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Summary

As oil or gas field moves deeper offshore area, offshore offloading operations such as
Tandem or Side-by-Side arrangement between two floating structures take place in many
locations throughout the world and also have many hydrodynamic problems. Therefore, the
researches on the motion response and hydrodynamic force including first and second order
between two floating structures are needed to have the more safe offloading operability in
waves. In this paper, prediction of wave induced motion responses and structural loads at mid-
ship section with hydrodynamic interaction effect between two offshore floating structures in
various heading waves are studied by using a linearized three-dimensional potential theory.
Numerical calculations using three-dimensional pulsating source distribution techniques have
been carried out for hydrodynamic pressure distribution, wave exciting force, twelve coupled
linear motion responses, relative motions and wave loads of the barge and the ship in oblique
waves. The computational results give a good correlation with the experimental results and also
with other numerical results. As a result, the present computational tool can be used effectively
to predict the wave induced motions and structural loads of multiple offshore floating structures
in waves.
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1. Introduction

Until now, offshore offloading operations take place in many locations throughout the
world. In general, many offshore operations involve the use of two or more floating structures,
which are positioned closely to transfer oil or gas during offloading such as oil FPSO and shuttle
tanker, and LNG-FPSO and LNG carrier. So they affect each other's motion responses and wave
loads through hydrodynamic interaction between two bodies in waves. Consequently, the large
motions and wave loads between two floating bodies, which would cause the down time of
offloading system failure and damage of ship hull by collision, etc. Because of these serious
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problems during offloading operations, it is very important to study the motion behaviors and
wave loads between two offshore floating structures due to the hydrodynamic effect in waves.

However, an experiment of motions and wave loads between two floating structures are
very expensive and time-consuming work to design the offshore floating structures in the basic
design stage. Therefore, the development of theoretical and numerical prediction program for
hydrodynamic pressures, wave exciting forces, motion responses and wave loads between two
floating structures are necessary to prudent design for multiple offshore floating structures.

Up to now, not so many authors research have been carried out on the prediction of motion
responses of multiple floating structures in waves because this problem is complex. Ohkusu [1]
analyzed the motions of a ship in the neighborhood of a large moored two-dimensional floating
structure by strip theory. Kodan [2] extended Ohkusu [1]'s theory to hydrodynamic interaction
problem between two parallel structures in oblique waves by strip method. Van Oortmerssen
[3] and Loken [4] used the three-dimensional linear diffraction theory to solve this problem.
Fang and Kim [5] analyzed the motions of two longitudinally parallel barges by strip method.
Chen and Fang [6] and Fang and Chen [7] used three-dimensional source distribution method
to predict the wave exciting forces and relative motion and wave elevation between two bodies
in waves. Inoue and Ali [8] predict the motion and drift force between LNG-FPSO and LNG
carrier by using a three-dimensional source sink method in frequency and time domain. Buchner
et al [9] developed numerical simulation model for hydrodynamic response of LNG-FPSO with
alongside moored LNG carrier in time domain. Choi and Hong [10] used the higher-order
boundary element method to analyze the hydrodynamic interaction between multiple floating
bodies in waves. Kim et al. [11] developed time-domain approach using Rankine panel method
for the multiple-body problem [11]. Recently, Abyn et al. [12] shows the experimental results
of hydrodynamic interaction between a Tension Leg Platform (TLP) and semi-submersible in
regular waves.

In this paper, we describe the wave induced motion and first and second order structural
loads prediction program which have been developed by Kim and Ha [13], Ha and Kim [14,
15] and Kim [16] using three-dimensional linearized potential theory and three-dimensional
source distribution technique. The wave loads at a particular ship cross section can be obtained
by the integration of external hydrodynamic forces and mass inertia forces on one side of the
cut. In order to validate the developed theoretical and numerical calculation program between
two floating bodies, the comparisons are performed for Kodan [2]'s experimental and 2-D
results, Fang and Kim [5]'s 2-D results and Fang and Chen [6, 7]'s 3-D results for barge and
ship, and Pinkster [20]’s experimental results for rectangular barge, respectively.

2. Theoretical Background and Mathematical Formulation

To describe the motions responses, the first and second order wave loads between two
floating structures in waves, we consider 3 sets of right-handed orthogonal coordinate systems
as shown in Fig. 1. O-XYZ is the space fixed coordinate system. Oa-XaYaZa and Og-XgYgsZp
are the oscillatory coordinate systems fixed with respect to mean position of ship A and ship B,
respectively. The O-XY plane coincides with the undisturbed free surface, the X-axis in the
direction of the body’s forward and the Z-axis vertically upward.

The position vector of a point on the hull of the body relative to the body fixed system
axes can be written as follows:

@ =&+ Ry +Ryr’ +0(e%) (1)

where a represent a small oscillatory displacement and R1 and Rz are the transformation
matrices due to the translational and rotational movement of the body, respectively.
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: Surge for ship A
: Sway for ship A
A : Heave for ship A
o, €, : Roll for ship A
&, - Pitch for ship A

~ g, : Yaw for ship A
§ &, :Surge for ship B
h &, : Sway for ship B
&, - Heave for ship B
&, - Roll for ship B
~ £,, : Pitch for ship B
&,, - Yaw for ship B

Fig. 1 Definition of Co-ordinate system

The Oscillatory coordinate systems Oa-XaY aZa and Os-XgYsZg are used to describe the
body motion in six degrees of freedom with complex amplitudes §&j(j=1,2,...,12). Here
j=1,2,3,4,5,6 represent surge, sway, heave, roll, pitch and yaw for ship A, respectively and
J=7,8,9,10,11,12 represent surge, sway, heave, roll, pitch and yaw for ship B, respectively as
shown in Fig. 1.

The total unsteady potential for a sinusoidal wave excitation with encounter frequency,
e, Can be expressed as

12
60030 =00 + 60+ ) gV et @
j=1

where a® is the incident wave potential represent the incident waves; ¢o® is the
diffraction potential represent the disturbance of the incident waves diffracted from the body;
#9(j=1,2,...,12) represent the radiation potentials due to oscillations of the two floating bodies
in calm water with unit amplitude.

The incident wave potential was given as follow
D — ig(a ekzei(kxcosﬁ+kysinﬁ’)e—iwet (3)

1
o

where ay is the wave frequency, ¢a the wave amplitude, k the incident wave number,
k=amv?/g, and £ an arbitrary heading angles (180° for head sea).

The individual potentials have to satisfy in the fluid domain, on the free surface, the
submerged body surface, the sea bed and a suitable far-field radiation condition at infinity.

Laplace equation

72¢™ =0 in the fluid domain (4)

Linear free surface condition
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0
wZp® + gaqb(l) =0 onz=0 (5)

Body boundary condition for diffraction potentials

0
€3] (1) . .
n ( + ¢, ) on ship A and ship B (6)

Body boundary condition for radiation potentials

gb(l) —iwen;  (j=1,2,..,6) on ship A (7a)
0 . .
%de =0 G=178,..,12) on ship B (7b)
0 . .
%de =0 G=12,..,6) on ship A (8a)
0 (_ . . .
%de = —iwe,n; (j=78,..,12) on ship B (8a)
where,
(ny,ny,n3) =1 on ship A
(N4, ns,ng) =7 X7 on ship A
(n;,ng,ng) =1 on ship B
(7’L10, ni1, TL12) = F X 'Fi on Sh]p B

with 7 is the outward unit normal vector on ship A and ship B and 7 is the position vector
with respect to the origin of the reference frame on ship A and ship B.

Sea bed condition

9 €y}
%(I) =0 forz—> — (9)

Radiation condition at infinity

llm \/F(

kr—oo

ikqs(l)) =0 at kr—>ow (10)

The wave force including first and second order can be obtained by the direct integration
of the pressure acting on the two-body hull surface in waves. The pressure in the fluid field is
obtained by the use of the Bernoulli's equation and expressed in the form as follow,

P=—p|g +%(V¢)2 (%— U )qb] (11)

The total fluid forces and moments acting on the each submerged bodies can be calculated
through integration of pressure over a wetted region.
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F= f Piids, M= f P(# x ) ds (12)
Sa+SB Sa+SB

The wave exciting force F; can be divided into the incident wave part, F/, and the
diffraction part,. F? in the form excluding speed terms.

Fi=F +F = —ipw, ff5A+sB(¢1 + ¢p)n;ds (13a)

To save the computing time and to avoid the numerical error near narrow free surface
gap (Newman [17], Malenica et al [18], Zalar et al [19], Chen [21], and Pauw et al [22])
between two floating bodies, Haskind [23] relation is applied in Kim and Ha [13] with various
separation distance cases.

d
Fo=—ipw. || omas+o[[ ¢ as (13b)
Sa+Sp Sa+SB

Expanding the pressure, force and moment as a perturbation expansion series, the zero
order and higher order forces can be calculated by collecting terms of same order.

Zero-order Force

FO = _pg j 27 @ds = (0,0, pgV) (14

Sa+Sp

where V is the displaced volume of ships. Zero order force is the hydrostatic force due to
the buoyancy of an each floating structures.

First-order Force

" ap®\ |
FO = —p f < at 70ds — PQ(O,O, 304w — 55,11Ach.f) (15a)

- a¢(1) Lo
WO = —p [ (55 ) G xtO)ds - pgv (0,64,06Mr 65,1 GH;)  (15D)

Sa+SB

where A,, is the water plane area, X, f is the longitudinal center of flotation, V is the

displacement, GM is the transverse meta centric height, GM, is the longitudinal meta centric
height, respectively.

Second-order Force

The mean second order force and moment can be written by the time average of equation
(12), (13):
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- 1 ~ 2_)
F@ = 2P9 yglfrl ngo)dl

Lo

+ %Re[ﬁ{ﬁm] (16)

1 -~
+ 5 Pwe f Im[@* - VD] 7@ ds
So

1 .~
+ EpU f Re[&(l) -ng,gl)]ﬁ(o)ds

So
1 o
+ EPgAch.fRe[fcx,mfs,n]k

where the superscript ~ symbol denotes the complex amplitude of the variable, * the
complex conjugate and

— — — — —(0)2 —(0)2
ngo) = (nﬁ"), EO),ngo))/ n§0) +n§0)

Similarly, the second order mean moment can be written:

- 1 5
70 = Log 10 (7 )

LO
1 1712
-3 f VDL (7 x 7©)ds
So
1 ~ —
+ ERe[R{ MW] (17)

1 ~
+ 5 pwe J Im[@" - VD] (7 x #1@)ds

So
+ %prSO Re[&(l)* -V(ﬁ,(cl)] (7 x 7@)ds

where M@ is the first order moment.

The motion-induced force is obtained by integration of radiation potential for the
submerged body.

The motion induced force is
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= —ipw, ff Z $ipjn;ds = Z for i=1.2,..,12 (18)
Sa+Sp
j=
where,

The terms 4;; and B;; are added mass and damping coefficients, respectively.

--=—Im ff ¢;n;ds (20)
Sa+Sp
Bij = pRe f q.’)jnids (21)
Sa+SB

3. Numerical Procedure

The diffraction and radiation potential can be represented by the distribution with the
density a(Q) on the surface SA and SB in the form.

ff 0(Q)G(P,Q)ds(Q) = 4np(P) for P inside fluid (22)
Sa+Sp

where the Green’s function G (P, Q) is a source function at the field point P due to a
unknown source density at the source point Q. The unknown source density o(Q) can be found
by imposing the body boundary conditions equation (6), (7) and (8) and it gives

2o (P) + o ffs 0@

where, V,, is the normal component of the velocity on the body surface and is given in
equation (6), (7) and (8). Due to the arbitrariness of the body surface and the complexity of the
Green’s function, equation (23) is solved numerically. The body surface SA and SB are replaced
by a number of small N surface panels of area.

(Q)

ds(Q) =V, for P body surface (23)

N
1 1 G(P;, Q) .
TH0it E oA —5 — =Vu (=12..N) (24)

2 L
j=1,j#1
In order to calculate the Green's function more efficiently, Telste and Noblesse [24]’s
techniques have been used in this program.
4. Equations of Motion for two floating bodies

Under the assumption that the responses are linear and harmonic, the twelve linear
coupled differential equations of motion for two floating bodies can be written in the following
form
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12
Z[—wg(Ml-j +Ay) — iw.By + Cyle; = F, for i=12,..,12 (25)
j=1

where M;; is the generalized mass matrix for the ship A and ship B, C;; the restoring force
matrix for ship A and ship B, respectively, ¢; the complex amplitude of the response motion in

each of the six degree of freedom for each body, and F; the complex amplitude of the wave
exciting force for ship A and ship B. The generalized mass matrix for two-body has the form
of

[ My 0 0 0 MyZ.y —M,Y., 0 0 0 0 0 0
0 M, 0 —MyZ.4 0 M,X,, 0 0 0 0 0 0
0 0 M, MyYen  —MyXen 0 0 0 0 0 0 0
0 _MAZ(:A MAYCA I4,4A 0 _146.4 0 0 0 0 0 0
s e A
oMY, MuXey 0 —lsan 0 leg a
My = 0 ‘ OC 0 0 0 0 Mg 0 0 0 MpZ.p —MpYep
0 0 0 0 0 0 0 Mg 0 ~MpZiz 0 MgX.5
0 0 0 0 0 0 0 0 Mg MpYp —MgX.p 0
0 0 0 0 0 0 0 ~MpZep  MpYs L0108 0 —l0128
0 0 0 0 0 0 MpZ g 0 —MgX;; O Liig
0 0 0 0 0 0 —MpYep MpXcp 0 —1i5108 0 Liz125 |
(26)
Xea = gA — Xmas Yeu = YgA —Yina, Zep = ZgA —Zma
XcB = XgB - XmB' YcB = YgB - YmB ) ch = ZgB - ZmB

where M,, Mg are the masses, I;; 4, I;; 5 the moments of inertia in i-th modes and, I;; 4,
I;j g the products of inertia,( X4, Yy, Z,) the center of gravity, ( Xy, Y, Zp,)the center of motion
of the ship A and ship B, respectively.

The added mass and damping coefficients matrices are represented by including fully
coupled effects for ship A and ship B even they have one longitudinal plane of symmetry.

Ay =B %0 for i=246810,12 and j = 1,3,57,9,11 (27)
Aj=B; %0 for j=1357911 and i = 2,4,6,8,10,12 (28)

Furthermore, for a two-body in the free surface the linear hydrostatic restoring force
coefficients matrices are uncoupled while the added mass and damping matrices are coupled;

C33 = pgAwa, Co9 = pgAwp (299)
Cas = pgVaGMr 4, Cig10 = pgVsGMr g (29b)
Css = pgVaGMy 4, Ci111 = pgVeGM,p (29¢)
C35 = Cs3 = —pgMy 4, Co11 = C119 = —pgMyp (29d)

where A4, A p are the water plane area, M,, 4, M,,zthe moment of the water plane, V,
Vg the displacement, GM , , GMy 5 the transverse meta centric height, GM; o, GM; 5 the
longitudinal meta centric height for ship A and ship B, respectively.
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5. Relative motion between two floating bodies

The longitudinal, horizontal and vertical relative motion between ship A and ship B at
any position can be expressed as three components by Fang and Kim [5],

L

C: i [(5(1 + 2485 — Vas) — (&7 + zp€11 — YBE12)] (30)
Hy 1

§=—a[(€2 + %486 — 24€4) — (&g + xp&12 + 25€10)] (31)
V,

C: - [(9(3 — %485 + Ya&s) — (§o — xp&11 + Y5E10)] (32)

where, (x4, V4, z4) and (xg, yg, zg) are the coordinates of the position with respect to
each body frame system; see Fig. 1.

6. Wave induced structural loads for two floating bodies

The wave induced structural loads, such as shear forces and bending moment between
two floating bodies in waves at a particular cross section arise from the difference between the
mass inertia forces and the sum of wave induced external forces acting on the portion of the
hull forward of the section in question of 2-dimensional strip theory by Salvesen et al [25] and
3-dimensional theory by Chan [26]. The ship can be considered rigid body in the determination
of the wave loads. The mass inertia forces are due to the accelerations of the each ship while
wave induced external forces are due to the static restoring forces, the wave exciting forces as
well as the motion induced hydrodynamic forces.

The wave loads between two floating bodies consist of the compression force F;, F,, the
horizontal shear force F,, Fg, and the vertical shear force F;, Fy, the torsional moment F,, F;,,
the vertical bending moment Fs, F;,, and the horizontal bending moment F, F,, for ship A and
ship B, respectively.

Fy=Fi+F,j+Fk  M,=Fl+FJj+Fsk for ship A (33)

Fy = F,i+ Fg] + Fok, My = Fyol+ F;1] + Fi,k  for ship B (34)

The definition of sign conventions for wave induced structural loads are presented in Fig.
2 and expressed in the form including speed terms as follows,
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F, : Compression force for ship A F, : Compression force for ship B

F, : Horizontal shear force for ship A F, : Horizontal shear force for ship B

F, : Vertical shear force for ship A F, - Vertical shear force for ship B

F, : Torsional moment for ship A F,o : Torsional moment for ship B

F¢ : Vertical bending moment for ship A F,, : Vertical bending moment for ship B
F, : Horizontal bending moment for ship A F,, : Horizontal bending moment for ship B

Fig. 2. Definition of sign conventions for wave induced structural loads

F, = fmA(gl + ZgASEs)dxA - Pf (pe — Ugpy)nyds, (35)

F, = J-mA(gz + xAge - ZgAgAL)dxA - Pf (¢pr — Uy )nydsy (36)

F3; = fmA(S% + xASgS)dxA - Pf (e — Uy )nzdsy

+ 2pg f Va(€3 — x485)dx4 (37)

F, = J-[i44§4 - mAZgA(ng + xAge)]dxA —-p ﬂ (P — Uy )nyds,

#0420 [ yhdaa = [ mazgndza+ p [ Az (38)
Fs = —(x4 — xp4)Fs (39)
Fo = (x4 — xp4)F, (40)
Fy = [ ma(d + zgnin)dxs = p [[ @ = Upomdsy (41)
Fo = [ maEo + oo = zgnéi0) s = [[ (8 = UpImeds, (42)

Fy = ij(S% + xBén)de - PJ (¢ — Uy )nodsg
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+ 2pg f V5 (& — xp&11)dxp (43)

Fip = f[i10105310 - mBZgB(é.S + xBSE12)]de —p ff((pt — Uy )nyodsg

+ 9¢10 [ZPfygde - f MpZgp dxg + pJABZdexB] (44)
Fi, = _(xB - xpB)F9 (45)
Fip = (xB - xpB)FB (46)

where my,, mp are the sectional mass per unit length of the ship, z,4, z,5 the vertical
position of center of gravity of the sectional mass, z, 4, z,5 the vertical position of center of
submerged cross section, A4, Ag the area of the submerged cross section, iy, i;910the sectional
mass moment of inertia about the x-axis. The | and || are the surface integration over the mean
wetted hull surface forward of specific cross section and the line integration along the hull
forward of specific section, respectively.

7. Numerical Results and Discussion

The Numerical calculations of hydrodynamic pressure, wave exciting force, motion
response, relative motion and wave loads between two floating structures have been carried out
for Kodan [2]'s rectangular barge and conventional ship model with zero speed. The principal
particulars of a barge and a ship model are given in Table 1. The distance between barge and
ship from each body's center of gravity is 1.2m, i.e., P=1.2m (see Fig.3). The longitudinal
centers of barge and ship are positioned same.

In order to validate the developed motion prediction program, the comparisons are
performed for Kodan [2]'s experimental and 2-D strip theory numerical results, Fang and Kim
[5]'s 2-D strip theory numerical results and Fang and Chen [6, 27]'s 3-D potential theory
numerical results, respectively.

The numerical calculated results of hydrodynamic pressure distribution, wave exciting
force, motion response, relative motion and wave loads in waves are presented in Fig. 5 through
Fig. 22.

Table 1. Principal particulars of two models (Kodan, [2])

Items Unit Barge(Left) Ship(Right)

Length m 3.125 2.088
Breadth m 0.600 0.369
Draft m 0.113 0.131
Displacement m? 0.203 0.081
Water plane area m? 1.875 0.685
GM+ m 0.223 0.074

GM. m 7.184 2.523

KG m 0.106 0.080
Kixx m 0.118 0.097
Kyy m 0.751 0.506
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Kz | m | 0.760 0.480
The distance between the centers of two models, P=1.2m

Fig 3. Panel Arrangement for barge and side positioned ship (fish-eye view)

The calculations of second order wave drift force between two floating structures have been
carried out for same size barge model. The principal particulars of barge are presented in
Table 2. The distance between two barges, from the wall of each barge, are 10.0m for side-by-
side offloading arrangement (see Fig. 4).

The comparisons are performed to validate the program for Pinkster [20]'s experimental
results. The numerical results of motion response and drift forces are presented in Fig. 23
through Fig. 25.

Table 2. Principal particulars of two barge models (Pinkster, [20])

Items Unit A Barge (Left) B Barge (Right)
Length m 150.0 150.0
Breadth m 50.0 50.0

Draft m 10.0 10.0

Displacement m?® 73,750 73,750
Water plane area m? 7,500 7,500
GM+ m 16.23 16.23

GM_ m 186.0 186.0

KG m 10.0 10.0

The distance between the centers of two models, P=10.0m
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Fig. 4. Panel Arrangement of two barges for Side-by-Side offloading (fish-eye view)

7.1 Hydrodynamic pressure distribution between barge and ship

The hydrodynamic pressure distributions on the ship hull surface with and without barge
are shown in Fig. 5 through Fig. 7. The hydrodynamic pressure is non-dimensionalized by the
density of sea water, gravitational constant, wave amplitude.

Fig. 5 shows the hydrodynamic pressure distribution for ship with and without barge in
following seas (p= 0°) which wavelength is 2.038m and has same length as ship length. In case
of ship floating alone without barge, the hydrodynamic pressure distribution has symmetric
behavior along the x-direction, so there is no any horizontal mode force and motion. However,
in case of ship with barge, the hydrodynamic pressure has asymmetric behavior along the x-
direction due to hydrodynamic interaction, so it is expected that the horizontal mode force and
motion in following and head seas. Fig. 6 and 7 show the hydrodynamic pressure distributions

on the ship at 45° and -45° heading waves. If the ship is floating alone, there is no hydrodynamic

pressure difference irrelevant to wave heading angle. However, in case of ship with barge, the
hydrodynamic pressure has under the influence of the barge. The hydrodynamic pressure of the
ship with barge is smaller on the leeside than on the weather side due to the hydrodynamic
interaction by the sheltering effect.

161



Mun Sung Kim, Kwang Hyo Jung

Sung Boo Park

P-amp./pgl
3.500
3.379
3.259
3.138
3.017
2.897
2.776
2.655
2.534
2414
2293
2172
2.052
1.931
1.810
1.690
1.569
1.448
1.328
1.207
1.086
0.966
0.845
0.724
0.603
0.483
0.362
0.241
0.121
0.000

P-amp./pgl
3.500
3.379
3.259
3.138
3.017
2.897
2776
2.655
2.534
2414
2.293
2172
2.052
1.931
1.810
1.690
1.569
1.448
1.328
1.207
1.086
0.966
0.845
0.724
0.603
0.483
0.362
0.241
0.121
0.000

Fig. 6.

P-amp./pgC
3.500
3.379
3.259
3.138
3017
2.897
2.776
2.655
2.534
2.414
2.293
2.172
2,052
1.931
1.810
1.690
1.569
1.448
1.328
1.207
1.086
0.966
0.845
0.724
0.603
0.483
0.362
0.241
0.121
0.000

% 0724

0845

o0sss

0845

0965

1086

\\% »31\5 i
_\\\\v y
PN

Wave Induced Coupled Motions and Structural Loads between

P-amp./pg¢

3.500

3.379

Y 3.259

3.138
3.017
2.897
2776
2,655
2,534
2414
A 2.293
2172
2,052
1.931
1810
1.690
0968 1569
1.448
1328
1207
1.086
0.966
0.845
0.724
0.603
0.483
0.362
0.241
0121
0.000

X P-amp./pgé

3.500

3.379

Y 3.259

3.138
3.017
2.897
2776
2.655
2.534
2414
2293
2172
2.052
1.931
1.810
1.690
1.569
1.448
1.328
1.207
1.086
0.966
0.845
0.724
0.603
0.483
0.362
0.241
0.121
0.000

X P-amp./pgC

3.500

3.379

Y 3.259

3.138
3.017
2.897
2776
2.655
2534
2414
2293
2172
2.052
1.931
1.810
1.690
1.569
1.448
1.328
1.207
1.086
0.966
0.845
0.724
0.603
0.483
0.362
0.241
0.121
0.000

Two Offshore Floating Structures in Waves

X

—

Fig. 7. Hydrodynamic pressure for ship with and without barge at f=-45° (A=2.038m)
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7.2 Wave exciting force and moment between barge and ship

The wave exciting forces and moments are shown in Fig. 8 through Fig. 10. The dashed
line shows the results of the ship without barge. Fig. 8 and 9 show the sway and heave exciting

force for ship at 45° and -45° heading waves. The roll exciting moment for a ship at 45° and -

45° heading waves are shown in Fig. 10.

Fig. 11 show the sway and heave exciting force for ship at 0° heading waves. Due to the

hydrodynamic interaction effect between barge and ship, the ship exciting forces and moments
with barge are quite different from the exciting forces and moments of a single ship without
barge. The one of the interesting phenomena on two-body wave exciting forces that the
interaction effect was found in following sea (p= 0°), where no sway exciting forces occur if
the ship was floating alone. Generally, theoretical results give a good correlation with the Kodan
[2]'s experimental results except the roll exciting moment at f=-45°.
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Fig. 8. Sway exciting force for ship with and without barge at $=45°, p=-45°
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Fig. 9. Heave exciting force for ship with and without barge at p=45°, B=-45°
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7.3 Motion behaviors between barge and ship

Fig. 12 show the sway amplitudes for ship at 45° and -45° heading waves. The heave

amplitudes for a ship at 45° and -45° heading waves are shown in Fig. 13. Due to the

hydrodynamic interaction effect between barge and ship, the coupled resonance occur in the
motion responses and the ship motion responses with barge are quite different from the
responses of a single ship without barge. All the motion responses of the ship with barge are
smaller on the leeside than on the weather side because of the sheltering effect.

Fig. 14 show the sway and the heave amplitudes for barge at 45° and -45° heading waves,

respectively. Unlike the ship's case, the motion responses of barge with ship are the same as the
motion responses of single barge without ship except several frequencies, which causes the
hydrodynamic interaction effect between barge and ship. In general, the present 3-D results are
much closer to the experimental result than other numerical results specially heave and sway
motion response.
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Fig. 12. Sway amplitude for ship with and without barge at f=45°, p=-45°
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Fig. 13. Heave amplitude for ship with and without barge at f=45°, f=-45°
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Fig. 14. Sway and Heave amplitude for barge with and without ship at $=45°, p=-45°

7.4 Relative motions between barge and ship

Fig. 15 shows the horizontal relative motion amplitudes at 45°and -45° heading waves.

The calculation positions for the relative motion are each body's center of gravity, i.e., (Xa, Ya,
z2)=(0, 0, 0), (xs, ys, z8)=(0, 0, 0).

Fig. 16 shows the vertical relative motion amplitude at 45°and -45° heading waves. For

comparison of the present 3-D relative motion results, Fang and Kim [5]'s 2-D results and Fang
and Chen [6]'s 3-D results are used. Generally, the large relative motions between two bodies
occur around low frequency region and coupled resonance frequency region. As we can see,
the present 3-D results have the same behavior as Fang and Chen [6]'s 3-D results except the
high frequency, which caused the difference of heave motion responses in coupled resonance
regions. Like the hydrodynamic pressure, wave exciting force and motion responses, all the
relative motion responses of the ship with barge are smaller on the leeside than on the weather
side due to the sheltering effect.
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Fig. 15. Horizontal relative motion between barge and ship at B=45°, p=-45°
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Fig. 16. Vertical relative motion between barge and ship at p=45° , =-45°

7.5 Wave induced structural loads between barge and ship

Once we know the wave exciting force and the motion responses between two bodies, we
can predict the wave induced structural loads at mid-ship section of the ship by using equation
(35) through (46). The wave loads for ship at mid-ship section are shown in Fig. 17 through

Fig. 22. Horizontal bending moments for ship with and without barge at 45°and -45° heading
waves are shown in Fig. 17, Fig. 18 and Fig. 19 show the vertical bending moments and

torsional moments at 45°and -45° heading waves, respectively. Unfortunately, the experimental

data was not available to compare for the calculated wave loads. However, it is a reasonable
result that because of the equation of wave loads can be solved numerically by known wave
exciting force and motion responses for correspond wave frequency and heading angle.

Like the hydrodynamic pressure distributions, wave exciting forces and motion
responses, the hydrodynamic interaction effects between two bodies are also more affect the
wave loads of ship with barge than that of ship floating alone without barge, specially resonance
frequency region. Due to the sheltering effect, the wave loads on the lee side are generally
smaller than the case on the weather side. As shown in Fig. 20 through Fig. 22, the one of the
interesting phenomena on two-body wave loads that the interaction effect was found in head
and following sea (B=180°, = 0°), where no horizontal bending moment and torsional moment
occur if the ship was floating alone.
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7.6 Wave induced second order force and moment between two barges

The comparisons are performed to validate the program for Pinkster [20]'s experimental
results. The numerical results of motion response and drift forces are presented in Fig. 23
through Fig. 25. The solid line and circle symbol show the results of the barge alone without
another barge.

Fig. 23 shows the surge and sway amplitude at Head and Bow quartering seas,
respectively. Because the two barges have same size and dimension, the surge amplitude in
head seas have same behavior and hydrodynamic interaction is small.

However, the hydrodynamic interaction effect was shown in sway amplitude at Bow
quartering seas despite two barges have same condition. Due to the hydrodynamic interaction
between two barges, the motion responses with barge are quite different from the responses of
a single barge alone. The motion response of the barge is smaller on the leeside than on the
weather side because barge B obstructs the wave exciting force of barge A.

Fig. 24 and 25 show the surge, sway and yaw drift force and moment in Head and Bow
quartering seas, respectively. One of the interesting phenomena on two-body motion problem
that interaction effect was found in head sea, where no sway and yaw drift forces and moment
occur if the barge is floating alone. Because the two barges have same size and dimension, the
surge drift force in head seas is same behavior and hydrodynamic interaction is small like the
motion response. From the results, we find that two barges drift away against each other, that
are barge A moves to the positive y-axis direction and barge B moves to the negative y-axis,
and the drift force for two barges is same. This implies that the results seem to be physically
reasonable. If the LNG-FPSO contains turret system to control the bow-heading angle against
the incident waves, the dominant waves are head and bow quartering seas since LNG-FPSO
weather vane along wave heading. However, the high stiffened mooring lines between two
floating structures to endure the wave drift force and moment in head and bow quartering seas
will solve this problem.
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Fig. 23. Surge motion amplitude at =180° and Sway motion amplitude at p=135°
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Fig. 25. Sway drift force at =180° and Yaw drift moment at =180°

8. Conclusions

In this present paper, the numerical predictions are described on the hydrodynamic
pressure distributions, wave exciting forces, coupled motion responses, wave induced structural
loads and second order drift forces between two offshore floating structures including the
hydrodynamic interaction effect in various heading waves.

In order to validate the developed motion program between two floating structures, we
performed the comparison study for the well-known rectangular barge and conventional ship
model. Generally, the numerical calculation results give a good correlation with the
experimental results and also with other numerical results.

According to the present numerical study, the motion response, wave loads including
second order drift forces between two floating structures due to the hydrodynamic interaction
effect can be quite significant phenomena during offloading operation. This hydrodynamic
interaction effect between two floating structures comes from the incident waves scattering and
radiate waves due to the presence of neighborhood floating structures.

Therefore, the motion analysis including the hydrodynamic interaction effect between
two floating structures during offloading operations is needed for the more safe offloading
operability and also should be applied to the offloading system design to avoid the undesirable
large motions at the connected loading arm.
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Also, the optimum separation distance of these multiple floating structures during
offloading should be carefully designed (Kim and Ha, [13]) to avoid the unnecessary large
motions between two floating bodies.

As a result, the present developed numerical calculation program can be used effectively
to predict the wave exciting forces, motion responses, relative motions, first and second order
wave loads for multiple floating structures in various heading waves.
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