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Numerical simulation for hydrodynamic interaction
behavior of side-by-side vessels in regular waves
using OpenFOAM

Ok, Ho Tak

Department of Naval Architecture and Ocean Systems Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

In an analysis of floating body’ s motion for ocean engineering, potential
theory is known as a conservative method. This can be a relatively right
approach since viscous effect of a single body is insignificant so that the
results yield accuracy in global motion analysis. Moreover, the potential
theory also requires less computing time compared to other methods such
as model experiments and CFD (Computational Fluid Dynamics). However,
complicated situations such as the structures with moonpool, side-by-side
moored vessels, TLP, and semi-submersible with deep draft need to be
evaluated by more accurate methods other than potential theory in order
to overcome inaccurate solutions which can be occurred by viscous effects.

For side-by-side moored vessels, it clearly needs to be evaluated with

accurate analysis because of viscous effect in areas of the gap between

_Vi_
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two vessels. A complex hydrodynamic interaction between two vessels can
cause shielding effects which represents different motion aspects for both
weather side vessel and shield side vessel. Another hydrodynamic effects
caused by the gap is a gap-resonance problem that is an exaggerated
motion when solved with linear potential theory.

In this study, CFD simulations for a single vessel and side-by-side vessels
analysis are performed. The CFD codes are formulated for solving a
Navier-Stokes using Finite Volume Method (FVM) using open source CFD
code, OpenFOAM. Taking advantages of viscous damping and vortex
shedding, three-dimensional numerical simulations for 6 DOF motions of a
single vessel and side-by-side vessels are carried out. These conditions are
considered for the simulation with external linear stiffness to prevent drift
away of the vessels. The simulation results for a single vessel are
compared with linear potential theory and model test results in order to
validate the results. And the simulation results for side-by-side vessels are
compared with linear potential theory in order to show that CFD code can
be used effectively to predict the motions of side-by-side vessels in

regular waves.

KEY WORDS: Hydrodynamics o8}, Gap resonance Zt= F3
Side-by-side vessels & HjX A, Viscous effects HAA &,

Computational Fluid Dynamics Z4F -4 <3}, OpenFOAM 2 Z3E.
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Fig. 1.1 Side-by-side FLNG and LNG tank for LNG offloading

system (&3] : http://www.theenergycollective.com/)

Fig. 1.2 Side-by-side Cylindrical FLNG and LNG tank for LNG

offloading system (Z* : http://worldmaritimenews.com/)
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Al 2 A Numerical methods

2.1 Coordinate systems
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2.3 VOF(Volume Of Fluid) method
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2.4 6DOF motions

—

AAZ AT B 6AFE 25 WA 9 HALFFL e o

d2($cc)z
(FC(')z =m dtg - ¢ (9)
d d(0 o)
(Lol = o (B3 ) = 1 (10)
AZNA mI 1= A4 FRAY Ay BHAEHE L, sv TSR AR
MBFe UERATh 1 000 27 R0 35T Sdes Wes
BRItk £t Lo 242 RSl BA Sl Agde 37 250 37

J_?l_
%o 33 mWEEZ Yelig. = =,
i=1,2,32 4 (9ollA AAe WRAF (surge, sway, heave)o|i, = =456

21 (10)ell Al A A 3] -5 (roll, pitch, yaw)o]th.

219 F2lo 3t FxHAEE second-order Adams-Moulton schemeg o] &3}

At B dAFoAs AAY & £5 W3 F o9 WY o5 4 (1D, 12)2=
B AL
gz;n: QZ)H._ 1+ %d)n—l (11)
¢7L —_ ¢n*1+%¢n.f1 (12)

A71A, AA Y 7HEE A2 HEE (92 4 92 A0e2HE AL & -
ATt

_10_

Collection @ kmou



2.5 Moving mesh techniques
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2.0 Waves
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2.7 Discretization schemes
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2.7 Solving algorithm
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Al 3 A Numerical results of a single vessel

3.1 Principal Particulars

B AT ¥HE WixE F EFAe] 5= A4k g VM x AF=E
] MARIN (Maritime Research Institute of Netherlands)oll A <333+ LNG-FPSO
E Ao E E5dE s, ol A3 ZAF (Lee, 2008)2} vl o)
A

¢ APl 2 A= U table 313 T

Table 3.1 Principal particulars of LNG-FPSO of MARIN

Description Magnitude
Length between perpendicular [m] 285.0
Breadth [m] 63.0
Draught [m] 13.0

Displacement volume [m®] 220,017.6

Displacement mass in seawater [ton] 220,017.6
Longitudinal height [m] 142.26
Transverse metacentric height [m] 15.30
Vertical center of gravity [m] 16.71
Vertical center of buoyancy [m] 6.569
Transvers metacenter above base line [m] 32.01
Mass radius of gyration around X-axis [m] 19.49
Mass radius of gyration around Y-axis [m] 78.42
Mass radius of gyration around Z-axis [m] 71.25
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Fig. 3.1 Geometry of LNG-FPSO model
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3.2 Setting fluid domain

Az A7) mE fMAHRL AG=E Flstr] fste AA NI E
(grid size sensitivity test)E& 3ot F&5dY BAEE AT+ WA
I FoF7) Y8l AA frERe) A7)E Fig 32049 Zo] 7

T o
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AWl wave generation zone Z& Fold WHALEE UF A HEE S
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Atk dutA o7 FEAY AV|E #F F9HEY A st X F oYHE F
3 WHAMSHE ZFAaA 7= ol o SRA|NE o] WS Tl Al4bE RhALTE
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Table 3.2 Size of cells for free surface used for sensitivity test

Grid size .
amplitude frequency
type AX [m] Ay [m] AZ[m]
[m] [rad/s]
Test 1 2.5 10.0 0.3125
Test 2 L0 0.50 3.0 12.0 0.375
Test 3 ' 0.63 4.0 16.0 0.5
Test 4 5.0 20.0 0.625
Wave frequency=0.50rad/s
———— Analytic solutions
Test 1
— Test2
2 — Test3
—— Test4

Wave elevation [m]

100 120 140 160 180 20C
Time [sec]

Fig. 3.3 Comparison of analytic solutions and numerical results

(frequency=0.50rad/s)
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Frequency = 0.50rad/s

o Test 1

+ Test 2

A Test 3

[ | Test 4

X Relative error

1.2 0.1
B Py 0.08
o [ | A + o
© 0.8 =
2 0.06 ©
3 [0)
= x 0.04 2
804 Test2-Test 3 : %
5 x o
< Test 3 - Test 4 X 0.02
Test1-Test2
0 0
0.7 0.6 0.5 04 0.3 0.2

AZ[m]

Fig. 3.4 Results of grid size sensitivity test
(frequency=0.50rad/s)

Wave frequency=0.63rad/s
Analytic solutions
Test 1

Test 2
2 — Test3
Test 4
E
C
.0
©
>
Q
[0]
o
>
@®
=
-2
100 120 140 160 180 20C

Time [sec]

Fig. 3.5 Comparison of analytic solutions and numerical results

(frequency=0.63rad/s)
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Frequency = 0.63rad/s
o Test 1
+ Test 2
A Test 3
[ | Test 4
X Relative error
1.2 0.1
% N + © 0.08 _
S 0.8 | 2
2 Test2 - Test 3 0.06 ©
ol X o
£ Test 3 - Test 4 =
@© 0.04 ®©
g 04 2
S 0.02
< Test1-Test2 | =
X
0 0
0.7 0.6 0.5 04 0.3 0.2

A Z Iml]

Fig. 3.6 Results of grid size sensitivity test
(frequency=0.63rad/s)

Fig. 3.33} Fig. 3.5+ stokes first order theory®] analytic solutions¢} A=A} =
71o| wE wave elevationsE AlZF 99 o g Yelflt). Fig. 3.43 Fig. 3.6
Azte] @Azle] B BNE H71E UL, FHEES ddss] gda 7
test mpohe] Atz ox1= wlws] Btk Fig. 3.43 Fig. 3694 9& Mz=
< AME 9 JEFS e, LEE AESS 7 test] AHlE <
BT 7t 28] Axel 4718 UEIY. 7 Fae 25 AR
A717F 7P 2 test 4ollA 7HE F L&7F YES AL, AXErE SUEel wEt
Arte 3 2o e x7F FolSdw. Fabrt 0.5rad/s?] -5 dH3
3 ALd v AES Bud Ay AR Alelz7F b E test 4914 thE
14%°] 227k FAsA L, 7HE AR Akl 27F A2 test 194 AlqbE 37} o
g 4.8%2 x}7F wASA Y. =371 0.63rad/sQ] 7% test 4olA o= 20%
o] a7} WAL, test 1olA4 tiEF 7.7%2] 2Lx}7F EAYSH T test 134

2

%

test 29] AthA ¢l 227t A Fe AL FsFa, ol Ea) A} o] &
Bk Ale SRl @ 7 AT AL A A HHE S 2 4
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&

A o]Z3e HuE sl o] HAFEA (Nonlinearity)o]
TotAl 2¥HA FEE Stk AP e g 9387 0.020]847F H ook
A, A FRgFA AR o] W] 98] 3 ES 10me 2 A&t A
¥ F3+E52 motion RAOse| F3 ®sle] mE 542 WslE i &

e MBS Te) FFE wxE S AFoR o wFo] o Fi
(o) 29

Table 3.3 Simulation conditions for a single vessel

Wave amplitude Wave direction Wave frequency
[m] [deg] [rad/s]
Lo 0.0 0.38, 0.46, 0.50,
' 90.0 0.55, 0.63, 0.72

surge, swaye} yaw BEE9 EF/ &F= A5ty A AF AA= Y =
27 (linear spring)e.& =H& (modeling)ste] Al E# o]l &HE3tAT} (Lee,

2008) A& 23z 7FA (stiffness) Table 3.4} Zo] A&l il, BAEE
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Fig. 3.53 &t}

Table 3.4 Principal particulars of mooring system of a single vessel

Surge 6.50  [N/m]
Mooring stiffness Sway 2.43  [N/m]
Yaw 1.76 [N - m/rad]

MR

Fig. 3.7 Sketch of linear springs of a single vessel

YAkt m=AANA BHA LFS AN AN DA FAF AR W7
HaEo] 7|23te] Fig 369 2ol #3542 APtk =3 2iA &5
Zé}’-_

A 4] Ash B T Axe] Uw

li

=7 A s

_22_

Collection @ kmou



Fig. 3.8 Computational mesh of a single vessel

Fig. 3.7¢} Zo] 2zt 34 M2 motion RAOs (Response Amplitude Operator)
S YeR7] 93l transient motiono] == A2 HjA|S}aL, steady motion
A Al thEF 557]9] average window WelA =& UEFS Attste
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Fig. 3.9 Heave time series of a single vessel
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Fig. 3.10 Measured and predicted motion RAOs of a single vessel
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® O @ cExperiment

v
Motion RAO
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Fig. 3.11 Measured and predicted motion RAOs of a single vessel

(wave heading=0deg)
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Al 4 & Numerical results of side-by-side vessels

4.1 Motion RAOs

Ao 6AF= AA 5 FAEHNY o ARg3E YA =712 Table 4.13%
2. ol AFEZud o2y HunE fd) I vAd¥EA (Nonlinearity)o]
A =54 EAHA FEF AT AFg= 3o 9p4u 7 0.020]8171 E ofof

Table 4.1 Simulation conditions for side-by-side vessels

Wave amplitude Wave direction Wave frequency
[m] [deg] [rad/s]
0.38, 0.42, 0.46, 0.49, 0.55,
90.0
0.63, 0.69, 0.72, 0.74
1.0
0.0 0.43, 0.48, 0.53, 0.58,
' 0.61, 0.68, 0.73, 0.74, 0.75
— 26 —
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o

HeE mfx" 5 BEFA sl A surge, sway and yaw EEQ] EF{ %
Alostz] 98 Fig. 4.19F o] A7 #AAE AY ~=Zgdo=E Bdy o
Hawserse} fendersE AFE3tH o] A A mdlgo] o] FoXAA T, 1E9]
HIAPAH o R Qe 2 A9 F20 AF2EE o|&39] Hlu A ofr|=
S AAsH] A8l B AFolA+= Hawserse} fenderss #-83kA %3kt
Al 582 A48 ~2=" & A83ta, Rolld pitch &5 A3y 22 F
FEFol m=A7] &7 HAMA AF A" FAFHFIE A FaTl HES

Table 423 o] Z4€ 2§35tk BAEE Fig 4.1% 2ok

JHI

A&

r
|

Table 4.2 Principal particulars of mooring system of side-by-side vessels

Surge 6.50 [N/m]
Mooring stiffness Sway 2.43  [N/ml]
Yaw 3.74 [N - m/rad]
— 27 —_
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Fig. 4.1 Sketch of linear springs of side-by-side vessels
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Fig. 4.2 Computational mesh of side-by-side vessels

Fig. 4.3 gz A HE wixd F HEFA2 heave, roll, pitch motion
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Z o] 83 heaves} pitch +%¢ A= Sauder et al. (201009} Park and Heo
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H=otA odSste APERE o]&9 ZAFA{HT standing waverl ZropA A &
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h No. 1 vessel motion RAO

O—6—©Onrawa

o]
—= 90 A A A OpenFOAM
2.5 8 ‘ ‘ 0.04
E 2 ] = ‘% €003
E ? 4 s 2
ol5b ‘FA B, u k=2
< o4 w Q 0.02
] cee o0 ‘ @
[e] -
245 | g2 ‘ = 0.01
0 y - 0 Lesese AN 0 o
0 02 04 06 038 1 0 02 04 06 038 1 0 02 04 06 038 1
Frequency [rad/sec] Frequency [rad/sec] Frequency [rad/sec]
No.2 vessel motion RAO
C—6—0 Aawa
A A A OpenFOAM
25 8 | 0.04
i
E ? ) " €003
£ ) | 2
— ()
o 15 & S I he)
= JTZ Q4 ia Q 0.02
q>) 1 COO0e000 % 4 o
(] = _8
205 | 1 g2 2 0.1
|
0 ‘L - 0 Loouenc® 0
0 02 04 06 038 1 0 02 04 06 08 1 0 02 04 06 038 1
Freauency [rad/secl Freauency [rad/secl Freauency [rad/secl

Fig. 4.3 Measured and predicted motion RAOs of side-by-side vessel
(wave heading=90deg)
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Fig. 4.4 Measured and predicted motion RAOs of side-by-side vessel
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Fig. 4.5 Gap distance of side-by-side vessels (wave heading=90deg,
frequency=0.61rad/s)
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Fig. 4.6 Gap distance of side-by-side vessels (wave heading=0deg,
frequency=0.55rad/s)
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4.2 Standing wave in the gap

Sauder et al. (2010)9} Park and Heo (2012)oA] g3 A o] Hl x| o)A
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Fig. 4.7 Standing wave amplitude of

two-dimensional floating vessels inside the gap
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Fig. 4.8 Pressure contours of two-dimensional floating vessels
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Fig. 4.9 Maximum amplitude of standing wave in beam sea

condition
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Fig. 4.10 Maximum amplitude of standing wave in head sea

condition
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Fig. 4.11 Velocity and pressure contours in head sea

(Frequency=0.72rad/s)
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Fig. 48& (@), (b), (0 zE= Aeazdsted s~ B FFIol A
ZF2 2 o] wave elevation, 7F= W A1=9] wave elevation, T+ A A o) A
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Fig. 4.12 Wave elevation contours in head sea (frequency=0.72rad/s)
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Fig. 4.13 Standing wave elevation in beam sea
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5.2 FF A

B Ao A AE3F mesh morphing methode AAS HEAAA 7]
o Alzbelth 22 AR JAPA 7= BHolth SEAIRE koA AAbe] F

rix
o
N
i

=7} Zold 7-$ mesh morphing methodZ W& HE ZAo HEY Ao
LA star, ol ls a4 Ayt WAk JhsAdol AT B AFelA= AR
FAEY @ S VAA FEE HA& TS 1omE FE3] AAs] A
75 AYsAt. spAT HEH vixlE F F5A Aol gape]l FE5E X
E re ZAFggoA standing waved] e t] F Aolgtn #oHT
Standing waveZ} A& o &2 2+83}A =H motion RAOsE AE XA o] &<
A3} CED codes o] AqtE 3= HS 2olE B Ao= A4HY. IHE=R

A}
3% mesh regeneration method i overset mesh methodE ©]&3}o] gap
effect7} AvjAl HAgHe) =S 7HX= ¥E wixd + F

A7 & Bast gk

_45_

Collection @ kmou



Reference

Buchner, B. Van Dijk, A. & De Wilde, J., 2001. ANumerical multiple-body
simulations of  side-by-side mooring to an FPSO, In The Eleventh
International Offshore and Polar Engineering Conference, International Society

of Offshore and Polar Engineers.

Faltinsen, O.M. Rognebakke, O.F. & Timokha, A.N., 2007. 7wo-dimensional
resonant piston-like sloshing i a moonpool, Journal of Fluid Mechanics, 575,
359-397.

Hong, S.Y. Kim, JH. Kim, H.J. & Choi, Y.R., 2002. Experimental study on
behavior of tandem and Side-by-side moored vessels, In The Twelfth
International Offshore and Polar Engineering Conference, International Society

of Offshore and Polar Engineers.

Jean-Robert, F. Naciri, M. & Xiao-Bo, C., 2006. Hydrodynamics of Two
Side-by-side Vessels Experiments And Numerical Simulations, In The
Sixteenth International Offshore and Polar Engineering Conference,

International Society of Offshore and Polar Engineers.

JIANG, S.C. LU, L. TENG, B. & BAIL, W., 2014. Numerical Simulation of Gap
Resonance between Twin Boxes under Forced Heave Motion, In The
Twenty-fourth International Ocean and Polar Engineering Conference,

International Society of Offshore and Polar Engineers.

Kristiansen, T. & Faltinsen, O.M., 2008. Application of a vortex (tracking

method to the piston-like behaviour in a semi-entrained vertical gap, Applied

_46_

Collection @ kmou



Ocean Research, 30(1), 1-16.

Lee, S.J., 2008. T7he effects of LNG-sloshing on the global responses of

LNG-carriers. Doctoral dissertation, Texas A&M University.

Molin, B., 2001. On the piston and sloshing modes in moonpools, Journal of
Fluid Mechanics 430, 27-50.

Park, J. & Heo. J., 2012. Numerical Analysis on Hydrodynamic Forces Acting
on Side-by-Side Arranged Two-Dimensional Floating Bodies in Viscous Flows,
Journal of the society of Naval Architects of Korea, 49(5), 425-432.

Pauw, W.H. Huijsmans, R.H. & Voogt, A., 2007. Advances in the
hydrodynamics of side-by-side ~moored vessels, In ASME 2007 26th
International Conference on Offshore Mechanics and Arctic Engineering, pp.

597-603, American Society of Mechanical Engineers.

Sauder, T. Kristiansen, T. & Ostman, A., 2010. Validation of a numerical
method for the study of piston-like oscillations between a ship and a
terminal, In The Twentieth International Offshore and Polar Engineering

Conference, International Society of Offshore and Polar Engineers.

Yu, Y.H. & Kinnas, S.A., 2008. Prediction of Hydrodynamic Performance for
Various Ship-Shaped Hulls under Excessive Roll Motions Using an Unsteady
Navier-Stokes Solver, In The Eighteenth International Offshore and Polar
Engineering Conference, International Society of Offshore and Polar

Engineers.

_47_

Collection @ kmou



	1.서론
	1.1 연구배경 및 목적  
	1.2 최근 연구동향 
	1.3 연구내용 

	2.Numerical
	2.1 Coordinate systems 
	2.2 Governing Equations 
	2.3 VOF(Volume Of Fluid) method 
	2.4 6DOF motions 
	2.5 Moving mesh techniques 
	2.6 Waves 
	2.7 Discretization schemes 
	2.8 Solving algorithm 

	3. Numerical results of a single
	3.1 Principal Particulars 
	3.2 Setting fluid domain 
	3.3 Numerical analysis of a single vessel motion 

	4. Numerical results of side-by-side
	4.1 Motion RAOs 
	4.2 Standing wave in the gap 

	5.
	5.1 결론 
	5.2 향후과제 

	Reference 


<startpage>11
1.서론
  1.1 연구배경 및 목적   1
  1.2 최근 연구동향  3
  1.3 연구내용  5
2.Numerical methods
  2.1 Coordinate systems  6
  2.2 Governing Equations  7
  2.3 VOF(Volume Of Fluid) method  8
  2.4 6DOF motions  10
  2.5 Moving mesh techniques  11
  2.6 Waves  12
  2.7 Discretization schemes  14
  2.8 Solving algorithm  14
3. Numerical results of a single vessel
  3.1 Principal Particulars  15
  3.2 Setting fluid domain  17
  3.3 Numerical analysis of a single vessel motion  21
4. Numerical results of side-by-side vessels
  4.1 Motion RAOs  26
  4.2 Standing wave in the gap  34
5. Conclusions
  5.1 결론  43
  5.2 향후과제  45
Reference  46
</body>

