation problems in which a 
motion is prescribed on one body while all the other bodies 
are fixed. Therefore, the interaction effects come from both 
the diffraction and radiation problems. In the present paper, 
the detailed hydrodynamic formulations for TV bodies are not 
presented. Readers are directed to [13] for the details. 

To obtain all the hydrodynamic coefficients of TV bodies, 
such as added mass, radiation damping, first- and second-order 
wave-frequency and mean-diift forces, a three-dimensional 
second-order diffraction/radiation panel program WAMIT [18] 
was used. The computed frequency-domain hydrodynamic 
coefficients are used in the time-domain equation expressed by 
a two-term Volterra seiies expression via a Kramers-Kronig 
relation. In the time-domain equation, the frequency-dependent 
radiation damping is included in the form of a convolution 
integral. When computing the convolution integral of multiple 
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Fig. 7. Added mass of LNG/FPSO and LNG canier for 5 m gap. 

bodies, the retardation function (Fourier cosine transform of 

the radiation damping) can be highly oscillatory and slowly 
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decay, so special attention should be paid, as pointed out 
by Hong et al. [7]. 

In the present case studies, the surge-sway-yaw natural 
frequencies are very small, thus only the second-order 
difference-frequency forces near the diagonal (mean-drift) of 
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Fig. 10. Wave amplitude spectrum (side-by-side Case 2). 

the QTF (Quadratic Transfer Function) are requhed, which 
justifies the use of the so-called Newman's approximation. It 
is shown in [13] that this simpler approach produces reasonable 
results in the case of a turret-moored FPSO when compared 
with the more accurate, tune-consuming full-QTF method. 
In this paper, Newman's approximation is employed for the 
numerical examples. The wave drift damping was calculated by 
Aranha's formula for the same turret-moored FPSO; its effects 
are found to be small [1], and thus wave drift damping is not 
considered in this study. 

To calculate the responses of floating bodies, the equation 
of motion can be expressed as follows: 

"Ml-l-OT^ 1(00) • • • nr? ï , i v ( o o ) 

-f-

OT^_,(00) • • 

ƒ Rxx{t-x)Ax 

ƒ i ? i v , i ( ^ - r ) d r 

i ? i , i v ( f - T ) d r / 

•Ki 

j RN,N(t-r)dr 

(1) 

where [M] is the 6 x 6 sti-ucture mass sub-matrix, [m] 
is the added mass sub-matrix at infinite frequency, [R] is 
the retardation function sub-matrix, [K] is the hydrostatic 
restoring-coefficient sub-matrix, [x] is the motion vector in the 
group, and [F] is the external force vector in the group. The 
subscript represents the body number. The force vector includes 
the wave-frequency exciting force, wind force, cureent force, 
and slowly varying wave drift force. 
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2.2. Mechanical coupling between multiple floating bodies and 

slender members 

To analyze the coupled dynamics of multiple floating 
bodies with mooring lines, risers, and hawsers in the most 
accurate manner, a big combined matrix including all the 

rigid bodies and slender members and their interactions should 
be solved simultaneously as an integrated system. For the 
static/dynamic analyses of slender members, an extension 
of the theory developed by GaiTett [6] was used. The 
methodology for the coupled dynamics of multiple floating 
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platforms including slender members is in general similar to 
that of a single body [15], which is briefly sununarized in the 
following. 

Assuming no torque or external twisting moment, one can 
derive the hnear momentum-conservation equation with respect 
to a position vector r{s, t) that is a function of arc length {s) and 
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Fig. 14. Sway RAOs obtained from time-domain coupled analysis (side-by-
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time (/•): 

-{Br-y + + q = 

X = T - Bic^ 

T = To + PeAe- PiAi 

mr (2) 

(3) 

(4) 

where prime and dot denote spatial and time derivatives, 
respectively, B = EI {E = Young's modulus, / = sectional 
moment of inertia) is the bending stiffness, T the local effective 
tension, /c the local curvature, m the mass per unit length, q the 
distributed force on the rod per unit length, Tq the local tension, 
Pe the external pressures, P,- the internal pressures, and and 
Ai the external and internal cross sectional areas. The scalar 
variable k can be regarded as a Lagrange muhiplier. 

I f the rod is assumed to be inextensible, the following 
condition must be satisfied; 

. r ' - 1 = 0. (5) 

I f the rod is extensible, the condition is more generalized to 

T ^ X 

A, = Ae — Aj. 

1) (6) 

(7) 
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Fig. 15. Relative sway-motion time seiies (Case 1). 

For these equations, tiie geometric nonlinearity is fully 
considered and there is no special assumption made concerning 
the shape or oiientation of the mooring line, as long as the 
rod remains elastic. The benefit of this equation is that (2) 
is directly defined in the global coordinate system and does 
not require any transformations to the local coordinate system. 
The normal component of the distributed external force on the 
rod per unit length, q„, is given by the generalized Morison 
equation (e.g. [24]): 

qn = ClpAeV,, + ^CopD | V , „ . | Vnr + C,„pAer„ (8) 

where C/, Co and C,,, are inertia, drag and added mass 
coefficients, and V n , v,„. and r„ are normal fluid acceleration, 
normal relative velocity, and normal stmcture acceleration, 
respectively. The symbols p and D are fluid density and local 
diameter. In addition, the effective weight, or net buoyancy, of 
the rod should be included in q,, as a static load. 

To develop the finite element formulation, consider a single 
element of length L , and use the following expression: 

F(^,0 = I]A,(^) t / , - (0 
(9) 
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Fig. 16. Mooring top-tension spectra (Case 1). 

E Pm (S) X,„ (t) (10) 

where Aj and P,„ are inteipolation functions defined on the 
interval 0 < s < L. Using Eqs. (9) and (10), Eq. (2) can be 
reduced to the following equation by the Galeiidn method and 
integration by parts [6]: 

f t 
Jo L 

Br"A'l + Xr'A- - qAf + inrAi ch 

= Br"A'f,- Xr'- {Br")'] A, (11) 

where it is assumed that the shape function A,- is continuous on 
the element. The first boundary term of the right-hand side is 
related to the moments on the ends, and the second term is the 
force on the ends, i.e. they are natural boundary conditions. I f 
Eq. (6) is used, we obtain: 

(12) 

The position vector, its tangent, and the Lagrange multiplier 
ai'e selected to be continuous at a node between adjacent 
elements. The inteipolafion functions A,- and P„, are chosen to 
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be Hermitian cubic and quadratic functions of ^ as follows: 

A 3 = 3 | 2 - 2 § 3 ^ A, = - e + e 

A = l - 3 ^ + 2 ? ^ P 2 = 4 n i - f ) , 

P2 = H2^- 1) 

where § — s/L. The parameters U and X are thus: 

C / i = r ( 0 , r ) , U2^Lr-'(Q,t), 

U3=HL,t), U4 = Lr'(L,t) 

Xi^X(0,t), A2 = A ( L / 2 , 0 , A3 = A ( L , f ) . 

(13) 

(14) 

(15) 

(16) 

Elements are combined using the continuity of r, r' and X. The 
natural boundary conditions at a joint cancel out, leaving those 
conditions applicable at the ends of the rod. The ends of the 
Unes are connected to the hull through a generalized elastic 
(both linear and rotational) spring that can also model both 
fixed and hinged conditions at its extreiue limit. The forces 
and moments proportional to the relative displacements are 
transmitted to the hull at the coimection points. The transmitted 

Table 1 

Main particulars of the tuiret-moored FPSO/LNG, shuttle tanker and LNG 
caiTier used for simulation 

Designation Uiut LNG/FPSO LNG canier 

Length LPP m 310.00 248.00 
Breadth m 47.17 37.74 
Draft 111 18.90 15.12 

Displacement 3 240 869.00 123 324.93 

Water plane area 2 m- 13 400.00 8576.00 
Center of gravity above keel m 13.32 10.66 
Transverse radius of gyration m 15.79 12.63 
Longitudinal radius of gyration m 115.03 92.02 
Yaw radius of gyration m 116.13 92.91 
Wind area frontal m- 1012.00 647.68 
Wind area side m2 3 772.00 2414.08 
Tunet center hne beliind FPP m 63.55 N / A 

forces from the mooring lines to the platform are given by 

Fp ^ Kifüp-i~ii)+C{füp-üj) (17) 

where K is the stiffness matrix, C the damping matrix, f 
the transformation matrix between the platfoiTU origin and 
connection point, and Up and uj are displacement vectors of 
the platform and connection point. 

The hull response equation is combfned into the mooring-
line equation in the time domain as follows: 

(M + M„(<X))) üp+ I 
Jo 

R(t - t)üpdr + KnSp 

where M and Ma are structure mass and added mass, R 
the retardation function (inverse cosine Fourier transform of 
radiation damping), KH the hydrostatic restoring coefficients, 
Fp) the drag force matrix on the hull, F^^\ F^^^ the first- and 
second-order wave load matrix on the hull, Fp the transmitted 
force matrix from the interface and FWD the wave drift damping 
force matrix. The added mass at infinite frequency is obtained 
from Ki-amers-Ki'onig relation. For the time seiies of F^^\ F^^^ 
and FwD> a two-term Volterra series is used. From above time-
domain equation of motion, the hull/mooring hue/riser coupled 
analysis can be achieved. 

In the static analysis of mooring lines and risers, Newton's 
iteration method was used. Thus, the coupled force on the 
mooting at the (;; -|- l ) th iteration can be approximated by the 
rule at the (;r)th iteration. 

^ ( . . 1 ) ^ ^ 0 0 + ML 

drj ^ dXj ^ dOj •' 
(19) 

Similarly, the coupled force on the platform at the {n -[- l ) th 
iteration can be approximated by: 

A;- AZ; + n(n+l) _ pin) , ^Fi 

M ^ i ^ ^ M / ' n ^ ^ A n + ^ A : , 

dXi 

dF 

dr dXi 

-AÖ,-

dMi 

d0i ^ 

(20) 

(21) 
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Table 2 
Main particulais and hydrodynamic coefficients of mooting system, riser, and hawser 

Designation Unit Mooring Line 

Segment 1: chain Segment 2: wire Segment 3: chain 

Riser Hawser 

Pretension kN 1.74E+03 1.74E+03 1.74E+03 1.14E+05 8.00E+05 

Length at anchor point m 9.14E+02 L13E+03 9.14E+02 1.81E+03 N / A 

Diameter mm 8.17E+02 6.93E+02 8.17E+02 2.76E-I-03 N / A 

Dry weight kg/m 5.68E+02 5.16E-I-01 5.68E+02 2.56E-I-03 2.89E+01 

Wet weight kg/m 4.94B+02 1.35E-I-01 4.94E+02 1.31E+03 N / A 

Stiffness AE IcN 2.73E+06 5.60E+05 2.73E+06 1.69E+08 1.87E+06 

Inertia normal C 2.00 1.12 2.00 1.00 N / A 

Drag normal Cd 2.45 1.20 2.45 1.00 N / A 

Table 3 
Environmental condition for side by side moored FPSO/LNG and LNG canier 

Wave (JONSWAP) Quantities Wind (API) Quantities Current (m/s) Quantities 

Hs(m) 3.0 Vio (m/s) 5.0 Free suiface 0.15 

Direction (°) 180.0 Dkection (°) 180.0 at 60.96 m 0.15 Direction (°) 
at 91.44 m 0.50 

Case 1 Tp (sec) 16.5 

Gamma 6.0 

Case 2 Tp (sec) 8.3 

Gamma 1.0 

• Fender Force on LNG/FPSO Fender Force on LNG Carrier • Relative Sway Motion 

1.25E+06 

1.00E+06 

7.50E+05 

5.00E+05 

S- 2.50E+05 

£ O.OOE+OO 

0) 

1 -2.50E+05 

-5.00E+05 

-7.50E+05 

-1.00E+06 

-1.25E+06 

4)ou' bs l I Ua j Ssojol # ^ \ f t 5 | o i j ^ 5 Leao ^^2^ eso \ s , k \ f 

' f i t ' V 

I I ill iV 

rt 

-5.00E-01 

-1.00E+00 

-1.50E+00 

-2.00E+00 

-2.50E+00 

time (sec) 

Fig. 18. Example of fender force and relative sway motion (Case 1). 

Eq. (19) shows that the mooring at the connecting node is cou­
pled with the unknown platform motion. The second terms in 
the right-hand side of Eqs. (19)-(21) are included in the equa­
tion of the mooring element which is coupled with the plat­
form, while the thhd and fourth terms in Eqs. (19)- (21) are 
included in the equation of the platform. The moormg and 
platform are coupled by the third and fourth teiTns of Eq. 
(19) and the second term of Eqs. (20) and (21). The coupled 
force vectors, n9'\ F/"^ and Mj"\ are added to the force 
vectors at the right-hand side of the equations of the moor­
ing element and the platform. At each iteration, the coupled 

algebraic equations are solved to obtain the solutions simul­
taneously. The iteration continues until a specific tolerance is 
reached. 

In the time-domain integration, the coupled force on the 
mooring is added to the equations of mooring and platform 
motions and is integrated from time /("^ to 



Table 4 

Summary of motion statistics of side-by-side moored LNG/FPSO and LNG carrier (Case 1) 

Combined matrix method Separated matrix method 
M E A N MIN M A X STD WF LF M E A N M I N M A X STD WF LF 

SURGE(m) LNG/FPSO -4.19E- -01 -2.09E-1-00 1.40E-I-00 5.39E-01 1.86E-01 5.06E-01 -4 .87E- -01 -2.29E-I-00 1.55E-I-00 6.20E-01 2.28E-01 5.78E-01 
LNG canier -1 .66E- -01 -1.93E-t-00 1.48E-I-00 5.45E-01 2.80E-01 4.68E-01 -1 .24E- -01 -1.99E-I-00 1.48E-f00 5.76E-01 2.70E-01 5.10E-01 

SWAY (m) LNG/FPSO 2.96E- -02 -1.12E4-00 1.41E-1-00 4.13E-01 3.69E-01 1.87E-01 -5 .17E- -02 -9 .19E-01 6.93E-01 2.40E-01 1.65E-01 1.73E-01 
LNG canier 7.16E- -02 -1.30E-1-00 8.77E-01 3.13E-01 1.18E-01 2.90E-01 4.82E--02 -1.03E-I-00 1.15E-1-00 3.03E-01 2.22E-01 2.06E-01 

HEAVE (m) LNG/FPSO -5.99E- -01 -1.58EH-00 4.53E-01 2.57E-01 2.56E-01 4.55E-03 -6 .04E- -01 -1.75E-H00 7.33E-01 3.46E-01 3.46E-01 1.84E-02 
LNG cairier 1.99E--03 -7.94E-I-00 7.92E-I-00 3.00E-I-00 3.00E4-00 O.OOE-l-00 2.19E- -03 -7.41E-f00 7.37E-t-00 2.81E-f00 2.81E-I-00 O.OOE-fOO 

ROLL (°) LNG/FPSO -2.36E- -03 -3.86E+00 3.55E-I-00 1.17E-I-00 1.17E-I-00 1.59E-02 -1 .34E- -03 -2.18E-f00 2.23E-f00 8.33E-01 8.33E-01 1.94E-02 
LNG carrier -1.02E- -02 -1.89E-t-00 1.96E-1-00 5.89E-01 5.89E-01 2.39E-02 -1 .07E- -02 -3.34E-I-00 3.22E-I-00 1.25E-f00 1.25E-f00 2.21E-02 

PITCH (°) LNG/FPSO 2.08E- -01 -5 .14E-01 9.33E-01 1.95E-01 1.95E-01 1.30E-03 2.09E- -01 -6 ,13E-01 1.14E-I-00 2.63E-01 2.63E-01 6.30E-03 
LNG canier -2.25E- -04 -4.21E-I-00 4.10E-f00 l,59E-(-00 1.59E-I-00 O.OOE-l-00 -3 .26E- -04 -3.88E-I-00 3.82E-I-00 1.47E-1-00 1.47E-t-00 O.OOE-l-00 

YAW (°) LNG/FPSO 2.78E- -01 -5 .36E-01 9.32E-01 2.49E-01 2.05E-01 1.42E-01 4.43E- -01 -1 .72E-01 9.54E-01 2.24E-01 4.83E-02 2.18E-01 

LNG canier 3.44E- -01 -6 .37E-01 1.09E-1-00 2.58E-01 1.21E-01 2.28E-01 5.24E- -01 -4 .14E-01 1.36E-I-00 2.86E-01 1.86E-01 2.18E-01 
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Table 5 

Siimmai y of relative-motion statistics of side-by-side moored LNG/FPSO and LNG canier (Case 1) 

Combined luatrix method Separated matrix method 

SURGE SWAY HEAVE SURGE SWAY HEAVE 

(m) (m) (m) (m) (m) (m) 

M A X 6.28E-01 1.98E+00 7.02E-I-00 M A X 7.04E-01 1.15E-F00 6.81E-i-00 

M I N -l .OlE-fOO -1.81E4-00 -8.23E-f00 M I N -1.30E-fOO -1.12E-1-00 -8.23E-t-00 

STD 2.55E-01 5.55E-01 2.88E-I-00 STD 3.25E-01 3.18E-01 2.84E-I-00 

Table 6 

Motion difference between combined matrix method and separated inatrix nrethod (Case 1) 

Difference 

MEAN M I N M A X STD WF LF 

SURGE(m) LNG/FPSO 6.73E-02 2.00E-01 -1.55E-01 -8 .12E-02 -4 .18E-02 -7 .13E-02 

LNG canier -4 .28E-02 5.92E-02 -6.23E-03 -3 .11E-02 9.97E-03 -4 .17E-02 

SWAY (m) LNG/FPSO 8.14E-02 -1 .99E-01 7.17E-01 1.74E-01 2.03E-0I 1.34E-02 

LNG canier 2.34E-02 -2 .76E-01 -2.75E-01 9.59E-03 -1 .04E-01 8.35E-02 

HEAVE(m) LNG/FPSO 4.29E-03 1.70E-01 -2.79E-01 -8 .96E-02 -8 .92E-02 -1 .39E-02 

LNG canier -2 .04E-04 -5 .28E-01 5.50E-01 1.91E-01 1.91E-01 O.OOE-l-00 

ROLL (°) LNG/FPSO -1.02E-03 -1.68E-I-00 1.32E-I-00 3.33E-01 3.34E-01 -3.51E-03 

LNG canier 4.76E-04 1.44E-fOO -1.26E-f00 -6 .61E-01 -6 ,62E-01 1.79E-03 

PITCH (°) LNG/FPSO ^1.50E-03 9.94E-02 -2.03E-O1 -6 .89E-02 -6 .88E-02 -4.99E-03 

LNG canier l .OlE-04 -3 .28E-01 2.73E-01 1.16E-01 1.16E-01 O.OOE-l-00 

YAW (°) LNG/FPSO -1 ,65E-01 -3 .63E-01 -2.16E-02 2.59E-02 1.57E-01 -7 .66E-02 

LNG caiTier -1 .79E-01 -2 ,22E-01 -2.73E-01 -2 .78E-02 -6 .45E-02 1.05E-02 

Table 7 
Summary of statistics of mooring and hawser top-tension, and fender force (Case 1) 

Combined matiix method Separated matrix method 

M E A N (N) M I N (N) M A X (N) STD (N) M E A N (N) M m (N) M A X (N) STD (N) 

Mooring 1 4.27E+06 4,01E-|-06 4.48E-I-06 7.66E-f04 4.28E-I-06 3.99E-I-06 4.51E4-06 8.65E-I-04 

Mooring 2 4.19E-I-06 3.86E+06 4.51E+06 1.12E-F05 .4.20E-t-06 4.04E-i-06 4.39E-F06 5.15E-I-04 

Mooring 3 4.12E-I-06 3.83E-I-06 4.45E-I-06 9.84E4-04 4.11E-f06 3.69E-I-06 4.48E-1-06 1.22E-f05 

Mooring 4 4.20E-I-06 3.90E-I-06 4.48E-I-06 9.22E-f-04 4.18E4-06 3.89E-I-06 4.46E-1-06 7.84E-I-04 

Hawser 1 1.61E-f06 1.55E-I-06 1.70E-I-06 2.25E-f04 1.60E4-06 1.53E-(-06 1.70E-t-06 2.53E-F04 

Fender 1 3.44E-I-05 O.OOE-fOO 1.83E-)-06 3.62E-I-05 3.17E-I-05 O.OOE-hOO 1.21E-F06 2.47E4-05 

members. In this study, two diiïerent metiiods are used 

in assembling the global matrix. The first method is 

CMM (combined matrix method). In this method, all the 

hydrodynamic coefficients and mechanical coupling of the hull 

and slender members are included in one large matrix. This 

method in principle exactly accounts for all the hydrodynamic 

and mechanical interactions. The second method is SMM 

(separated matiix method). In this method, a global matrix is set 

up for each floating body and the mechanical coupling between 

the two vessels is calculated through the tension of hawser lines 

until convergence is achieved. The hawser lines are generally in 

the air and their length is short compared to mooring lines and 

risers, thus the inertia and damping effects from the hawsers 

are expected to be very small. The SMM can represent the 

mechanical coupling conectly but it cannot include the fu l l 

hydrodynamic interactions. The major difference between the 

CMM and SMM occurs in the off-diagonal 6 x 6 added mass 

matrix and radiation damping matrix. Due to the separate global 

, ( 'H-1) 

Jf{n) 2 \ / 

A t f d F i SPi .V , A f l , o z 7 ( " ) \ rn'i\ 

JfOO 2 V / 

Like the static analysis, the coefficients in the above equations 
go to the time-domain equations of the platform and the element 
of the mooring coupled with the platform. 

2.3. CMM vs. SMM 

The multi-body coupled analysis can be done by assembling 
the global matrix that includes all the hydrodynamic and 
mechanical coupling effects between vessels and slender 



Table 8 

Summaiy of motion statistics of side-by-side moored LNG/FPSO and LNG canier (Case 2) 
a; 

a: 

Combined mattix metliod Separated matrix method 
M E A N M I N M A X STD WF LF IVIEAN ME^ M A X STD WF LF 

SURGE (m) 

SWAY (m) 

LNG/FPSO 

LNG canier 

LNG/FPSO 

LNG carrier 

HEAVE (m) LNG/FPSO 

LNG cairier 

6.43E 

-8.19E 

-01 

-01 

4.11E-

4.26E-

-9.01E-01 

-5.30E-03 

-9 .41E-01 

-2.25E-I-00 

-5 .61E-01 

-1.30E-1-00 

-1.12E-I-00 

-2 .18E-01 

2.44E-1-00 

8.38E-01 

1.49E-I-00 

1.73E-t-00 

-6 .67E-01 

2.07E-01 

5.74E-01 

5.06E-01 

3.59E-01 

5.01E-01 

6.81E-02 

5.41E-02 

2.74E-02 

4.15E-02 

5.65E-02 

6.95E-02 

6.81E-02 

5.40E-02 

5.73E-01 

5.04E-01 

3.54E-01 

4.96E-01 

1.02E-03 

4.19E-03 

6.27E-01 

-8 .13E-01 

4.18E-

4.09E-

01 

01 

-9.01E-01 

-5.27E-03 

-7 .16E-01 

-2.24E+00 

-6 .32E-01 

-1.41E-t-00 

-l .UE-l-OO 

-1 .86E-01 

2.11E-I-00 

7.16E-01 

1.97E4-00 

1.91E4-00 

-6 .85E-01 

1.89E-01 

5.31E-01 

4.86E-01 

3.46E-01 

4.77E-01 

6.73E-02 

5.20E-02 

2.87E-02 

4.52E-02 

9.75E-02 

1.40E-01 

6.73E-02 

5.19E-02 

5.30E-01 

4.84E-01 

3.32E-01 

4.55E-01 

5.97E-04 

3.53E-03 

ROLL(°) LNG/FPSO -4 .91E-02 -9 .04E-01 7.41E-01 2.95E-01 2.92E-01 3.94E-02 -4 .91E-02 -LlOE-fOO 7.99E-01 2.89E-01 2.86E-01 3.91E-02 

LNG canier 6.43E-02 -1.58E-t-00 2.23E-f00 4.18E-01 4.08E-01 8.80E-02 6.36E-02 -2.70E-t-00 3.40E-1-00 9.34E-01 9.30E-01 8.74E-02 

PITCH (°) LNG/FPSO 3.11E-01 2.12E-01 4.16E-01 2.91E-02 2.91E-02 4.21E-04 3.11E-01 2.14E-01 4.15E-01 2.80E-02 2.80E-02 2.94E-04 

LNG canier 1.41E-04 -9 .44E-02 9.98E-02 2.91E-02 2.91E-02 1.41E-03 9.40E-05 -1 .46E-01 1.66E-01 3.57E-02 3.57E-02 1.06E-03 

YAW (°) LNG/FPSO 

LNG cairier 

-2.22E+00 

-2.15E-1-00 

-3.96E+00 

-3.97E-1-00 

-4.82E-01 

-2.89E-01 

;.39E-01 

;.63E-01 

2.96E-02 

4.84E-02 

S.38E-01 

8.61E-01 

-2.18E-I-00 

-2.13EH-00 

-3.46E-I-00 

-3.58E-I-00 

-5 .01E-0I 

-4.14E-01 

5.81E-01 

6.21E-01 

5.26E-02 

7.90E-02 

5.79E-01 

6.16E-01 
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CASE 2 Co-linear Environment 
(Hs=3.0m, Tp=8.25sec, Gamma=1.0) 
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Fig. 19. Sway motion amplitude spectra (side-by-side moored LNG/FPSO and 

LNG carTier for Case 2). 

matrix set for eacli body, the SIVIM cannot consider the off-
diagonal hydrodynamic interaction terms. 

The global matrix formulations are illustrated in Figs. 1 
and 2, in which the sub-matrix KM represents the coefficients 
for mooring Unes and risers, sub-matiix KH represents the 
coefficients for the hawser, sub-matrices K^p and K^ 
represent coupling coefficients between hull and slender 
members, and sub-matrix Kp represents the coefficients for the 
hull. The superscript in the Kp matrix represents body number. 
The vectors U and F represent displacements and forces of the 
hull and slender members. 

As illustrated in Fig. 1, the combined matrix method 
includes all the vessels and lines in one large matrix and the 
global matrix is inverted in every time step. Fig. 2 shows 
that the separated matrix method sets up the global matiix 
for each body and then mechanical interactions through the 
hawsers are solved by iteration. At each time step and iteration, 
the body positions are given as essential boundary conditions 
of the hawser end points, while the hawser tension is given 
to each body as extemal forces. Due to the separation of 
the global matrix, the off-diagonal (6 x 6) hydrodynamic 
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Fig. 20. Roll motion amplitude specUra (side-by-side moored LNG/FPSO and 
LNG carrier for Case 2). 

interaction coefficients cannot be included in each separated 
matrix (i.e. K^^ and Kj} in Fig. 1). Thus, the combined matrix 
method is the most accurate way to calculate the multiple-
floating-body interactions. However, the matrix size of the 
CMM increases in proportion to the number of vessels and 
slender members, which results in much longer computational 
time. Furthermore, when more than three floating bodies 
are involved, it is much more straightforward to use the 
SMM in the module development of the computer program. 
Under this circumstance, an important question is "how 
good is the SMM?" The importance of the off-diagonal 
(6 X 6) hydrodynamic interaction coefficients vaiies with the 
aiTangement and distance of the two vessels. It also depends 
on system characteristics and environmental conditions. When 
hydrodynamic interaction effects are expected to be smaller 
than mechanical coupUng effects (e.g. tandem aiTangement), 
the SMM can be an efficient way to solve the multi-body 
problem [16]. 

2.4. Fender effects in time-domain simulation 

In general, there are fenders between the LNG FPSO/terminal 
and the LNG caiiier in a side-by-side offloading aiTangement. 
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CASE 2 Co-linear Environment Relative Motion Time Series 
(Hs=3.0m, Tp=8.25seo, Gamma=1.0) 
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Fig. 22. Mooring top-tension spectra (Case 2). 

Fig. 21. Relative sway motion time seiies (side-by-side moored LNG/FPSO 

and LNG canier for Case 2). 

The function of the fender is to prevent collision between the 
two floating vessels. When the relative distance between the 
LNG ternunal and the canier is smaller than the fender length 
(in the present study, the initial gap), the fender exerts reac­
tion forces on both bodies. Whereas, when the relative dis­
tance is greater than the fender length, there exist no reac­
tion forces on both bodies. Therefore, a proper tender-reaction-
force modehng is only possible in the time-domain analysis. 
In the present numeiical simulation, the fenders are modeled 
as piecewise-linear gap springs for simplicity. Fig. 3 shows the 
force-displacement curve for the fender. Note that the fender 
produces equal and opposite reaction forces on both bodies only 
when it is compressed. 

The effects of the fender can be expressed as follows: 

when 

+ P2 
n l p l 

> A2 

A?2 = 0; 
then 

(25) 

when 

X )l 
2 2 

<A2 

and 

{x\ 

elpl-a X^ + P^ + llPl -elPl) 

2 " T ^ i 

< 0 then 

N2 i l D1 
^3^2 0 

Z? + f 2 .e\pl e]pt 

and when 

X >i ^\Pl e\p\ )-( X', PI + d\pl 

> 0 then 

N2 = K[[(XI P + 
i l D 1 

•^3^2 

(xl + Pl + l 

0 
- A , 

Pl + ^iH - ^ 2 ) - (4 + P2 + ^fpi - ^sPi) 

(26) 

-etP 

(27) 

where Â  is the reaction force from the fender, K is the spring 
constant, X is the translational motion of the rigid body, P is 
the position vector of the location of fender with respect to the 
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Fig. 23. Hawser top-tension and fender-force spectra (Case 2). 

local coordinate of the rigid body, 6 is the angular motions 
of the rigid body, and A is the initial gap between the two 
floating bodies. The subscript represents the direction of ligid-
body motions and the superscript represents rigid-body number. 

The fender forces and moments on the first body and the 
second body can be expressed as follows; 

F' = -N 

F^ = N 

= P x-N 

P xN 

(28) 

(29) 

(30) 

(31) 

where F is the external force on the rigid body, N is the 
force from the fender, and M is the external moment on the 
rigid body. The fender force is calculated from the relative 
displacement between the two floating bodies. 

3. Numerical results and discussions: Case studies 

The specifications of the LNG/FPSO and the LNG canier 
used in the present study are summarized in Table 1. The 
LNG/FPSO originally has 12 chain-polyester-chain mooring 

lines and 13 steel catenary risers. There are four groups of 
mooring lines; each group consists of three lines 5° apart. Each 
mooring line has a studless chain at both ends. The effects of 
tangential drag on mooring lines and Coulomb friction from the 
seabed were expected to be unimportant, and thus not included 
in this study. For simplicity, four equivalent mooring lines 
and one equivalent riser were used in the present simulations, 
with each equivalent line representing the combined effects of 
three mooring lines. The equivalent diameter was derived from 
the condition of 'equal drag force'. Table 2 shows the main 
particulars and hydrodynamic coefficients of the mooting lines, 
risers, and hawsers. The water depth is 6000 f t (1828 m). 

Numeiical simulations are conducted for the case of side-
by-side offloading operation with 5 m gap for two different en­
vironmental conditions. Only the collinear wind-wave-current 
environmental conditions from the head direction are studied 
here. Fig. 4 shows the distiibution of panels on the LNG/FPSO 
and LNG carrier. Fig. 5 illustrates the mooring system, hawser 
connection, and environmental directions. The hawser connec­
tion is simplified compared to a more realistic and complicated 
one. The two envuonmental conditions are tabulated in Table 3. 
Fig. 6 illustrates the API wind spectium used in the present sim­
ulation. As for the cunent and wind loading on the two vessels, 
the standardized OCIMF data sets [22] are used. 

The second-order slowly-varying wave forces are calculated 
from the so-called Newman's approximation. In other words, 
the off-diagonal components of the difference-frequency wave-
force QTF (quadratic transfer function) are approximated by the 
diagonal (mean-drift) values. This approximation is vahd when 
the natural frequencies of slowly-varying motions are small, as 
in the present case. Newman's approximation may not be very 
reliable in the case of shallow water. The wave drift damping is 
expected to be smaU compared to other drag components, and 
thus is not included here [1]. The same huU damping as in [12] 
is used. 

3.1. Side-by-side moored LNG/FPSO ami LNG carrier 

As mentioned earlier, the hydrodynamic interactions 
between two side-by-side-moored vessels have been studied by 
several researchers (e.g. [8,3,13] and [7]). Their resuhs show 
that the sway motions of the two vessels are much larger 
than the single-body case in head sea conditions. To better 
understand the characteristics of the hydrodynamic interaction 
between two vessels, the hydrodynamic coefficients for a 5 m 
gap are presented in Figs. 7 and 8. Each figure shows the 
hydrodynamic coefficients of the LNG/FPSO and LNG canier 
for comparison. It is interesting to notice that, near a particular 
frequency (i.e. 0.7 rad/s), the computed added mass and wave 
exciting force exhibit sharp variation. This can be explained by 
the pumping-mode resonance of a water column between the 
two bodies. Near the Helmholtz pumping resonance, the added 
mass can be negative. In the head sea condition, the sway-
force and roll-moment of a single body should vanish due to 
symmetry. However, in the two-body case, their magnitudes are 
appreciable as a result of hydrodynairuc interactions. 

To evaluate the hydrodynamic interaction effects on the 
LNG/FPSO and LNG canier, two environmental conditions are 
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Table 9 

Summary of relative motion statistics of side-by-side moored LNG/FPSO and LNG carrier (Case 2) 

Combined matrix method Separated matrix method 

SURGE SWAY HEAVE SURGE SWAY HEAVE 

(m) (111) (m) (m) (m) (m) 

M A X 2.91E-I-00 2.09E-t-00 -2 .44E-01 M A X 2.74E-I-00 2.75E+00 -3 .00E-01 

M I N -1 .15E-01 -1.41E-I-00 -9 .41E-01 M m 2.93E-01 -1.71E-I-00 -8 .75E-01 

STD 6.49E-01 5.38E-01 9.57E-02 STD 4.99E-01 6.02E-01 7.84E-02 

Table 10 
Motion difference between combined matrix method and separated matrix inethod (Case 2) 

Difference 

M E A N M m M A X STD WF LF 

SURGE (m) LNG/FPSO 1.62E-02 -2 .25E-01 3.29E-01 4.28E-02 -1.32E-03 4.29E-02 SURGE (m) 
LNG earner -5.55E-03 -1.44E-02 1.22E-01 1.93E-02 -3.67E-03 1.97E-02 

SWAY (m) LNG/FPSO -6.52E-03 7.15E-02 -4 .84E-01 1.26E-02 -4 .11E-02 2.22E-02 SWAY (m) 
LNG carrier 1.72E-02 1.08E-01 -1 .76E-01 2.41E-02 -7 .10E-02 4.05E-02 

HEAVE (m) LNG/FPSO -1.91E-05 -2.55E-03 1.73E-02 7.92E-04 7.86E-04 4,27E-04 HEAVE (m) 
LNG carrier -2 .93E-05 -3 .16E-02 1.79E-02 2.07E-03 2,03E-03 6.53E-04 

ROLL (°) LNG/FPSO -5.60E-06 1.94E-01 -5 .77E-02 6.12E-03 6.15E-03 2.70E-04 ROLL (°) 
LNG carrier 6.87E-04 1.12E-1-00 -1.17E-)-00 -5 .16B-01 -5 .22E-01 6.13E-04 

PITCH C) LNG/FPSO -5 .04E-06 -1.86E-03 1.18E-03 l . lOE-03 l . lOE-03 1.28E-04 PITCH C) 
LNG cairier 4.69E-05 5.18E-02 -6 .60E-02 -6.57E-03 -6.59E-03 3.50E-04 

YAW (°) LNG/FPSO -4 .45E-02 -4 .94E-01 1.91E-02 2.58E-01 -2 .30E-02 2.59E-01 YAW (°) 
LNG cairier -2 .10E-02 -3 .89E-01 1.25E-01 2.42E-01 -3 .06E-02 2.46E-01 

Table 11 
Summary of statistics of mooring and hawser top-tension, and fender force (Case 2) 

Combined matiix method Separated matiix method 

M E A N (N) M I N ( N ) M A X (N) STD (N) M E A N (N) M m ( N ) M A X ( N ) STD (N) 

Mooring 1 4.08E-I-06 3.83E-I-06 4.31E-I-06 8.11E4-04 4.08E-I-06 3.87E-1-06 4.28E+06 7.52E4-04 

Mooring 2 4,10E-l-06 3.93E4-06 4.25E+06 5.17E-t-04 4.10E-I-06 3.90E+06 4.25E4-06 4.83E+04 

Mooring 3 4.23E-f06 3.99E+06 4.48E-I-06 8.25E-f04 4.22E-(-06 4.03E-t-06 4.45E-I-06 7.62E-I-04 

Mooring 4 4.21E-i-06 4.06E-f06 4.38E-I-06 5.19E-f04 4.21E-f06 4.05E-h06 4.43E4-06 4.92E-I-04 

Hawser 1 1.63E-I-06 1.55E-1-06 1.72E-I-06 2.99E4-04 1.63E-F06 1.55E-I-06 1.72E-I-06 2.73E4-04 

Fender 1 3.26E-I-05 O.OOE-1-00 1.47E+06 3.11E+05 3.22E-I-05 O.OOE-f-00 1.74E-I-06 3.30E+05 

the CMM (Fig. 13), which includes all the interaction effects, 
is larger than that of the SMM (Fig. 12). This means that the 
off-diagonal blocks in the 12 x 12 hydrodynamic-coefficient 
matrix play an important role and this should not be neglected 
in the present case. To confirm this statement, an additional 
simulation is conducted by the CMM with zero off-diagonal 
6 x 6 hydrodynamic interaction coefficients. The result (called 
SCMM) turns out to be the same as that of the SMM, as 
expected. This test also independently verifies the correctness 
of the SMM coding. 

As can be seen in Table 4, the SMM under-predicts the 
LNG-FPSO sway rms by 42% (wave-frequency component by 
55% and low-frequency component by 7%). On the other hand, 
the SMM over-predicts the LNG-carrier roll rms by 112%. 
The discrepancy of the shapes of the sway spectra of LNG-
FPSO among the three methods is also noticeable. In CMM, 
wave frequency components are greater than low-frequency 
components. The opposite trend holds true in SMM and 

considered. The respective wave amplitude spectra are shown in 
Figs. 9 and 10. To assess the acceptabiUty of the different levels 
of approximation methods common in the offshore industry, 
thr-ee different approaches are compared. 

(1) No Hydrodynamic Interaction: hydrodynamic coefficients 
of respective single bodies are used. 

(2) SMM: Iterative method using separated matrices ignoring 
the off-diagonal 6 x 6 blocks in the 12 x 12 hydrodynamic-
coefficient matrix. 

(3) CMM: Combined (whole) matrix method including all the 
12 x 12 hydrodynamic-coefficient mahix. 

The simulation resuhs for Case 1 environmental conditions are 
shown in Figs. 11-13 and Tables 4-6. The most conspicuous 
discrepancy among the three different methods occurs in sway 
and roll. I f the two-body hydrodynamic interaction effects are 
not included at all (Fig. 11), the sway and roU motions are 
significantiy underestimated. The LNG/FPSO sway motion by 
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No-Hydro-Interaction cases. In Fig. 11, wave-frequency sway 
and roll responses are very small neglecting the hydrodynamic 
interaction effects, as can also be seen in Fig. 14. 

To see the discrepancies more clearly among the three 
different approaches, sway RAOs are obtained in Fig. 14 from 
the square-root of the ratio of the response spectrum to the wave 
spectrum. It has already been mentioned that the SlVlM and 
SCMM are not dififerentiable. For the LNG/FPSO sway RAOs, 
the SMM (dashed line) significantly underestimates the actual 
motion of CMM (solid line), especially near 0.38 rad/s. On 
the other hand, the SMM overestimates the actual LNG/FPSO 
sway motion over the range 0.6-0.9 rad/s (including Helmholtz 
resonance frequency). As for LNG-canier sway motion, the 
SMM significantly over-predicts near 0.56 rad/s. 

Fig. 15 shows the time histories of relative sway motions 
between the two vessels. Compared to the more accurate CMM 
solution, the SMM under-predicts the relative sway rms by 43% 
(see Table 5). Fig. 16 show the mooring-Une top-tension spectra 
of Case 1 calculated by the CMM and the SMM. The SMM 
tends to over-predict the top-tension on taut Une 1 and slack 
Une 3. The taut-side mooring tension is basically quasi-static 
and mainly depends on slowly-varying surge motions. The 
surge motion spectra clearly show that the SMM overestimates 
both the wave-frequency and low-frequency LNG/FPSO surge 
motions. In the slack mooring line, the dynamic effects by 
wave-frequency motions are significant. 

Fig. 17 show the specha of hawser #1 top-tension and fender 
#1 force. The fender-force spectra clearly show the trend of 
under-prediction (rms by 32%) by the SMM due to smaUer 
relative sway motions (Fig. 15). On the other hand, the wave-
frequency hawser top-tension is overestimated (rms by 12%) by 
the SMM. The reason is that the fender forces are modeled to 
act against only the relative sway motion but the hawsers are 
influenced by both surge and sway relative motions due to its 
cross (X) aiTangement (see Fig. 5). 

Fig. 18 shows the fender-force tune series. When the relative 
sway motion is smaller than the initial gap 5 m (negative), 
the fender pushes the LNG/FPSO and the LNG carrier to the 
opposite duection. On the other hand, when the relative sway 
is greater than the initial gap (positive), no force is acting on 
the fenders of LNG/FPSO and LNG earner. In the present 
analysis, the possible Coulomb friction between the fenders of 
two vessels in the surge direction is not considered. Since the 
fender reaction force is idealized as two springs, the resulting 
reaction force is not impact-like but rather gradual. The more 
reaUstic impact-like results can be obtained by using quadratic 
or cubic force-displacement curves, as pointed out in [15]. 
Table 7 summarizes the mooring and hawser top-tension and 
fender force acting on the LNG/FPSO. 

Figs. 19-23 (and Tables 8-10) show the simulation resuhs 
with 8.25 s (0.76 rad/s) wave peak period (Case 2). The 
Case 2 wave spectrum, representing more fully-developed seas, 
is more wide-banded compared to Case 1. The sway results 
show that the SMM gives higher maximum values (32% for 
FPSO and 10% for carrier) compared to the CMM. The LNG-
canier roll-motion standard deviation from the SMM is twice as 
big as that of the CMM (see Table 8). As a result, its maximum 

is over-predicted by 52%. Fig. 21 shows the time histories of 
the relative sway motions. The relative sway standard deviation 
and maximum are 12% and 32% over-predicted by the SMM. 
In Figs. 22 and 23, and Table 11, the spectra and statistics 
of the mooring top-tension, hawser tension, and fender force 
are given. The mooring and hawser tension are slightly under-
predicted but the fender force is slightly over-predicted by the 
SMM. 

4. Summary and conclusion 

The safety and operabiUty of side-by-side offloading 
operation is greatiy influenced by the relative motions between 
adjacent vessels. Therefore, the accurate motion prediction 
of two vessels including aU the hydrodynamic interactions 
with elastic lines is of great importance. The fender reaction 
force, which exhibits large force with contact but no force 
without contact, also plays a role in relative sway and yaw 
motions. This kind of fender-contact force can only be realized 
in time-domain simulations. The time-domain simulation of 
two vessels including all the hydrodynamic interactions, fender 
effects, and also the exact coupUng effects with mooring lines, 
hawsers, and risers has never been pubhshed. This paper 
presents such an original study for an LNG/FPSO and an LNG-
canier in side-by-side anangement. 

Nowadays, the offshore industry analyzes the relative 
motions between two vessels connected by Unes by two typical 
approximation methods: (i) NHI: an heration method between 
two vessels without considering hydrodynamic interaction 
effects; and (ii) SMM: an iteration method between two 
vessels partiaUy considering hydrodynamic interaction effects 
(ignoring the off-diagonal cross-coupling terms in the 12 x 
12 hydrodynamic coefficient matrix). In this paper, an exact 
time-domain simulation method including aU the 12 x 12 
hydrodynamic coefficients in a huU-Une combined matrix is 
developed and called the CMM. With this exact solution 
available, the performance of the two approximation methods 
can be tested for vaiious environmental conditions. 

Our numerical examples for two different envuonmental 
conditions (co-linear wind, wave, and cuiTent in the head 
direction) illustrate that there may be large discrepancy between 
the CMM and the approximation methods. The SMM is better 
than the NHI but may still significantiy over-predict or under-
predict the actual relative motions, hawser and mooring tension, 
and fender forces. This means that even the cross-coupling 
(off-diagonal block) terms of the ful l hydrodynamic coefficient 
matrix play an important role in the case of side-by-side 
offloading operation. Therefore, such approximation methods 
should be used with care. 

The present study was canied out in the context of potential 
theory, which is known to produce reasonable motion results 
except roU. The pumping mode in the gap caused negative 
added mass and large motions. Viscous effects and nonlinearity 
may further reduce the roll motions and the pumping mode. The 
discrepancy between the exact (CMM) and other approximation 
methods (SMM, NHI) may even be greater in non-parallel or 
beam-sea conditions. Those wi l l be the subjects of future study. 
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