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Development of platform 6-DOF motion-mooring
system coupled solver using open source libraries

Lee, Sang Chul

Department of Ocean Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

It is very important to accurately predict the behavior of the platform and the
tensile load of the mooring system to ensure the global performance and stability
of the offshore plant. However, most of commercial softwares for mooring
system analysis are based on the potential flow theory for the platform
behaviour, so they can not consider the viscous effects around it. Also, as the
depth of the offshore plant is increased, the dynamic characteristics of the
mooring line are becoming more demanding. To estimate the platform responses
more accurately even wunder the severe environments, the two-way
(bidirectionally) coupled solver between the platform motion and mooring system

is essential.

For this reason, in this thesis, the two-way coupled solver was developed
using open source libraries such as OpenFOAM and MoorDyn. OpenFOAM is
the open source computational fluid dynamics (CFD) library which can simulate
the platform 6-DOF motion based on the viscous flow theory. MoorDyn is the
open source mooring system analysis library which can simulate the tensile loads
and restoring forces accurately based on the lumped mass model. In the two-way

coupling procedure, the platform motion of OpenFOAM is transferred to

- viii -
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MoorDyn as boundary condition and the restoring force and moment of

MoorDyn is transferred to OpenFOAM as external forces in each time step.

Finally, the validations of developed coupled solver were conducted for the
static mooring tension and line profile, dynamic mooring tension, free and
moored decay test in the still water, and the moored platform response and
mooring tension in the Stokes 5" order wave. All results were confirmed by the
comparison with the analytical solution, numerical solution and experimental

results.

KEY WORDS: Open source library(&2> F7] go]H 2 g]); Platform 6-DOF
motion(ZAF 6AFEEF);, OpenFOAM(LEE

Lumped mass model(FZd FEE); MoorDyn(F-°1th2l); Two-way coupling(¥%
F dA)

);  Mooring  system(AlFA);
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Fig. 1.1 Environmental loads acting on the offshore platform and mooring system
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HFTEE] JAHAS e Tk AFA(mooring system)7t AREE S
A= ] < ¥4 Al F(catenary mooring)7}t thEH o= g ARSI lar, A7
AFAL A sfdTEEe 2 s g0l ws- T FFE vt

AFAE TA8ske tEHQ ASEEE Fig 129 Zo] ASl(chain), <}o]o]
23X (wire rope) P FAAF+ EZ(synthetic fiber rope)7t Uil 7+ AEEE FA4H

ARAN 2831 Y5 thsIAE Table 119) Felshsick

(@) chain

(b) wire rope (c) synthetic fiber rope

Fig. 1.2 Typical materials for mooring line

Table 1.1 Acting forces on each mooring material

Types Tension Bending Torsion
Chain O X X
Wire rope O negligible X
Synthetic fiber rope O X X
dutgow  FFTFEETL AFAY AAde = HFE = THAE fF
o] &(potential flow theory) 7]8Fe] FX|3|4 o] AEFojx St ZIHFL A
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(catenary equation)= HIEOE 3 FHY EI(quasi-static model)o] HRHHS

AREEO st=dl, sigTEE AT Az ZE AFAe 2%, 571 A (added
mass) B 4] EI(damping effect) 5| HFTEES Asol WA= dFE FAG
7§71 W& ol a4aSo] 2IH Y z
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7 2d(dynamic model)2] Z-&-]
LA 1L Ut

Ao A AFe ZAHES WEsb] fslA, B AFoxe= B8 5 o] E(viscous
flow theory)s 7IWFo® BYTEEY 7ES X F Ue AAFASSKCED)
ghol B9} AFA #&ste Y FES 1HT e IFT A7 ZZ(lumped
mass model) 7|¥e] AlFAslA ho]H ARgate] ST EES] AT ESE Y
AFAL A& Sh(tensile load)3te] ek A3l
Vet N2 EWE Jdstast .

G
AC)
i

two-way coupled analysis)©]

/—\

qFTEEI AFADY FEAE Ui dFtells WME ANERY A wEd
A% XA fr5 olE, 2EF O|E(strip theory) ¥ XY =Edo] dg] ALLEHI
Utk Masciola et al. (2013b)2 ZlFA7F DeepC-Wind @l 32 E¥l(offshore wind
turbine)®] 7Fll HAE= IdFS Hofetr] s mlm AAYANIA A4 (National
renewable energy laboratory, NREL)ollA] 7I'#s 3% 32 BRIl W& &<l FAST}
Hs A7 Edo] A&d A& AFANY EW<A OrcaFlexs Argsto] 4434
EWHE LSt Hall and Goupee (2015)% SYg =45 98l FASTS AHA
e HE: 2 =d 7ke] AFAsA E8<Q MoorDyne AHgste] dAAs 4
EHE sttt FASTS A& 3 Shhydrodynamics)si4] =& HydroDyn<

rlo

_3_

Collection @ kmou



ZAE AN s -‘?']3]1 XEE fF o2 2EFY o|E& AH83} Ut} Sirnivas et
al. (2016)2 =¥ " 7|(wave energy converter)$} AlFAZTEY FsAEE AF3l7]

93l Matlab& o183 78 D17 A8 Ewd WECSm? MoorDyng ARg3he]
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e

= Z4HFA 98 (Computational  fluid dynamics, CFD)9] 7|H ¥} =90 <]
e Tl AAEe 1Bd SAE ATsiAo] &Es] o]FAL Uk
Quallen et al. (2013)2 OC3-Hywind 3% %% BN AFALTY H54e&s
ATstr] 8l FekAHEH (finite  difference method) 71¥Fe] CFDShip-lowa$} %3
=g 7]9ke] Crowfoot AlFAl RS AHESte] AAs)4S 35T Nicholls-Lee et
al. (2013)2 ¥ ]l whefA | T fre(multi  phase) HAHFRAIHSH}
H| A A (transient) Al A"l 283 48 98l f-3k412 W (finite volume method)
7IRke] WM& A4HFAFE £ ANSYS CFX$t e A& =4 719k OrcaFlexs
ARgsle] AASH S S8 TE Tran and Kim (2016) DeepCwind 314 %3
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OREL)

)
s
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b AASNA(fully coupled analysis)= GHsH7] Sl FAAHY 7IHEe] HE
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S
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TEESY AHTELEH AFATE] FEF A EHE NLEATh

0

OpenFOAMY| 33 $£M(standard solver) & A+ TH(free surface)= X33 TH
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& (multiphase  flow)3j4]o] 7hs3sta A=A &5(6-DOF rigid body motion)
3143} 9 (restraint forces)®] HEo] 7b5¢ interDyMFoam $HE 7|WIo R
MoorDyn#e] ek vl Ags 913 QB FHo|~E 781, Hd(wave)d] B3
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gho] B2 ] (Jacobsen et al, 2012)E F7}3FSTh
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8 = WAAEH} &2 FZ(source code)?] TFEE
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2k} (relaxation zone) 71 H 9} o] E(wave theory)ol] tiaiA AT
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oM P AAdAY Qo (interface) S TESIE AA AAE
Attt 4283 43% A= 2 4 E9(dynamic loading) B °lE %83
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FoA FRAY AF 24 EE(moored decay motion)ol Wk ¥ A4
EHO AFS Pt iAo g 557 A= gt Al o
AT A FF FAA AFE FHAY &5 2 AFAN FAske I sl
gk Pt A S HASe JPsdoh BE ASS
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A 2 & MoorDyn

21 7] &

MoorDyn % A7 REdo] 2&d AFANE zelBHgjz 20149 wl=
™| Q1T &2l (University of Maine)2] Matthew Hallell 9J3l|A 71= k. MoorDyn®]
7 WA F Fortran M2 wl= A AR AF40l A FERE FASTS| AlFA
Mg BEE AREEI 9la, C++ M2 GNU General Public License version 3.0
(GPLv3) st &2~ ZEZ F/ste] g Zzafisde] dsd A AT7=0
o] Fo| A 3L ATHHall, 2017).

22 AF AT =29

MoorDyn2 AFAE ol4tsk(discretization)st7] #l3 5 AZF EP(Hall and
Goupee, 2015)= AH&?h Fig, 213 o] AolES N/ sYd ZHolg Zie
A (segment) 52 U7AE W, AH(node)E2 %A (anchor)oll A T oI 2] E(fairlead)
Warow 0NE NS A48 Adinde) S 2 BASL 11/2 HEle] A52
zZk=tk ol W HY = 2 AHSY AAE UBL, 543 4o vUd EEES
dol, A%, W%, AAF(Young's modulus) ¥ WF A

coefficient) 9 A4 'Ea:-(properties) o tisiA =Y 7S zt=rh

iy

(internal damping

2 Aol AgH HFe A REE S ada)d WiF dFZEFH yFR
Zr4 ¥ (internal - damping  force), AtF(weight)? F&, = 2
& (hydrodynamic force) ¥ A HI] HZHH& 23stal
mdo] Agd 5 Y ok iR Y i e 2EdA
b

HEE T'+1/2 ‘;‘l C’,~+1/2i L]'E]'LH 15, %—%]:jl]- ZELO] Xé

2

=

=
A

e
o

X

r

|
wel ez w39 1 99 ¥W¥ p, D, B BE< A4 IR

qi

A (transverse hydrodynamic force), 7413 (tangential)e] F4=2 2 A HI]
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Y The right-handed reference frame on surface
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Position vector \ £}
of each node

Evenly-sized segments

Fi1

Anchor

Fig. 2.1 Discretized mooring line and indices

Fig. 2.2 Internal and external forces acting on the nodes and segments
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Ao el e AT 7 2de AANES Bdste] AdEL, fAES
ALt W ARSI ARAY] 4 RIS AFFE S A A (slender body) ©lE=
oo Z-gst= A (2.1) 2] WA A (Morison’s  equation) ©ll
oA Ak, HAdel o3k AHI A o3 FUMEFH(added mass
force) 22 LT AR AE A FrpdgEe AQIQl Aol 3hste FAT

Wpgog Axtech

-1
F=pC Vu+ EpCdAu|u| 2.1)

A7NA, p, u, vE A BE, £5 H VMEEE 9uEty, ¢, C, V, A 4%

A% 2hele) BAAS, FEAS, A

a2
N,
mt)
i
)
tlo
o
H
o
u)

221 W ¥(internal forces)

Wolls 9 JAHES A48 9 ATl IFHH. gy FHe A5
238t | H-2(net buoyancy) O.2 AXFAT FA ol o] BrHEE 4] (2.2)¢} o
AT

Wiirpy =5 dlp,—p)g (22

i
o
=)
ot

o,

rr

A7IA, p, = B BEE AUety, g= FHEE

See QHe T ole Bde] FESA AsHmE, Aherel ArEee 4
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W, = 5(VVH1/2 + VViﬂ/Q)éz (2.3)

TAA S JIFAEE A 24)¢F Zo] BAAT(Young's modulus), AlF =HelE

A gl HY E(strain)] o= YERATE

T,
Ti+1/2 E1d261+1/2_E1d2(M_1) (24)
4 4 l
A7VA, €41 HMBES 9Hlata, |- 2 WEe 2718 ou|dth. 12BE 2

24)9] Avhs 2ZERl ARHe A7 Yehfa, olE HER wer] 8 2

iol A A i+1 o2 oS FaFd gHe A 259 o] yehd +

T I Tig1 T [ ) TE N
T = E—d —1
Ty ( =7,

— ey (l 1 (riva—m) (25)

! [ 7 =7 |l

A Ee oA AF ol AFo] WA B( |7, —r, || >R HEHT O
002 A2}, &, U2 (compression force)e e sHA] Pt
F

o] 4% g4 (numerical stability)ol]l F83 4TS

_10_
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T -
QH/Q = qntzd €i+1/2

(|

Y1 ™ Ty )

714, C,,= WH ZHAT(internal damping coefficient)

it
{0
=}
ol
ol
H
T
¢

g2

HY LS E(strain rate)=  9PSTE WAPFEEELS WIS Ui AZFEF(time

derivative) 2 | (2.7)3 Zo] AL < Ut

Civ1/27 58 T ot

oe 6( 75 =7l )
l
1 1 )

_ 2 2 2
_gmg[(scm—xl) g =0+ Gy — 2]

1 1

Uollrigy—mi

[(SUZ'H _%)@iﬂ _:bi)+ <yi+1 _Z/i)(l./iﬂ _yz)

+(Zi+1_zi)(éi+1_éi)] (27)

222 #]¥(external forces)

o= FAY B s EHL] HEYo| ZhHATh FAHS F(still water) oAl
AFAY] w2l o8 BAsty] wol ol& A83t7] Heide HA AFA I
FAQ g E(relative velocity)9} JU7IEES AHENA K (transversal) 2
A (tangential) S 2 U= Aol dasith AHoA Y Ao Wk ol
A F e dHe THske A JerlE ARt adEE HAAwde
ol g 4 (28)3 Zo] Ukl 5 k.

_11_
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A5 FolA ARA AHe] &7} 1Y o, Axe of

ueRd

2=
T

urel,tangent

(2.10)

)(}z_rz

q;

Uy ,transverse

3w

/‘\l.

& (drag force)< 7

(2.11)

3

)gli_r

)

q;

(2.12)

|

qi) q;

| [

qi) 4q;

b,

3
yil

o] AGA G (drag coefficient)E 2]7]

714 %2 (added mass force)< 7

)

m
Bl

o
<

=]
T

_12_
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aﬂ?:Z pUVQLn%dQZ [(Tz qz)qz_ Tz] (2 13)

. T .
ar; = p, Gy dl=r; a)g (2.14)
A71A, a9 a,= A7 F7PEFPH(added mass matrix)o] F L AR

(@]
o]
&
-
2.
(0]
2
it
lo
=)
rot
i)

e (2.15)

Bi =dl [ (Zbottom - Zi)kb s é’icb

,d
o
>
'8
lo
ol
oX
)
4
w»
=8
=
wn
9]
(@)
o
o
=
[e]
2
2
to
N
N,
b
)
huly
:
S
=]
aQ

A71AM, kS o A4
coefficient) & &JvlstH, sixwe| THHATY AP A7 (viscous damping)E

whol = Zhet),

223 A9 A

kol A Alrd WH I ¥E o83t AR FLAAe A7 HallMe WA
Aol M7t dasith AF A Rdoie ARAY dAEFES 4 dHdd AEst=
A& (point mass) &= ©]4kst Fit) ojqtstH ARES AP
7] flell 3x<3FE o] a5 H(identity matrix) [E w3, AR 4 (216)%
2ol m3dnh

(mass matrix) =

_13_
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m, = %dQZpI (2.16)

a8 A& ol HlEEis Rpde oA dggde 3
2 (213)3 A (214)90AH 7HEE 2 <

=~

HAOE o Py 93} PEF wEE $71A

" 1] - 4]+ Culaial)] 217)

a; = api + aqi = pwz

ZFZ o

Fig. 232 233y #HEdde 58 A4 44
olg}gt 23} Jn| & Al (ordinary differential equation) 5 $ Al7H{FA (time step)
d o Ao

< 7t 24} Runge-Kutta W

S o]83sto] AR E(time integration)<

[mi + a;] % = Tisiiyy = Ticqyzy + Ciscayey = Cimayp + Wit Bi+ Dp +Dg,

Weight &
©9 Drag

Mass &
Bottom Contact

Added Mass

Fig. 2.3 Complete equation of motion for each node

_14_
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MoorDyn2 A& AAE wRE 7led g4 I3 <(generic) WHOE TE
madE3e Aol 7bssl st Ae ZEE Stk 1A MoorDyn®| S-S
Zzre] Bdgo] yRrAor Al oy F2E #Alstd /‘1 214 (coupling) S 9]¢t
tolee] HES Hastd 5 A AAHUT oleh 2 IS Tl &2 FE9
T4 ol= vE AEHelAd =7 (simulation tool)tt EE:LEH‘%] ] (programming
language) 9+o] XS €A 7L = UTHHal, 2017).

d4<s 9 MoorDyne] A4 F(core function)E2 AlFAL Z7]1%7(initial
condition)& AJ/d3h= Lineslnit( ) ¥, W ARRHA Witk AFAS sk
EAdEE A4S LinesCale( ) 34, Z8al A4te] 59 $ Altbol] AMS-E Hpe}
W22 g Aelsla WS LinesClose( ) 2 TAEo Qth o] g4 2F
MoorDyn®] &JFME sZo] 7Fs3lal, olF il & AlEdHHd =753 44
A9 4 Qith

2.3.1 LinesInit( ) &4

Lineslnit( ) 3+ AY W94 2EH= &2 MoorDyn®| A3 A =R A F7A
3t JRE 7P, AR2RE SUFe] HAe Sxo gk AEE P2 ©]
BERES HEoER fMxde AAsta, ARALdS 9% WeEsd 2rxde

AR, WY 27124 2 Aol e A%E FAE 23

Fig. 24% Lineshnit( ) &9 7S AAS HoF1 Aok o7t 259
L2 RE FRE /P2, MoorDynel 483}d-e Fig. 259 o] AFA <
=4, Y7](anchor)$} ]2 E(fairlead)e] X0 th AR, & A g Hr

AREYo| g FRES Tt Yok =3 JRZRE FPZo| Ui FRE
6%?%15011 g el £ 7oA Hi, o] F WaEo] Linesknit( ) 39
1A} (argument) 7} T},

oly
=
J

_']5_
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Start

x

¥

Read input file

Get platform information

|

¥

Calculate fairlead position

4

Make catenary profile

b4

Success 7
yes no

¥

¥

Use catenary profile

Distribute nodes linearly

¥

v

Do dynamic relaxation

)

Calculate fairlead tension

.4

no

yes
b 4

Setup initial condition

Write output

Fig. 24 Flow chart of LinesInit( ) function

\
.
-

®
.
e
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MpoorDyn input file for OC3-Hywind mooring system

LINE DICTIOMARY
LineType Diam MazssDenInfir EA Ba/-zera Can Cat Cdn cdr
(] [£:4] {deg/m} (Mp (Pa-=/-}) =) (=) =1 (]
maimn 4.7T86E-3 0.1447 1.6E6 =1.0 3.8 0.0 2.5 D.5
HODE PROPERTIES
Hode Type X ¥ 4 M v FX FY FZ Cda Ch
(5] (-} [£:4] (mh {mp (g (m™3) 324 {3 (kM m~2y =)
1 Fix 6.9175 4] -0.9 [v] [+] v} o (1] o o
2 Fix -3.4538 5.90907 -0.9 [+] a 4} a 1] 1] [+]
3 Fix -3.4388 -5.9907 -0.9 (4] [+] o L1} o o o
4q Vezzal 0.2725 0.0 0.086 [+] a 4} a 1] 4] [+]
3 Veszal -0.1363 0.236 0.096 (4] [+] v} o o o o
] Veszael -0.1363 -0.2536 0.086 a a s} 1] 1] 4] [+]
LINE PROPERTIES
Line LineType Unstrlen HumSegs  Hodelneh HNodeFair Flags/Ouwtpute
(=) (=} [$:4] 5] (5] - (=1
. mairn 6.915 10 A 4 pre
2 main 6.915 10 2 5 pre
3 mairn 6.915 10 3 g pre
SOLVER OPIIOH
0.00001 dtH — time scep Lo use in mooring integration
.81 g — gravitational constant
2zE.2 rhe W - =ea water density
a Wavesin — wave kinematice flag (O=neglect, the only option currencly supporced)
3EE kBot — bottom sciffness
3ES eBot — bottom damping
0.2 Wrripth — warer depth
300 TrmaxIC — magimem simalation time to alleaw fo2 IC. gen
5.0 CdSealeIC — factor by wWhich 'to scale drag coeffisients during dynamis relaxation IC gen
0.001 threshIC — threshold for IC convergence

QUTPFUTS

FairTenl FairTenZ FairTen3

Al

AYEY 2]

esd Thiz-line

Fig. 25 Input file of MoorDyn

olgate] Folg=e] 9AE
gate] AR 2le]
grgol AmakA =

gxow B,

3

] ¢(dynamic relaxation)<
5 Hoj =
el 2ol gl

b, ol HA

4ok

=4 dr
o &l[m
ok

ESESIE

B

of\
X

o
il

s
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2.3.2 LinesCalc( ) &4

LinesCalc( ) ¥ i ARIMARIG ojR2hy ZUFo] A3 5l £ A4 AR,
ARRMAS Qg dop FHojgjud] ffAet £=E Akteta, ol AlFANAY
WAZRACE st 74 AHEo] g EFHAAE ALt o] W 7 AHE]
SRR 22ke] AmEA A (ordinary  differential  equation) FEIE  UER}A]
Heg, 22 EA-FEHRunge-Kutta) ¥ilElHS ©] 83 AZFAE(time integration)
WS St WAAS A "ok o] W AFASA S W ARMA(dt, )& FAA

(%]

P8 (numerical  stability)S 918 ZEFMA L] AH ARPA(dt) BT AA

&M, F ARREA Abolole v 22 AV AdEnh
N, =dt./dt, (2.18)
22t EA-FE dagEe A AR A(d ) WR AR (L, )= ol-8-stked]

o ATt} t+dty,/2 SlAe] HolRES] st LrE AR,
o 7 AT BE HHMe BL And,
o 7 A BE YR AYSHAe) &R AT

°
o

gs 233ty BE A4 A (floater =& clump weight)oll A9 &-& AlLbsitt.

o BE A AHNAMY TIEEE ALt

o At t+dty, oMY e Ui B A HHSY YA HEE Akl
el ALtd NHEEE F W

_']8_
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ol AAES AA, AFALY =E dd 2 BEdd zesE I3 MY o2
55 Ak 3 ou AzEAd AdEe EY&Eh a8l o] ul ARAC 2
FR L Agate ELE S ANt ol& 6T Ee P BRIER Hgle|E

7kA] AL TEEH Yo AL

Fo| A%o] A
4312 Fig 260 LERSITH

LineCalc( ) ¥+ =9

HEESkeh ZRA| g LinesCale( ) &2 Al

hid

Start

v

Get platform position,
—>| velocity, current time and
time step size

v

Calculate fairlead position
and velocity

v

Calculate nodes position,
velocity and tension

v
Write output

v

Calculate and return
restraint force and moment

!
no

Finish

Fig. 2.6 Flow chart of LinesCalc( ) function
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2.3.3 LinesClose( ) &

) Fre AR glol sl AdEHe FrE, ARAY Al
AEEJE S W (global variable)ES 7|8kt FAHOZ IFYY WEIES
whgalr] e AREEE Feolth S W Eeld i (dynamic memory  allocation)-
HjE o] H7|(array size)’t WEE W WEZE TEHOE ARES] 93 WHOE
AHgol Bud vE =] wWEy ARES fd RE=A] mbdefEojor jith
(Stroustrup, 2013).

LinesClose(

S FEHoz AL QAEE UFil ol HF2ZY-dY A 2E(mass-spring-
damper system)©. 2 REAHYITE o]yl o]fFE AA AlFERloAE B %
1914 ¥ (artificial resonance) @40l TAYSHA ek A7 MoorDyn®] €142 &5
(explicit characteristic)7}A] ALeshH A&ty g AxkS fsie 3 A E

s F= Zlol Fasit,

ox f[Ir

filo

oldtstd AlfeRle] sRA el FulstE= A= Fig 277 ol 7 HHS0|
A2 o Z(out of phase) MBS W WAYStI, o8 HYFATIEE g 2

H3hg sh= Zlo] UF 7] A4 (internal damping coefficient)©] T

I
L“TL“ 1t
il

stationa ry static')nary

Fig. 2.7 Artificial resonance in discretized mooring line
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AREsH SARE, ARk o R Sk U5 AHAlg7E FoRA| et o
247155 QA7 critical damping)ell 7H7bo] BIEIL AFA mdlo] 4 gL
8l AR MFEEAY dol) e AXIIAL] Z7|(time step size)E A3 FoloF
Bk

r\l

e A {loh dwbH o s BRAle) Ase Alkshs Wl wlEl 1/10 olskel
AN¥AS Agshed, o] EE AFA EWﬂlT, dxel A, A sl wet
GEABE ARz ARgste] AT AR o] 718 AR ok,

_21_
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Al 3 & OpenFOAM

31 718

OpenFOAM(Open  Field Operation And Manipulation)& &23E7F F7HE
ALFAGSHCFD) golB2g|® ®IA  A4Ktensor operation)?  -F-3HA 4 W (Finite
Volume Method, FVM)°llA AR-g38h= TheFst |4kl 7] (discretization scheme), ‘it
de 239 oy Egd 2l & ERHOE AFEL U] Hiel 7o
AFEE standard solvere< AHE3SH= A ol9jol= A EW(solver)E 7NIstAY

7€ E¥E 4T o Aok

Aeol= @e] Imperial Colleged]A FORTRAN7INF] FOAMolghs olgo=
MEE R o, ZE3Hmodularity) ¥ A EFA 54 (object-oriented feature) e 53t
& 913 Henry Welleret Hrvoje Jasak®] FEstol C++7]9to = W=y GPL
licenseE 53 OpenFOAMPO|2}= o] 2.2 F7] =AUt

@A OpenFOAMZ &, 8FE B A4 o &4l ALE & e ot
standard solver3¥} &% Alxbs 913t WEA ] 71574 52 AFsta ok

3.2 A a4

HItEA HHrEolAY £59 4Ee EdF(mixture)E tIEoE tEd 2o

v v,=0 (31)
00,00 — -
of +v . (pmvmvm =—Vvptv. 7+ (3.2

_22_
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2] “F(phase)S

o
| .

A2 m

o714, o}z

SR B0l

(33)

ol
c_]a

ol
jolJ

o]
L

(3.4)

& i Pair + CyaterPwater

Pm =

(3.5)

CirHair + YyaterPuater

Hon, =

(3.6)

1 - awater

Qi

A& (volume

dl

*

el AR A (control - volume)  WollA 2+ 79

S

L
a—

o714,

re 3719

A aire} wate

fraction)s YR 1L, ofef

B

d1(Reynolds average)< 7

hyx

of dols=

o)
L

(3.7)

W FH 53 E(turbulent  fluctuating component), p, &

SISH 1=

=
=

Add FF5o A (turbulent kinetic energy)

s

_23_
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3.3 A Fn] o]FHA 4

B Aol A48 VOF(Volume of Fluid) 7|He thd %
ARG §4 AHe RANE T AAW A} $HAL FHe= AN
olthHirt and Nichols, 1981). o] 7[H& 7 S0l Az EdH4 @t §%5d
Hgkaied, AN WA 7 4 g

A [e]
O T: =
T AL O 2L AFH] o] s A S8l AldtEh

%(apm)-i—v : (apmg)-i—CadV : (a(l—a)v—r)) =0 (3.8)
oA71A, AAAA ] 4He] EE AR BF a =1, AAAIZ ] &3] T2 ALz

A9 a=0, AHFAd Heta e AAAANAE 0<a <19 Fe Z=th 9
210l Al A 2 718 AZH] oA o s o] Gk A H o7 AT HE
F7telE AT O Z(Lee and Rhee, 2015 Park et al, 2016), a =0 EE o =19
FHAA Blold AAAA S tisix= 288 S=th C,= ArrEe gt

l

[e)
o
B2g A AFRA 02 14019 ghe 2hm, £ AFOIAE 0544 AEHIT o, B
Agrre] Ausss JoR el FolAE A AAY UEET(artificil

compression velocity)E WERHATE

=
=
=
=

_24_
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34 47 2d

2 AT 123 RNG(Re-Normalization Group) k—e dF
1992; Orszag et al., 1993) TH9] 2 E2 FdH.

6 —

—(pk)+v - (pkv)zv : [u—i—ﬁvk]—i—ﬂf—pe
ot o,

G| - H

TR S I

o
[
95)
rr
ot
4
'
ot
i
)
+r

)9 A5 Table 3.13 2t}

Table 3.1 Constants for RNG k— ¢ turbulence model

2

* €
Pk-_CQeP?

29 (Yakhot et al.,

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(the modulus of the mean rate-of-strain) ©|t}. 18]al 71

C;L Oy O Cle @e Mo /8
0.0845 | 0.7194 | 0.7194 1.42 1.68 4.38 0.012
- 25 -
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A&, SEIIA D BERd WAL HEH Sl 91 ransient)

AZE}e tisiA = 22 AEEE Zhe WA (implicit) 71 <! Crank-Nicolson
scheme(Crank and Nicolson, 1947)< AF&-3}S13L, HAI A (off-centering coefficient) =
098 Akgsiaith. ket ogiRded  dsids A4 220 Ag=E 2t
FAAHEH (central  differencing scheme)¥} vanLeer limiter(Van Leer, 1974)& #-83t

TVD(Total Variation Diminishing) scheme< A3}t

rr

-

A

&xol kel dAe 93l SIMPLE(Patankar and Spalding, 1972) %alg]&
PISO(Issa, 1986) ¥alg]&e AFSt PIMPLE 4aglEs #&319x, Ui 2
Fro| whbE Slee A7t 239 332 AAsth 1 fo i Ael oA
HAe F2AN717]1 A3l Algebraic Multi-Grid( AMG) 8 (Weiss et al, 1999)<
83133, Gauss-Seidel ¥H& AXPHE o] &3t AXksltt G =] gt
A4S 98 Wol= B gE(Park et al., 2013)5 &85}t

o
T

36 62 HT=2E

A (floating  body)®] 6AHTEENAL FfAlel Agske PG =
Aakslar, ol&g FHAle dFgFy AHEUEE o|gdly Ji&kmel EIR Fils)
e Fol APFPH 2 Ak
(translational) % 3 H(rotational) &l ™ WHAE ALteA Ao BAEES
A58 (surge), FTELl(sway) F J3lE2(heave)] 3ATER TEHI, 37
AA FFQ(rol), FTELl(pitch) F HAFFL(yaw)o| 3AFEE FEETh ol
6AHT =SS BEetA alMslr] dsiAe Al SR wE Ax Wy 7

6AHE 2 314 7ol Basih

_26_
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361 AA WY 7)Y

A &5S 7] fsiAe ol ©E AR Wyo] FrtEojof Fitt
A =ud] oA Azke] My 2FEek g 2] (Laplace equation)ol] o3l Al4tEH
A vt 2

v (wo,)=0 (3.14)
y= % (3.15)

AZIM, = FHAFoH 2 =EdAs A (3152 ol A Alwl
HHe] 8| (quadratic  inverse distance)stE  FAHAlTE ARESIATE  de ARG
Ao zRE | AYE ouFtt v = AAFY olF £EE e, SHHAFE

MNP O A o)F £EE 24T ULk

T, =1, tu, VAN (3.16)

A7NA, 3o 712 AR IAE FBT, 3,5 ol5H AR A ok
of WHe ANYE Aol Ael WE A FASHUN AAE WIAAZ

AAL] A 14 (orthogonality)= gt FAISHHA AAE REgA HEPA7|= AHE

Lo

-

_27_
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3.62 6AF =% Y 7Y

FAY 6AFESES AAE] SdeiME Hu FHFA(artesian  coordinate
sYstem) oA AT AA(rigid body)ehn THgSaL 2 wgel Agshe d
EHES] S AAtsforstal, Fig. 313 ol 27HA HIEAE ol&ste HT
UTH(Carrica et al., 2007). A WA 3FA = A F}3E A (earth-based reference system,
oxyz)Z TR (flow fielde AsrIgE AgHI FowA HEAs A9
Z}3EA|(ship-based reference system, o'xyz)E F-fA9 6AHFES5 = ALtstZ]9ls
A&

Earth-based reference system

Fig. 3.1 Description of earth- and ship-based reference systems

AT FFANA 2 Foll i WA F AT WMAES Y HAETH 29
Zh(Euler angle)E< AMEstY 2] (317)% Zo] BIEE 4 9loH, nRiAE Ay}
HxEA NN eAFEEEoE 3 W B AW H£=E2 4 (318)% 2ol
29 + Aok

_28_
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n= (771a772) = (55, Y, 2, ¢a Ha @Z)) (317)

V= (UL UQ) = (Ua v, W, Ps g, T) (318)

A7NA, , y, z, ¢, 0, vE AT HFFEANAY 6AFE HAESL YENL, u, v, w,
p, ¢ & A HTAGAE 6AFE SEEL LpERIT

e £E52 oY 459 ARPHSE(time rate of change)?t #Ho] UL,

AT #FFA S} Aut #FEA e IHEE WS> 4 319 F (3.200%

v =Jy (3.19)

m=Jy v, (3.20)

A71A, S T 22 YEE £ HH

1 singtanf cos¢tan
Jy, =10  cosg —sing (3.21)
sing/cosé cosd/cosh

1 0 —sinf
! 2(8 cos¢  singcosd } (3.22)
—sing  cos¢cosh

A7IM, 0 =+ 90" M} LaE AefHA ¥t 2y Bl FE 8 (pitch) 7t
£90°7F He A4 ok 7PEE  Jleng FAgh

AT FHFEA L BRAFE HEs At AFAA 4 (3.23)3 Zo] A
AT FFA L} ek A 7] WREE Wmske 4 (324) B (3259 o] FAY F

A3,

ol

_29_
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costpcosd sinwycosh —sinf
a=J 'a, =| —sinycos¢p +sinpsinfcosyy cosycosp+singsinfsinyg  singcosh |a,
singsiny +cosgsinfcosyy  — singcosy + cosgsingsiny cosfcose

m=Jd v

Uy :Jfl' ™ :J1T' ™

AT HEANA AdE W7 wAEs Aw HEAd oo
oJEA7E, HEHOR Hut AuANA A Y mUE A4E
olF Ea HAA AHELES ANT 5 otk

F=J " F

M=J" M,

At BEANA BRAN Agas % muEe] e vhed
Ay

MV F, =m[u—vr+wg—z ¢ +r3)+ yelpa— 1)+ 2olor+q)]
M F, = m[o—wp+ur—yolr* + )+ 26l —p)+ aelap+7)]
ME, =m[w—ug+vp—24p* + A+ alrp— @)+ ylra+p)]
g+ my liv—ug+uvp)— zgli—wp-+ur)]

YoM, =Ip+(L—1

Y

_30_

Collection @ kmou

(3.3)

(3.24)

(3.25)

m
(o rlo

o
tru

1>

e
ﬂll

ol
X0
fd

(3.26)

(327)

(3.28)
(3.29)
(3.30)

(331)



ZM —Iq—i—( Iz)rp—f—m[zG(iL— m”—i—wq)—xG(iu— uq—i—vp)] (3.32)

Z]\JZ = Izr—i— (I — Il,)pq-i— m [SEGG)— o+ ur)— yG<iL— ur-+ wq)] (3.33)

A7A, @, y, 2E Av A 7 P on@h £F P YL, ME RUES,
[= BYERES oHST u, v, wt p, g rS 7 U UP SR AEEE
Jehath ER o, 0 0 p, g 1S F BPe] U NSRS IS ojme,
Aele] Azl

To Yo Zoe 3T (center of rotation)? F-AF4 (center of mass

z, y, o2 UER groloy,

~

B ATAE ARAS] PPF AYNNL YR ARAL BAY o
Y3t mRESL 9le] 450 ST

3.7 A=A 5 olBE

A=A 5ol o d142  sixDoFRigidBodyMotion©| 2= glo]Hejg]o] 23
FPHAT. o] ol AA uigt eAfEEES Aitete 2E, ALd
AFEEEY A wWE A WEFS JPsk= BE B eATEEEol g

TE2UE AR BE 502 7450 itk

O

sixDoFRigidBodyMotion =~ Zto]Hef2]E  Agsta e thEAd 712 &
interDyMFoam®| Al4Hd2+E  Fig. 329 UeERAT. OpenFOAMO| 7]& =

<H(motion solver)= 7HEES 7|Hto® £=of QA& AAsH= 234 A=Y leap
frog schemes A3t YO H(Dullweber et al, 1997), ©] ® 7I&EEE wHY A

24He B3 AvE 5 ok
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| interDvAIFoam I|

]—' New tme H time step +1 | ol
R s S
i Motionsafver | ; PIMPLE freration <1

a |
:

Update
Acceleration

PIMPLE iteration
maximmm mmber
of terations
Move mesh* 1[
Comect feld fi WoF method - Solve mmutm:n ’ Sohe pressure
(MULES) equation equation

| * Meshpestion is relative with respect to the previous tme step |

Fig. 3.2 Flow chart of interDyMFoam solver in which a detail of the motion solver

is provided (captured from Devolder et al. (2015))

Fig. 32014 He= A3 Zol, v ARRHAnG 24 W7t Ald ©A ZEsx
Update position, Calculate forces, Update acceleration, Move object ¥ Move mesh9]
F4e AR A2e 92 A4ekn 1ol me} AxE o|BAG. e AR}

2D, FFHL AN AT EHot AR

PIMPLE F3x7} B4d A2& AIEA0] AAEEA  eAfEdAlesel it
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3.7.1 olHHy F+X

AESs Tl 6oAREAARE Mol Jksd  sixDoFRigidBodyMotion
ol HEgle] 2= Fig. 3.3% 2t} sixDoFRigidBodyMotion 2to]H.elg]& 1 ah-ol

77+ Fef 2~(cdass) S 7HAL QUL 7 S AEY 9T ¥ Ve ES U Zth
A2 pointPatchFields F#2E 62A-FEZASE os] mAo] WAHW, Az

e 2 AAMES BEA wet olsAATFE d&s Atk olet FAl AEst=

sixDoFRigidBodyMotionSolver 2= AAte] WS Atbshs EWE Zs8tal 9laL

OpenFOAMOI A A 2J8}= vf&xﬂﬁﬁx}(vaesh)% 6 A=A -5l ‘;l%—(ﬂ
HPANATE 982 3tk AR5 1P = AT AA W (patch) L2 HE| S AE
inner distance®} outer distance®]  27}A|Z AA S0, inner distance <t A
ke AAES 6ATEAA R EH FAH| o] FetE o] WA Feth o=
BAANAM O] ZAF (boundary layer)e FEZet=t] Felstth 123l outer distance
el fAske AAEL 6ATEAGAEsANA HEl "olxHglol FFES A Re=
FYolBE, o] FYAE Axte] WYPL douA] L=Th 24 inner distance$}

outer distance?] Aloldll Yol A= 5o W= AzlH o] o] Fo] it}

| sixDoFRigidBodyMotion

—1 pointPatchFields [

m—{ sixDoFRigidBodyMotionSolver [

—| sixDoFSolvers [

—| sixDoFRigidBodyMotion I

constraints |

—
—1 restraints |

Fig. 3.3 Structure of sixDoFRigidBodyMotion library
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+O=2 sixDoFSolvers Fllae FAle oAt =EAAwEs siMshs 37H4
EHES Xt ok o] EWEL sixDoFRigidBodyMotion Fefj2=oll4] A4t
JHEEet EIE AR BRAe oA Alese Adbeta, 1 Adbel uhet
symplectic, Crank-Nicolson ¥ Newmark(Newmark, 1959) £H & St}

Symplectic €H& A= AT ukel o] 22k HEE9 leap frog schemes
g3 9 A A (explicit) EH 24, OpenFOAMS] PISO EEoAnt ARgo] 7Hs3ith
ArPEARE Fig. 320014 YeRAd A3 7] Update position, Calculate forces, Update
acceleration®] <A1E WETE Update position TACAE= ol At &=
KRS o]&ste, T3 ARKn+1/2)49] £EE Alteta, o] £EE o] 83t

BEaAe MZzL AE Akt Calculate forces THAlOIAE WHAE x]0]A 9]

frAlel Z8ske B S ARtk vpAIRS 2 Update acceleration THA| A &
Ao A AR S ol &t MER THEEE AL, olF T3 ARPA Y &xo
AgFomA A ARIA ) HF £S5 AR o] ABEL T 22 Ao

vehd 4 gk

- Update position

W2 =005 A a” (3.34)

CoM' "\ = CoM™+ AL L2 (3.35)

- Calculate forces

=Y pA+YrA-m- g (3.36)
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- Update acceleration

+1

+1 _ Jit+1l
@y = m (3:37)
S =0 2405 AT gr (3.38)

A71A A n+1& A AREE Esty, i+12 dAe] PIMPLE ©AE
ojutt. wek CoMS H-RAY £x9t AFEFTAY fAE Yulsta, Ate
AL gugity. f, p, 7 2 Av FRAlC ZHeste AA F, b, AdsY 2
A ®HAS onjsta, mA g FRAY AEFHdry mass)t FHMEEES
9/]‘3] gt

Crank-Nicolson®} Newmark &WH+= 221 AZE9] A& (implicit) EHEA,
OpenFOAM®] PISO %  PIMPLE EEo|A EF ARgo] 7lgsith Axbdae
symplectic €W} G| Calculate forces, Update acceleration, Update position2]
+AE T Calculate forces % Update acceleration THA| 9 Al= symplectic £ <}

Yl 4 (3.36)F (3.37)= AR&St FAldd A&k BE s ARSI ol
HEe® 7GRS ALRITE Update position TAGNA = o] @AAA  AlLlgt
THEEE ol gdte FiAle £x9 YRS Aldtsker, o W F &M APl
zkol 7} ATk

el

>

Crank-Nicolson €H= 7HEEE ol gste] FfAlo &5 Altlstal, o] £=E5

AHgt BEfAle] /A5 Akt O AL o 2ol Uehd ¢ ok

ol =t AT {aoc- a4+ (1—aoc)- a”} (3.39)
CoM"*' = CoM™"+ A"+ {voc- v+ (1 —woc)- vn} (3.40)

A71M, aoc®t wvoce A7t 7HEE HAIA|G(acceleration off-centering  coefficient) 2}

Collection @ kmou



5 HAA T (velocity off-centering coefficient) & 9|W|etal, 7] &4 25 0.5°]th

Newmark $WiE 7Me58 olgale] waAlsl 5ot X8 247k Adsha, 1

F4e T st 2ol UM 4 Atk

v =t AT {7' a' )+ (1—7)- an} (341)
CoM' = CoM™ 0" AT (AT {g a T+ (05-0)- ") (342)
A71A, &t e AL &5 HEAS(velocity integration coefficient)} | X]

2 Al (position integration coefficient)E  &JF|eta, 71EgES 2 059 0250tk
&

I ERTL 7IEES ARSstE TR &R "o

.

AAH &M symplectic? WAIA EHQI Newmarke] EAS Hlusr] 9%
Asks FstATh 22 symplectic €= PISO <ag|FolAwt o8& + e
Erjo|AY, SRS 93] PIMPLE &iglsdise T4 & =S &2 A5E
F45AtE T EHol s FY 20 A Aeksad g AR A &%
sl4e X3k, Wl PIMPLE  iteration Wtk F-fAl9] 7H:EE  OpenFOAM
2a9Ye| EYAY I 2IHEE B3| F=3 AHE Fig 349 YRt

45 7
-
4
L
35 —
5 "
=3
25 ”» o P P
3 ¢4 21 2 *7S1
prr®?
2 i . . . 15 ¥ .
5000 10000 1 20000 * i1 ,’
A " 4 7’
. P E
0 T T 1
-3 o 50 100 150 200 250

(a) symplectic solver
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L G0 000
haad oo o ’Wﬂ",ﬁ“’”’ﬂ
¢ ¢

*AHE1

(b) Newmark solver

Fig. 3.4 Convergence characteristics of sixDoFSolvers

7oA T EHe] FH 542 & AolE HYTh symplectic £H
dsll TY AHA UolAMe 7R ©EE2(monotonic)

Al AEske WHIkE BT o9 wiE,

g
ot
frt
f
R
by
g
>

(g
2
=
e
I
rlr
=
2
)
m
oX,
o
fru
rO
offt
ne
>
)
r:]_‘
)
=
2
>
rlr
N
Ipr
b
1o
)
offt
ol
Ir

=
WIS YA, ANA ol dxE e WaE Byt

AFNH O 2 Newmark &H O] ZF0] symplectic £Ho| ARt B os gl
Aoz ATFHI, Newmark EHe Tl WA AZREARE HAZQ] 7HEE7)
=7}

sk WA symplectic W= 2F WA ARRPAZAIE AAHA 7F
<

Ho
1o
Jm
o,
R
El
in
_ﬂ
ft
I
ol
o
It
re
re

ToAME WA 5489 Newmark EHE
ARESIAAL, AlFAI o3k Ed¥o] fgor FIhEojoF st wlEol F-fAldl
A

Agsis A Y mERES Adsls A @370 AFAd od % mwEes)

mpA kS 2 sixDoFRigidBodyMotion e F-iAle] 44 9 624 =744 5l

O3k el H(state) S TAACZ #elsta, ©o]E 9l sixDoFRigidBodyMotionState
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= oM FHxE =¥t ok FEARE 3dFAl(center of rotation),
5, 7IEE, ZHeE H(angular momentum) ¥ EIZ T E o
om, f AZIRHAui 99 ARES FHIET =S FRAY Tl oig

=
HrEE AjetE constraint Fe29F 5S TESE oY REES XS Qe

3] 7 7} 5 (orientation), <

372 74 Ed(restraint model)
TE& B BiA9 6AfrEeE e T 9Ee AgdE e REEE,
iAol Welet Lo o) o]¥ S Akl HEdFe 22 |

91, mdle] FFE tiaiAE Fg 3.59 vehigith

restraints

linearAxialAngularSpring

linearDamper

linearSpring

sphericalAngularDamper

sphericalAngularSpring

tabulatedAxialAngularSpring

Fig. 3.5 Restraint models of OpenFOAM
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T4 RAES AgALd] U 2xs GNE FEY + YT,

A¥(linear) B2 3 H(angular) ZZE FEF F Utk A
%

-
1b
il
)
i

= sixDoFRigidBodyMotion S 2olA restrain( ) Ol Y &=
HE, restrain( ) S motion, P, 1F 2 tMI 22 4719 Sl (argument)E
% =

-~

7% ﬂ(ob]ect)ol_l_ P& 7591 A (restraint pos1t10n)i Heo] 71EH
Sxo2 ARRET. UHA Fol tME TEEE o8] Altke
JgFos  FES  FEY(restraint  force)?  TFEEW E(restraint  moment)E

ojul gt} thEAQ] T4 LS U459 T2 Table 3201 Aejatsick

o
ol
o2t
i

Table 3.2 Arguments of restrain( ) function in the restraint models

motion rP rF rM
Linear i used as fairlead position not
] input i ) calculated
spring and acting point of rF calculated
Angular i used only as acting not
_ input _ calculated
spring point of rM calculated
Linear _ used only as acting not
input _ calculated
damper point of rF calculated
Angular ) used only as acting not
input _ calculated
damper point of rM calculated

25 BddA motion A= AR4le] 7HAAL e HAAY HA9F £5 5

mdo) Yy R AlEeih

o
-
Ibr
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DY X 2A4H = ,
MY S5 olgetd FEYD FEEUES ANAT. A RASe) o5 A
Yo mRIEE EAoE HEAY Ul HEHOE AFHe] Y, ot FHHL
A% ARE BE W AwHoR 27 AFFAEAFNS YAl ANSEE

38 X I FZ 74

o] Ay (generation) H AH(absorption)©] 7FsdF A 3 FZ(numerical
wave tank)9] TEE I3 waves2Foam ho]H 2 E](Jacobsen et al, 2012)F 2§
sttt o] gtolBeigl=  ®Imf=g i (Technical University of Denmark)®] Niels Gjol
Jacobsen®ll 2J3l OpenFOAMOlA I2AS F37] fg E28 1< (plug-in) o=
ML= RO, AA)= GPL licenses 3l 42 IE7F F7lE o] Uk

waves2Foam-< 23} (relaxation zone) 7|M-& B3l TH¥SE 712 I(stokes wave,
cnoidal wave %), ©|F3kbichromatic wave) ¥ S7AIES 4T & Aok =T
22 7IHE B3l 783 A H(numerical beach)E &3l 3= AEAIA RIALSLE
ay8oz AAL F Yk

3.8.1 $3}79(relaxation zone) 71§

o] EAskE el lolA, EF AR WATE ARSI T UolrbA
WAL A 99 S TtEAR gEo] AAEE AT AR dFE mAE Ae
WA AL ul$ Fasith 7 AAUNAY WAlge MARE 297,
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WAL Q4T AR G WA HE AfaEe] Solo] #4%4 discontinity)
of WA slo] £ 3] £l Wshzt 517 Wzl

o oz, BETY ME HY dYel AT AAWH BF AW F9ol
%:a}aw—q sl el A4 2 AUS FAHOE 2MF £ YET Sk
gelAe BEste gt ANE FEL
7

bl = A2 5 AA AWl =, A waves2Foamoll A=

S H AT Aol Zhsskn 1 AL et g,
¢ = <]‘ - w)¢ta7’get + w¢mmp1Lted (343)

A7A, o= ST WA ANHE SR S50y A ()7 AFET wE
Ve E oulsta skt Yol wel0,1] Yol Alstdth waves2Foamol 4]
VE8TE AAtsHE WS exponential wight, free polynomial weight ¥ third order
polynomial weight®] A 7FAZ7} 131, & AF)ME free polynomial weight &
AT 1 AL oe 2

w=1—a (3.44)

A71A, z& x€[0,1]9 WHYAA Wsh= 379 U =4 FHE(local
coordinate) oIt} we zoll e FFEA, Y7 2 ET AARAINE wle=1)=03}
2ol AT & Qlal, AT H AslE A 2 34 P H(computational zone) Ato]2]
AAWANME wlz=0)=13 o] FIZT F Utk pe AF(exponent)ZA], £
AFolMe 718 10 ARSI St Tkl tielAl Fig. 3.600
A5 UERA AT
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Non-relaxed
computational zone

Qutlet
relaxation zone

Inlet
relaxation zone

Fig. 3.6 Relaxation zones and weighting function

3.82 3} o] E(wave theory)

BoAges Agd wke 5349 2E~ 3lStokes 5" order wave)ol,
waves2Foam-2 Fenton (1985; 1990)9] ©o]&¢] &|afjA] 5xke] ~E2~ T&p& AA s
A1 B 58 & S(mean horizontal fluid speed), & 32 &S (wave speed),
u7b 2 (345)9F o] Fold w &= Feld(velocity potential) ¢S T3l FHEE
ahdol tigh sfi(solution)= 4} (3.46)3 o] AL = Ut

_ 1/2
u(g) =G +EC,+€'C,+ O(°) (3.45)

i Mm

d(z,y) = —ux+ Co( 3 ) Z A, coshjky sinjkz + O(é%) (3.46)
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A7, k, g, e 27t F(wave number), TH7IEE 2 FAHY 3F3l(dimensionless
wave height)E 9W|stal, e= Iret RFAE FJ3I e 22 Yw U "o
(e=FkH/2). G, G, C, B A& FHo A48 AFES gudth 0()s 54
Aol AoAA FA Tl eo] 6AE ©

ZFAA T FABTGE ool

o
o
i,
rlr
o
i
rlo
to

A& (error  term)©l]

M5, AZ - (volume flow rate) @ H W 25| F43(Bernoulli constant)

242} the st 2ol AdE & 9o,

flo

R

kn(z) = kd+ ecoskx + €* By,co52kx + € By, (coskz — cos3kz )
+ ¢! (B,c082kz + By cosdka )+ € (— (Byy + By, )coskr + Byycos3kr
+ By;cosbkr) + O(e°) (3.47)

3 1/2
Q(%) = Cykd+ *(Cokd+ D,) + ¢* (Cykd+ D, ) + O(e°)

3 1/2
= Ed(?) + €Dy +¢'D, + O(e") (3.48)

RE_ 1

PRE) Co+kd+ € E,+¢'E, + O(°) (3.49)

oA71A, et FAY FoE Uehte kde FAHY 4(dimensionless  water
depth)& 2|v]slal, B, By, By, By, Bs, By, D, D, E, 8 Ej= 54 H84
ASSS ofpls,

2 (345)~(349)°ll EAE AFE A, B, C, D 9 ES AA8] YehH ts3 2t
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A,, =1/sinhkd

Ay, =35%/[2(1— 5]

Ay, = (—4—205+105%—135°)/ [8sinhkd (1— S)*]

Ay, = (—25%+115%)/ [8sinhkd (1— 5)°]

Ay, = (125—145%—2645°— 455~ 135°)/[24(1— S)°]

Ay, = (108 1745%+2915°+27859)/ [48(3+25)(1— 5)]

A, = (—1,184+ 325+ 13,2325 4 21,7125%+ 20,9405+ 12, 554.5°— 5005°

5

—3,34157—6705%)/ [64sinhkd (34+2S)(4+ S)(1— S)°]

Asy = (45+1055%+1985% 1,3765—1,3025°— 1175°+5857)/

5

[32sinhkd (3+25)(1—S)°]

A = (—68°+2725'—1,5525%+ 85255+ 2,029, 7+ 4305%) /

55

[64sinhkd (3+25)(4+8)(1—5)%]

B,, = cothkd (1+25)/[2(1—9)]

B, =—3(1+35+35%+25%)/[8(1— 5)*]

B,, = cothkd (6 —265— 18252~ 2045°— 255+ 265°)/ [6(3 +28)(1 — 5)]

B,, = cothkd (24 +925+1225%+665°+ 675"+ 345°)/ [24(3+25)(1— 5)*]

B, =9(132+175—2,2165°—5,8975° — 6,292.5" — 2,687.5°+ 1945°+ 46757+ 825°)/

[128(3+29)(4+S)(1—S)°]
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B, = 5(300+1,5795+ 3,1765%+2,9495%+ 1,188+ 6755+ 1,326 55+ 82757
+1305%)/ [382(3+29)(4+ 5)(1 — S)°]
C, = (tanhkd)"/?

C, = (tanhkd)"%(2+75%)/ [4(1 — S)?]

C, = (tanhkd)"*(4+ 325~ 1165%— 4005%— 715+ 1465°)/ [32(1 — 5)°]

D, =— (cothkd)“2/2

D, = (cothkd)"*(2+ 45+ 52+25%)/[8(1— 5)°]

E, = tanhkd (2+25+55%)/[4(1=5)?]

E, = tanhkd (8 +125— 15287~ 3085%~ 425+ 775%)/[32(1— 5)°]

A7) A, §=sech2kd ©|t}.
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A4 FTF AFAY AEFH o=

41 7 &

A9 eArEEsH AFAY I st P Adsid e AAle tad
2ol YA WA FFAY AsS dAsh= OpenFOAMOZHE AtH 64-f%=
Helet £5, A 2 AIEPA A7) (time step size)= MoorDynoll @AET T2H
MoorDyne  6A4H+= W99t &£EE ZAAIZ(boundary condition) &2 A8t
Hojg= 3l BE UF dHFEY A, &= 2 JHEEE Adst Hojg|sd
g3k Q1A stes Akkeith JEla oyt A8 AR dtes HiEoR
AFA 9 6A-FE B (restoring force) S A4HEE F ©]E ThA] OpenFOAMO
AgaErt. vA2 o ®  OpenFOAME T ARE ZHA0A 9] RHAe] AsS
ARstr] sl AR Bd¥s FTHE Hor st FHA Zgske KA
RSt BEAE ALt of& v o R RFA Y Ase ALt ik

oldat okdbEF XA

= 93lAl= OpenFOAMT} MoorDyn7tell A2 HoJEl&
TS F UEE AT JEHo|~E R0 & Zlo] F838ta, o] UHFHo|Ax
OpenFOAM# MoorDyn®| & A4S 9fs F7l=2 AP 75 =2d 9
EA5HA "tk OpenFOAMPe] FfAle]l 6xHFrE=&5° g A H(motionState ),
AlZHtime ) B AIZF ZHA(timeStep )= MWW W(member variable)® Z= motion
AAE MEE 74 Ed9 yiE BHyFd, Qedolx T 6Afe Wee) &5,
AIZE D AIZE ZPA SR WHBEE O] MoorDyno 2 |dAZITE 9 2 MoorDynoll A A4k
6AHTE HYEE T /N #WE W42 restraintForce$} restraintMoment® RESH| T,
AEIH o] 2~E B3l 7IEE9 EaE Wy o] OpenFOAMOE WAXIT o] #HAH &
Fig. 410l A8 UERH AT

it
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OpenFOAM

F 3

motion object acceleration
torgue

Interface (restraint model)

F 3
6-DoF position
6-DofF velocity

time & time step size

restraintForce
restraintMoment

MoorDyn

Fig. 4.1 Interface between OpenFOAM and MoorDyn

42 59 53 EY(dynamic loading)

g Al &M= OpenFOAM<= 5 EH(primary solver)®  AR8-3}al,
MoorDyn& - &H(secondary solver)E AFAZTE A5S flsiA= 2374 A9
gk MoorDyn®| &4l 3<F(core function)&= OpenFOAMU 9] Hdt= {A|olA &
T Slofof at=H|, ol& #elA Fel 24 =HY(Hjalmtysson and Gray, 199%)< A&
ST

o] 57 B9 AR SlEiAe WA A dEs 23 Y7 (dynamic
linking)o] 7Fsdt=s & ZlolBelg] Uz Hud stofof ok A=fRoA =
dll(dynamically linked library)¥¥-& ©]-&sh= 23 22|, OpenFOAM Linux” |5kl
Al FASER I+ gho]l B2}l so(shared object) U= A ste] AMgRTE Ff
gho| HE2] o] A3} OpenFOAM Wioll XA e] o= & Aol thell A Fig. 4.200 A4A|3|
UERA AT
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interDyMFoam

— Case Setup
Lineslnit( ) Call Linesinit()
function --- time loop -------
6-DOF Library
LinesCalc( ) __ | Shared Object Call LinesCalc()
function (libmooring.so)

] --- time loop -------
LinesClose( )

function END
Call LinesClose( )

Fig. 4.2 Dynamic loading and call of core functions in OpenFOAM

A Lineslnit( ), LinesCale( ) 2 LinesClose( ) FrE< HAY 3o FH
O

gio]Hef )]l libmooringso #HYS AL, T4 ZHES F3 OpenFOAM ol A]

5SS & OpenFOAME] EHE= T R-5(multi-phase flow)2] 343} A}o]
WS HEeE HiAe 6AfELE d4o] 7Me¢  interDyMFoam $HE
Ael8%3, OpenFOAMS] Aoz Aol Eua Bt F3(time loop)7t A2 7]
Aol Lineslnit( ) S TEIAUh ARl JdH = Bl £ &b o ARt
A 3EHe BRAY 6eAGEes  golHEEl uelx R A4sA
AEjF o] 29 A4 LinesCale( ) F7F TEHTE £22 OpenFOAME] Al4to] B5F
eyl @ o]Fo] LinesClose( ) ¥7F &tk sl AT HX|dA
29SS Fg 432 F34 &9 £ gioh
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Final resid
=0, cumula

(b) LinesClose( ) function

Fig. 4.3 Call locations of Linesnit( ) and LinesClose( ) functions

43 N2& 74 =4
ek AMSA EHolaE S % AEE T4 =Y mooringlined
OpenFOAMOI A 7|02 AlEdh= <

2953 PEFE T 7 54€ 7D gk

X
F7FE A8 AL, mooringLine 74 EE

rlo

AR, OpenFOAMOIA 71ROz AFshe T4 RIEL 64
AMgst]  FE FEEHMEE AR ALMEAR,  mooringline 7 R
O« O

6AHTES AHEE ARSI MoorDynd ¥

WEEW A4 AN % 4gsa



A, 75 BEds AASE dynamicMeshDict Yol 2t 74 Q4SS HEE A
5 AAslor Jtk ol S0, AT Ehelel 8717 2 E ] led
z

42 8 AYAFES WY Folof Bk 19}

=\|£=
-
ot
__)tl‘
T

i
oa

T7HA R, OpenFOAMOA 7|02 AFdte 74 RHAES 72t 94¥E A4td
T+ z

TEY Ee TEEHEE HRoR USRS BEAE A4 Arbsta, 4 TE
QARHRES] JEESL EAE OpenFOAM Uolx itetes #H48E AAH AT
759t EFE AAshk=d 9, mooringline 74 E@-2 MoorDyn WellA EE
A7 2l o3 F g3 ZREE shttety sy wi<d(array) W< Flines®
Hgkel| 301 o] & Hlg O R HF 7SR EIE AR, WA OpenFOAM ol A

= FAo] Q. gtk 7 FE& QoA AXtE T4 FEEHET}
Mol Ea2 WikEe 349 o) 2 Fig 440l JERASITH

Restraint 1 F & riM a&t b

Restraint 2 F & rM al&T

Restraint 3 F & M a&t | Z in OpenFOAM
[ ] [ ] ®
* [ »
[ * L ]

Restraint N F&rM a&rT

(a) Standard restraint models
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Restraint 1

Restraint 2

Restraint 3 Z in MoorDyn rF & rM a&T

Restraint N

(b) New mooringLine restraint model

Fig. 4.4 Calculation procedures for external forces by restraint models

44 49X 718

o

OpenFOAM# MoorDyn®| = 8% Ad< 98 d=3t 2 d4 7IvE0l
ALEL T & 7ke] Admd tiEiME dA AFen " =
&gk X (loose coupling) 7IHE ARSI, OpenFOAME  #A|

=

AgeT+
ANZEAAN AL AlFA ALkl o] AZIRPAS HRES niEgo® Akkd 74533
TEEHEES ADaflF= A A4 (delayed coupling) 71H-& AT

441 =<3 94 (loose coupling)

A oR AR OE F ZEIAS dA4A7e e 0w AA(tight
coupling) ¥} =3 AA(loose coupling) &= & THJonkman, 2013). =<3 A4
7S 7 ZEIOEC] A EME AMEStY ®TES Adetr URFHoR
dlolgE #FAsHHA A4 ARdRE QIE#Ho]2~E Fsf

=
Hbdel, g A4 7S 4 ZRIWSC] ARk AP S AAs sk,
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Mese] AY 9 A%e mE xeade AgE: 25E &Wle yRdA
ol FoiZItk, 5 14 7ol sl Al Fig. 4500 AAIS Lrehich

Interface
1 | I H
| Program 1 " { Program 2 ll eee | | Program N ”

(@) Loose coupling scheme

Interface

/
H H H

Program 1 Program 2 oo Program N

(b) Tight coupling scheme

Fig. 45 Loose and tight coupling schemes
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442 A A% (delayed coupling)

OpenFOAMY] EBAH &W+ WA (implicit) 549 645 £WM< Newmarks
AHESIAAL ol UAIE SAdoR s dA ARIRMACNAY HF £=71 AAH

E_X
—;‘
o e ATt & FIT ARANA L=

°|% E WA ALt vlx et
-5 ALtk olol Wl MoorDynd &A1 A (explicit) 54 EHEA Y3

AZEZEACN A HojE]=e]  AlZ RIS o] X EREH olFde S£EE HIEoER
AlFA g si4s 21Wgt OpenFOAMI MoorDyn®] AJF z18)e] Zpeo] £ Fig.
4.60 YERAITE

O/F O/F M O/F

Voo, Aoo

A
MoorDyn

Vo, Ao
‘A
‘MoorDyn

A
MoorDyn

—I[

Fig. 4.6 Time steps of OpenFOAM and MoorDyn

olgl olfE, A AAY M-S WA ¢lojA MoorDyne] LinesCale( )
7t T2 EE AFNA OpenFOAME #Holg|=o] A& = Ags) & 4 AT

Al = F e ARl Aok o] ZAE Hstr] Al A A (delayed
coupling) 7S AH&3FAH:

AA AR 71 Aaks o 2t Fig 4604 BEe 23 Zo], 7 @A oA
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AR A QXS 7L, & ©A o]d ARKMACA &£EE JPAeth g1
OlES olg3td AtEl ARAL EYHEE 3 wA old AL Ao AL
Zth. &, MoorDynolA &R H o2 Ate] 7hsstes A A9 &£59 AlFo

5% oA AIIAESL  OpenFOAM ARE  ARgshH=  Zlolth, ZAApzoz
MoorDyn®] A|Z7F4 0] OpenFOAMS| AIZIFARTE gk ©@A|(0.001%) A A=, o]
A AL =% AA 7IHE ARSI Rl F3o] shsEitt

F7}2, MoorDyn® WM ARt &= T WFEe  AH(state)E
oA (consistency) A FTAE7] A= MoorDynollAl - AxkeE AEL 9x]9}
OpenFOAMOI A 74L& A2 $IX7} LAs|of sh=t], OpenFOAMOIA A|&3h=
E£55 A3 ARESe A HAlRE Aozt BAEe A TAsAT. ol /Al
#3ll OpenFOAMOIA AlFshs SEE AP Aoz AMEsHA] @i, 24 ARIEA wite

ANZ A AIACE e 58 ALSIISITH

45 FEF QAN AHH|= 7=
HFHo= Mdd AEHo| 29 FXE Fig 470 UM AY WA F&
mdo] APHH, 6AFEAALES motion AAZFE AR} AIAHRE
7PALal o] ARES Higo R A8 £EF AT 21 94, £5 AR H
ANZHAE Q19 (argument) 2 ZE= LinesCale( ) S &3} LinesCalc(
al "

)
U @A) PIMPLE iteration®] B WA Ao wie} th=2A 23t}

il

PIMPLE iteration< OpenFOAMOIRF Q)&= &3 WHEALE FZ(loop)=A], F-A1<
6AHT =5 57 (flow field)Z+e] 88 “dEl(equilibrium state) Y

NZEA A ] Aske WHES= Aotk 1] PIMPLE iteration "I} WA 57
o FHfFAl TliAle ¥ EHEES AME AL, o] 3 EHE o3t

AT EES ABA ANSAA B e o] ZEE sk ok

it
12
N
do
=<I>L_4‘
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Start

v

Get motion object

v

Calculate position

v

Calculate velocity

v

Call LinesCalc()

New mooring calculation

v

Write output

v

Return force and moment

v

Finish

no

Fig. 4.7 Flow chart of two-way coupling interface
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o] of f5ol o3 FHAl A= ¥ EREE wiW HAEHT RS ARA
of3] Alxte FE3Y FEERIES 5Y3 ATREE Fotols dge ghol Aok
gttt o] o2, 3 WA PIMPLE iteration®l A= LinesCalc( ) &7} AlFA el thg
NZE ALE Adsta, ALEds E83 & 7439 FEEHES S| Enh A
HA PIMPLE iterationo] oPztd, A= ALbe] ol ALbdzte] &9 §lo]
ojdol ALHHAUY 75 TFEEHNES wHEks|E

(m

ol& 93] A WA PIMPLE iteration 75 Q& + e F& B (Boolean

variable) moored_& =%3}%1, moored_9| #kol F(true)¥d Wi, LinesCale( ) &7}

Nz AFAY HHS AYSI=E sHTE ol FAHE Fdl 5Y ARHEANA 45
2do] A&sl= PIMPLE iteration®] 3ol A#Qlo] AlFA 9 BEddEe UdAs)
ws FAE & 1, AFA AT 8% u AZREE o s dE

AT,

4.6 FHF AAAY U ol~ AF

461 A3t 5713}

A AIZE F7138k e A= OpenFOAM MoorDyn®] A7t Z18(time advancing)
Aol zpol7h SlojA 4 FEE *7‘43]1204‘3}. 7k &we] ARE 218 WS Fig,
4.8 YeERATE OpenFOAMONA = vl AREZEA Z7]o AlZk(time)3} AIZREA A7)

(time step size)& 7Alstal, F WTFE ol§std Alkbs st AAE =4gith

ol¢t ¥ MoorDyne Hi AIIEA 27|l ARRMAITZ|WE S, A=

P
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1744 57] SEre ol gakel AlAtalth RungeKutta SiElZe o] &3 AZHE R
2xol AFANLE 98 MoorDynel AIRIAAZE olgale] Azke A,
AzAoz ANE AN o gat ATE e

O

N
N

Update t and dt
v

Calculation using t and dt

v

Writing file using t and dt

(@) OpenFOAM

Update dt
v

Calculation using dt

v

Update t in the rk2

v

Writing file using t

(b) MoorDyn

Fig. 4.8 Time advancing methods of OpenFOAM and MoorDyn

AL E718H2 A3 OpenFOAMOIA] &) Alzto]l opd & Al ofd ARk
MoorDynell HAFES 31313, A48 A3 Fg 499 UehAH. OpenFOAMel A
000122 AZItAoZ A4tglE ul, MoorDynd ZAFutUeMz FUI AZHES
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o]g3&le] WYS £33}l PIMPLE iteratione 3 FaFP2o= o] A7tF 3+ AR

Time FAIRTEN1 FAIRTENZ FAIRTEN3
(=) (M) (1) (M)

0 2.33065 2.33027 2.33027
0.001 2.330&8 2.3302% 2.3302%
0.002 2.3307 2.33031 2.33031

0.003 2.33071 2.33033 2.33033
0.004 1.81706 1.81652 1.81652
0.005 2.12198 2.12166 2.12166
0.00&6 2.19142 2.19107 2.1%107
0.007 1.65128 1.65084 1.65084
0.008 1.60383 1.80367 1.60367
0.009 2.06851 2.08723 2.08723
0.01 2.20454 2.20425 2.20425
0.011 1.23536 1.29541 1.29541
0.012 1.58963 1.58953 1.58953
0.013 3.52465 3.52374 3.52374
0.014 1.38974 1.38974 1.38974
0.015 1.68986 1.6899 ,/1.6889

Fig. 4.9 Fairlead tension output file of MoorDyn

Heh &mo] AEde sy 917 OpenFOAMS®| logod&  Fig. 41000
UERRSITE dA Al (0.005%) 9141 MoorDyn A4t $l8 Agd W9 £=5
sty flslM, ol T AIZEFA(0003% 2 0.004x)oMA HF HAXe} =0}

A== Al WA PIMPLE iteration®] logt @A AIREHACNA AlfF Al2=H9]
2P = A HA PIMPLE iterationol] Tt logE v = E21sH T

X
1
o

0.003%00 A9l 3]HdFAe] A7} 0.005%2049] MoorDyn AlthE #1%F 27] A2
AEENTS FRIT 5 AUtk olF &F=ol tieiA= OpenFOAMO] AFdle= &5(oF

o

0.008803589m/s) ThAl, 0.008%°04¢] 3AFTA AA|NA 000430042 3]

oo ot
™
32 ofy

Al
AAZ o]F &=(¢F 0.007161882m/s)7F MoorDyn Al4He: 913t S22 ARSI
Sheld & Utk ole oA dHE 1104 <1%d(delayed coupling) 7%+ &3 W9}
&59] o] A& o] Folxee AvFth
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PIMPLE: iteration 3
forces forces:
Not including porosity effects

Restraint mooringl:

linear velocity: (0 0 0.00305798713093)

angular wvelocity: (0 0 0)

linear displacement: (0 0 -0.172195141797)

angular displacement: (0 0 0)

restraint force: (0.000371845468647 0 -1.50312129869)
restraint moment: (1.38777878078e-17 7.06687467441e-05 0)
moored 0

6- igi Lion
Centre of rotation: (0 0 -0.172187123938)
Orienctation: (1 0 0 0100 0 1)
Linear velocity: (0 0 0.00552017502941)
Acceleration: (2.32339613337e-05 -7.86814990539 0.307694878354)
Angular velocity: (0 0 0)
Local angular velocity: (0 0 0)
Torque: (21.6753590799 8.5197431912e-05 -2.79589072886e-09)

(@) OpenFOAM log at 0.003s (3rd PIMPLE iteration)

PIMPLE: iteration 3
forces forces:
Not including porcsitygeffects
Restraint mooringl:
linear velocity: (0.0 0.00495987202895)
angular wvelocity: (0 00Q)
linear displacement: (0.0 -0.17219208381)
angular displacement: (0 0, 0)
restraint force: (8.99094418537e-05 0 -1.3515086118)
restraint moment: (-1.38777878078e-17 -3.56579787813e-05 0)
moored O

(=

Centre of rotation: (0 0 -0.172179962056)
encre or mass: =0.

Orientation: (1 000100 0 1)
Linear velocity: (0 O 0.00880358855807)

Acceleration: (4.48714898904e-06 -8.96948038145 6.25913217896)

Angular velocity: (0 0 0)

Local angular velocity: (0 0 0)

Torque: (32.4550839109 -6.20042047995e-05 -3.2802816257e-09)

(b) OpenFOAM log at 0.004s (3rd PIMPLE iteration)
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Time = 0.005

PIMPLE: iteration 1
forces forces:
Not including porosity effects
Restraint mooringl .
linear velocity: (0 0 0.00716188179373) I

L Ve IO LTy, (LU L) L)}
|linear displacement: (0 O —0.1?218?123935)'
Tgurar dlspracemene: 100 o)

restraint force: (0.000186051166753 0 -1.55718012952)
restraint moment: (0 -7.61661736004e-06 0)
moored 1

6-DoF rigid body motion
Centre of rotation: (0 0 -0.17217185323)
Centre of mass: (0 0 -0.17217185323)
Orientation: (1 0 0 0 1 0 0 0 1)
Linear wvelocity: (0 0 0.00741406392905)
Acceleration: (1.84920946219e-05 -6.14595896486 -9.038181437)
Angular velocity: (0.0 0)
Local angular velocity: (0 0 0)
Torque: (4.74683744547 -5.57046056098e-05 -2.45673402283e-09)

(c) OpenFOAM log at 0.005s (1st PIMPLE iteration)

Fig. 4.10 OpenFOAM logs for displacement and velocity input of MoorDyn

463 AFAY 748 AL

QA AFSE ubkel o] FAS AIZFFA|A HHEE= PIMPLE iteration &<t
F57ol o HaAd 7eiAl= 33 RHEE HE AEHE o]F7] 9F Wty
AFA o3 F&£33 FERHEE JASA FAIFHOoF dth o]E EQIs]

Slai A 0.00520014 2] OpenFOAMS] log#U& Fig, 4111 LERN AT

-2 W(Boolean variable)?! moored 7} A WA PIMPLE iteration %ol thgh
F/AA e w@F Utk T2 EE moored 7 191 ASolwt AFA tiE
AZE 84S &k, moored 7} 0% ZF-ole= A WA PIMPLE iteration®l| ]
Ate F48& OgZ o83ty I A3} ] PIMPLE iteration vttt FYgH 48 0]

eSS HAY £ Y, F5F) I P} BHMES WHEE HFHow

AYE MEEe} SR WalE AL AT 5 gl
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Time = 0.005

PIMPLE: iteration 1
forces forces:
Not including porosity effects

Restraint mooringl:

linear velocity: (0 0 0.00716188179373)
angular velocity: (0 0 0)

linear displacement: (0 0 -0.172187123938)
angular displacement: (0 0 0)

restraint force: (0.000186051166753 0 -1.55718012952)
restraint moment: (0 -7.61661736004e-06 0)
moored 1

6-DoF rigid body motion
Centre of rotation: (0 0 -0.17217185323)
Centre of mass: (0 0 -0.17217185323)
Orientation: (1 00 01000 1)

Linear velocity: (0 0 0.00741406392905)
Acceleration: (1.84920946219e-05 -6.14595896486 -9.038181437)

o ANguIar velocIityr ooy
Local angular wvelocity:\ (0 0 0)
Torque: (4.74683744547 -5.57046056088e-05 -2.45673402283e-09)

(@) 1st PIMPLE iteration

PIMPLE: iteration 2
forces forces:

Not including porosity effects
Restraint mooringl:
linear wvelocity: (0 000.00716188179373)
angular velocity: (0 0 0)
linear displacement: (0 0 -0.172187123938)
angular displacement: (0 0 0)
restraint force: (0.000186051166753 0 -1.55718012952)
restraint moment: (0 -7.61661736004e-06 0)
moored 0O

6-DoF rigid body motion
Centre of rotation: (0 0 -0.172164675918)
Centre of mass: (0 0 -0.172164675918)

Orientation: (1 0 0 0 1 0 0 O 1)

Linear wvelocity: (0 0 0.0217686885995)
Acceleration: (3.35885229786e-07 -11.4450881564 19.6710679039)

— ANQgUlar Velocity: (0 U U]
Local angular wvelocity: (0 0 0)
Torque: (56.7755414461 6.84469560169e-05 -5.44018451552e-09)

(b) 2nd PIMPLE iteration
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PIMPLE: iteration 3
forces forces:

Not including porosity effects
Restraint mooringl:
linear velocicty: (0 0 0.00716188179373)
angular wvelocity: (0 0 0)
linear displacement: (0 0 -0.172187123938)
angular displacement: (0 0 0)
restraint force: (0.000186051166753 0 -1.55718012952)
restraint moment: (0 -7.61661736004e-06 0)
moored 0

6-DoF rigid body motion
Centre of rotation: (0 0 -0.172170450929)
Centre of mass: (0 0 -0.172170450929)
Orientation: (1 00 01000 1)
Linear wvelocity: (0 0 0.010218665513)
Acceleration: (9.29688303502e-06 -7.17802605408 -3.4289782692)
— ANgUlar velocity: (0 0 O)
Local angular velocity: (0 0,0)
Torque: (14.902421735%5 7.31630492091e-05 -4.81731913333e-09)

(c) 3rd PIMPLE iteration

Fig. 4.11 OpenFOAM logs for restraint force and moment of MoorDyn

=

7 99 & 7=

FLEF AAe &MY s fIsiA OpenFOAM«] 7183 Aol yEEd
(case directory) T-Z°l MoorDyn®| =¥ HIES 913 Ex9 HIAEYE F7l4
F931, °]F Fig. 4.12¢] YR SAT

OpenFOAMS 7] 27 2 77 24 AAsis 0 tdEe), 24
o3 2SS AASE constant PR B Ewel SRV SE AAse
system U EZ2 FAE U1, iAol IPFHUA &4 AA=S EHste 23
O E8]E(results directories)©] F7F=2 AAZHTE 7|9 MoorDyn®| 4&% HYES
918 Mooring UAENE F7kstich sl4je] A7) Aol AFA B A
de FY(lines.txt)¥F  EAfsIThrL, 340 ;ﬂﬁﬂﬂ‘ﬂ/ﬂ out FHAE zhe= A

RS0l AHHE AL Fg 4132 A AT £ Ax, o8 B PP
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AQEA 2Wt AARo 2 AEE AT T 27} shte] ZHEL

a =2

m2
30

=2
Azt HdEe FAL ¢

Case Directory

0

constant

system

Mooring
(input & output files)

Results directories

Fig. 4.12 Directory structure of two-way coupled solver

(b) After solver run

Fig. 4.13 MoorDyn input and output files in Mooring directory
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As5%F A5 R 1F

51 AlFAS B33}

°{N
02!'.
o

AFAL AHstE 2L el digk MoorDynel A}=E #HZslr] S8l nldA
(uncoupled) 314& XP3tH 1, 1 AAE 77 A3 D A3 <} vlms

AFAL AAsIF tEsiAdE Irvine(1992)8 @54 WA A3 Masciola et al.
(2013a) ] AlFAS] =AHAE ol&st] e NP, A= Irvine (1992)9]
Ada et vtk iAol AHEE AlFAI =42 Table 5.1 et

Table 5.1 Mooring system properties for static load simulation

Properties Values
Horizontal span (m) 325
Vertical span (m) 350
Line length (m) 500
Line diameter (m) 0.25
Line weight (kg/m) 292.8
Stiffness (N) 9.817x10"

AfAC AAstEel e si42a7E Fig 510 Yt AR 2@l Zdols
wel sde FAoR 97)ef AHA AR stEe wasisla, d™sie} Hlwsis
o ool AAgE Adsiinh ol M F d=se 7P 2 AolE ®el
-0.34% Atk

YA
N

flo

~
'z
N
jutnd
o
il
to
_>;l_r‘
rlr
_l,% _‘
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1.6E+06 = .
| L 4
1.4E+06 =
= i L 4
g 1.2E+06 |- »
g i
2 - L 4
o)) 1.0E+06 =
£ i .
8 |
E 8.0E+05 = .
i 4
605405 I b ] Analytic
’ | L Simulation
0es05 —1 ] ] ! ] ] ] ] ]
0

1 2 3 4 5 6 7 8 9 10
Point number

Fig. 5.1 Comparison of static load with analytic solution

AFAL 4ol tEide s AF ZdS A83E Nakajima et al. (1982)9
FA1elet HaskAaL, s Aol AHEE AlFAY =X AE Table 5200 AelstaAt.

Table 5.2 Mooring system properties for profile simulation

Properties Values
Horizontal span (m) 8.42
Vertical span (m) 3.0
Line length (m) 9.0

Line diameter (m) 5.99x1073
Line weight (kg/m) 0.222

Elasticity (kg/cm?) 2.15x10°
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_

AAL G40l g AHATE Fig 5200 YR sojzl=el A8l 2
1% SHECF 209N BHFZ] 98l eele Zolg 008m F/MAA NS
At ABRE Was] A% AN A7k AojH=E AsdHA 37
of e AXWE AFEHL U3 P BHEY AFoNA vaF Hol7} g,
slofelzel et x7] A% —a—} of tiE dAel TEHA /% Ao
-

o

AR
13
T
T

3
25k . Nakajima et al. (1982)
i Simulation ad
-E- 2 ~ ///
S I /
? /
Q151 Y
]
3 /.
£ 4
€ 1
> /
05|
" .
[ ——— L L l L L L l l L L L l
% 2 4 6 8

Horizontal position [m]

Fig. 5.2 Comparison of mooring line profile with numerical solution

- S AR @lo] wiee] 24 e ASoly] Wi AR
HEOR AT IFE TS A 2 NS AASET ANE A3 Y=

X
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A% AFAY =48RS Table 539 Adsilal, AMEAE & 4

ANSYS AQWAZS| A3}l nlwsle] Fi

g 530 UFERISITH

I E

Table 5.3 Mooring system properties for simulation with seabed contact

Properties Values
Horizontal span (m) 487.5
Vertical span (m) 200
Line length (m) 550
Line diameter (m) 0.01
Line weight (kg/m) 150

Stiffness (N) 6.0x10°

0
i o ANSYS AQWA
B — ~ Simulation
-50 =
E |
c |
2
= |
8 100 g
Q. B
© |
L g
£ i
g 2
150 | o
| o
" 5}
] sl IR B A R
-500 -400 =300 -200 -100

Horizontal position [m]

Fig. 5.3 Comparison of mooring line profile with ANSYS AQWA
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MoorDynell J3 sj48 sfxwel] <l AlF 2iele] Aol 3 Uiy dH=e] A7}
ANSYS AQWAS] &4 Axtel wlg- & AAge AL F Utk F7H= AFA
4ol Fig. 5334 22 wf 7] g dHojgise Ash= A a5 AdAAE
Hl a5l Table 540 YERRIA, + £HTEY 247} 1.0% o]—g].?j]_% sholskgd ),

Table 54 Comparison of tensions at anchor and fairlead

. ANSYS AQWA Simulation
Location . ) Error (%)
Tension (N) Tension (N)
Anchor 531,525 534,456 0.55
Fairlead 805,316 808,223 0.36

oJelE AZAREL Fo AFA
A%E U F Yee AFAo AU,

A7l AR =] HajA AR, 229 4 @15) e Rt 2o,
BARE o) AAReT WHE oluck Lo uALe B¢ FATFOE
Agate 2xgas Axdon mdgHogl of ), YAZ @ Pk

TEAZE BAY Hods Aol ofyz}, 2xeel AHA(stiffness)t WO ZH4
Als(damping coefficient)E &3l FXH o2 Aol EAsh= A} #AS aRE
T Aotk siAw mdlol A 4 Aol o FEEe Ao EAL
O3 2

A s

2

W el 7wzt mE §X45/] 'E-—?:_Hilg Fig. 540 Yelf3leh

A A A AS(weight) FH2] el AW H-H(net buoyancy)ol Tl

Aol ofE Tl §EF UAHE 5 e WE FES AVE IR

(Davidson and ngwood 2017). Fig. 5404 K& A3 o] 7ol Fid] &= A
3

289 Aol W T BHNS TP B

)
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Oll

u, el 83 AR WSS v YA Aol EAshs A

24" xolol HAIsHA A

ot ——+—— kb=3.0E5Pa/m
N kb = 3.0E4 Pa/m
o2 & kb = 3.0E3 Pa/m
AN . kb = 3.0E2 Pa/m
—_ [ x ——e—— kb=23.0E1Pa/m
E -04F 1\ . kb = 3.0E0 Pa/m
5 \ %
i) F \ N
72 °°F W\
o i A\ X
o - ‘U .
Sosfk L )% SHXE AF 9K (-09m)
- I g DR
= - ;\ i -
g 4 ‘\m. o 48 0 o o o 0"
I .
A= ‘\‘\F /
145
Y e SN Y S T I I
0 1 2 3 4 5 6 7

Horizontal position [m]

Fig. 54 Node positions with respect to the seabed stiffness

o= siAd mde] 2H4 Alg Wstel] e #ojgl=e] Q1 skeS Fig. 5.5
UERSlEE A 2o 4 Ales "ol sjAwe] ©e W} sjAHorRE
Eoedd o 7 FoluAY AdKdissipation) % HA  whE(static friction) <]
AdS "9t Fig 55v HHTrl SEERE Aedte] Aol sjAHOozTE
o122 wo A34E YEhia itk

Fig. 559 (a)ollA =21 2 ksl o], 4 A9t FxstA & Afole
Hojgleel A skEol @A EBAL FYo] yehAl "o ol HAo
AR LY SolHd W H=F wpEeo] 28] wEoln, Al Eeld el
Ueh= 2= 848 b& ddelst & 5 ok
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30

25

20

10

Fairlead tension [N]
o
L e B B

m
)

——— cb=3.0E6 Pa-s/m

cb = 3.0E5 Pa-s/m

——— cb =3.0E4 Pa-s/m

cb = 3.0E3 Pa-s/m

———— cb=3.0E2 Pa-s/m
cb = 3.0E1 Pa-s/m

(a) Global view for discontinuity of fairlead tension

04 0.6
Time [sec]

5.6

Fairlead tension [N]

———— cb=3.0E6 Pa-s/m
———— cb =3.0E4 Pa-s/m

———— cb=3.0E2 Pa-s/m

cb = 3.0E5 Pa-s/m
cb = 3.0E3 Pa-s/m

cb = 3.0E1 Pa-s/m

0.3
Time [sec]

04

(b) Local view for oscillation of fairlead tension

Fig. 55 Fairlead tensions with respect to the seabed damping coefficient
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Motor with load cell
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32.554 + D.005m

Fig. 5.6 Experimental setup for dynamic load simulation (captured from Bergdahl et
al. (2016))

Table 5.5 Mooring properties and environmental parameters for dynamic load

simulation
Properties Values
Horizontal span (m) 32.554
Vertical span (m) 3.1
Line length (m) 33
Line diameter (m) 3.65%107°
Line weight (kg/m) 8.18x107?
Stiffness (N) 1.0x10*
Normal drag coefficient 1.6
Tangential drag coefficient 0.1
Normal added mass coefficient 1.0
Tangential added mass coefficient 0.0
Bottom stiffness (Pa/m) 3.0x10°
Bottom damping coefficient (Pa-s/m) 3.0x10°
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Fig. 5.7 Comparison of dynamic load with experiment result
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water) ZollAe] A+ T (free decay) =&3llAs Y 313, 1 AIE Paredes et
al.2016)8] A@ZA79} vt Paredes et al. (2016)°] Agste HolEegs
sAs 93l Bad ArIt FEete] AT "ol LEZF FAEA] =7<] Palm et

al. (2016)2] HoJHE HF3lo] ARSI

Paredes et al. (2016)2] A&& Zo] 15z <[—6,9))m, £ 5(y<[—2.5,2.5))m 2
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olje] FAFA $1A= (0, 0, -0.0962)m °|th. AFH Holof AAMF EAE Table
5.6 A3ttt

)
)

.

Table 5.6 Properties of cylindrical buoy

Properties Values
Mass (kg) 35.85
Diameter (m) 0.515
Height (m) 0.401
Moment of inertia, I, (kg-m?) 0.9
Initial draft (m) 0.172
Initial center of mass (m) (0, 0, -0.0962)

A2 ddtE 8 (heave)t FE8(pitch)oll thH3lA &8, 7] WL (initial
offset) > BIFFE ] FAFAE 7IEOE A7 0.075me} 876° %2 HASATE Hu =
Palm et al. (2016)°l4= F580l Mol gk =7] HAE 9898°= AAsIthL
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Fig. 5.8 Experimental and numerical results for free pitch decay test (captured from

Palm et al. (2016))
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Fig. 5.9 Computational domain extent and grid system
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Fig. 5.10 Computational domain extent and boundary conditions
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(@) Free heave decay (initial offset : -0.075m)

(b) Free pitch decay (initial offset : 8.75deg)

Fig. 5.11 Initial buoy positions and free surfaces for free decay test
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Fig. 5.12 Comparison of free decay motions with experiment results
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Table 5.7 Comparison of free decay motion periods with experiment results

Motion Experiment Simulation Error (%)
Heave period (s) 1.112 1.110 -0.18
Pitch period (s) 1.170 1.129 -3.63

dRrdo] BE A% dlsly] s, 4aEad
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Fig. 5.13 Comparison of free heave motions with respect to the turbulence model
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Fig. 5.14 Comparison of free heave motions with respect to the numerical scheme
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Table 5.8 Mooring properties and environmental parameters for moored decay test

Properties Values

Horizontal span (m) 6.66

Vertical span (m) 0.9

Line length (m) 6.95

Line diameter (m) 4.786%107°

Line weight (kg/m) 0.1447
Stiffness (N) 1.6x10°

Normal drag coefficient 1.08
Tangential drag coefficient 0.213
Normal added mass coefficient 0.865
Tangential added mass coefficient 0.269
Bottom stiffness (Pa/m) 3.0x10°
Bottom damping coefficient (Pa-s/m) 3.0x10*

ARAEAA T AFAL 2Rl A= Fig. 51590 AAS] Yepa, AFA si4S
Ak AZAl M= Fig. 51600 UYeRASIS. A=A Al=dle] ofsfE 93l Fig.
51600 fr&7dol tdt s G ARA WS AT AAAE ol EHSAAT,

AR $545 ARAE A G Boaekd @1 MR 4o AYHtt
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Fig. 5.15 Experimental setup and mooring system configuration for moored decay

test (captured from Paredes et al. (2016))

_84_

Collection @ kmou



Fig. 516 Computational domain extent and mooring grid system
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(b) Moored pitch decay (initial offset : 11.353deg)

Fig. 5.17 Initial buoy positions and free surfaces for moored decay test
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Fig. 5.18 Comparison of moored decay motions with experiment results
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Table 5.9 Comparison of moored decay motion periods with experiment results
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Motion Experiment Simulation Error (%)
Heave period (s) 1.130 1.114 -1.44
Pitch period (s) 1.163 1.125 -3.38
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Table 5.10 Description of Stokes 5" wave

Properties Values
Period (s) 1.4
Wave height (m) 0.08
Wave length (m) 2.94
Stokes drift velocity (m/s) 3.2776x107*
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Fig. 5.21 Comparison of moored motions in wave with experiment results
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Fig. 5.22 Comparison of fairlead tensions in cables with experiment results
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Fig. 5.23 Noise analyses in tensions of cable 1 and 2
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