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Y The right-handed reference frame on surface
X \V4

Position vector
of each node

Anchor
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1 . AN A . . AN A .
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1 . AN A . AN A
B8N 34 Dq, = 5 pwCarmdll|(=7; - )i ll[(=7; - §:) ;]
Foee AT ap f; = pWCan%dzl[(i‘i - 3)4; — ;]

BMYPY BIAPH aq i = puCar A*U(=F; - )]
SRt A A B; = dl[(zpor — z)kp — 2iC1é;
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HEo 25N
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Weight &
Added Mass

Bottom Contact Drag
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3. AIRAlHA 2tol22 2|2 HS

O HE Y 3N 5t5 HS (Irvine, 1981)

Length from Anchor Mooring Module Error
[N] [N] [%]

655,966 656,119 0.02%
S=111.10 726,777 726,170 0.08%
S = 166.65 822,934 821,526 0.17%
S =222.20 936,663 934,420 0.24%
S =277.75 1,062,335 1,059,250 0.29%
S =333.30 1,196,193 1,192,310 0.32%
S = 388.85 1,335,778 1,331,210 0.34%
S = 444.40 1,479,469 1,474,390 0.34%
S = 500.00 1,626,178 1,620,780 0.33%
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3. AIRAlHA 2tol22 2|2 HS

[0 &8 AN H3F (Nakajima et al., 1982)

3
- Nakajima et al. (1982)
2.5 Simulation
2

Y-position [m]
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3. AIRAlHA 2tol22 2|2 HS
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Anchor 2
-426.94, 739.47)

°ls d3o

AFearelel Z+4 120°

AFetelel Z40] 902.2m.

Fairlead 3 1 (52, 00) (853.87, 0.0)
(-2.6, -4.5033)
—
= A
a5k
m
=x

Anchor 3
(-426.94, -739.47)
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3. AIRAlHA 2tol22 2|2 HS

Fairlead tensions [N]
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4. SWASHS- A=A Aol
] Hd S8k

Get the initial position, velocity,

time, and time step size from
platform solver

Get the position, velocity, time,
and time step size of next time
step from platform solver

Start the mooring module

|
Get the data for mooring
calculation from input file

No

&
Calculate initial position,
velocity and tension of nodes

|

Converged?

Update the position, velocity,
time, and time step size of next
time step from platform solver

No

> | Yes

Calculate position, velocity and
tension of nodes

}

IConverged?

1 Yes
Platform motion finished?

' | Yes
End the mooring module
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Shared Object
(*.s0)
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mooringFoam

Case Setup
— |3 e 2=

--- time loop -------

6-DOF Library

At gt 2F
--- time loop -------
END
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4. EARZNS-AFA Aol A

[ OpenFOAMZIS YT 14 (MS)

GAMGPCG:  Solving for pcorr, Initial residual = 0, Final residual = 0, No |terations O
time step continuity errors @ sum local = 0, global =0, cumulative = 0
Reading/calculating face velocity Uf

C

Courant Mumber mean: O max: O
Running Mooring Module. ..
Creating mooring system. 3 fairleads, 3 anchors, 0 connections.
' Wit \ . ' i ¢ N
Finalizing IC ng dynamic relaxation (5X normal drag)
Fairlead tens : converged to 0.1% after B seconds.
Starting time loop

Courant MNumber mean: 0 max: O

Shared Object

(*.s0)

smoothSolver: Solving for k, Initial residual = 0.00675761613149, Final residua
ExecutionTime = 3895.91 s ClockTime = 401 s

End

Closing Mooring Module. ..
C | eclDESKTOP-SFDYUSM: ~/test/f loat ingObject$ paraFoam

-15 -
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mooringFoam

Case Setup

— Call I-Function

--- time loop -------
6-DOF Library

Call C-Function

--- time loop -------

END

—— Call T-Function
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HENHS- A=A

[1 OpenFOAMZIIS F3E AY (HS)

linearAxialAngularSpring

linearDamper

linearSpring

sphericalAngularSprin
p J bring sixDoFRigidBodyMotion

tabulatedAxialAngularSpring

sphericalAngularDamper

mooringline

scleefmaster:~/OpenFORM/sclee-4.1/src/mooringSixDoFRigidBodyMotion/sixDoFRigidBo
dyMotion/restraintsS$ 1s
linearAxialAngularSpring sixDoFRigidBodyMoticonRestraint

linearDamper sphericalAngularDamper
linearSprin sphericalAngularSpring
mooringLinei tabulatedAxialAngularSpring

L
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4. BUENS

-HFA Aol A

[1 OpenFOAMZIS ¥ 1y (MS)

CHE A QI restraint &

EIE =

A= 8! restraint() &2 245

linear
spring

angular
springs

linear
damper

angular
damper

need

need

need

need

Used for the force calculation
Forces are acting on this point
motion.transform(refAttachmentPt )’

Not used for the moment calculation
Moments are acting on this point
motion.centreOfRotation()’

Never used in the model

Use initialized value in ‘appyRestraints()’

Never used in the model

Use initialized value in ‘appyRestraints()’

calculate no use

no use calculate

calculate no use

no use calculate

KOREA MARITIME AND OCEAN UNIVERSITY




4. SRENHS-FRA HMHN

[0 OpenFOAMZIE FHE 214 (HS)

6-At7 e Y (A ZHE)

—

Mooring Module

&“‘”%
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4.

AENS-AFTA Aol A

[1 OpenFOAMZIS ¥ 1y (MS)

Mooring module®lM= net mooring force & momentE 5tLt9] H{EZE MY

mooring line 1

mooring line 2

mooring line 3

OpenFOAMOIM= R &= restrainte HMEYSE

ESISID 0|8 ZE9 259 Uft 9o =

restraint 1

restraint 2

restraint 3

— Flines = ( Fx, Fy, Fz, Mx, My, Mz)

BHMBO] BiLte] B(MSE)L RHES
F

— One restraint force (or acceleration) vector
&
One restraint moment vector

Jom's
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[0 OpenFOAMIS| g A (HS)

constant/dynamicMeshDict

clazs dictionary;
object motionProperties:

_I,-"J,-":-e:-e:-e:-e:-e:-e:-e:-e:-e:-e:-e:-e:-e:-e:-ex#x##x###x#x#x#x##x###ff

dynamicFvHMesh dynamicHMotionSolverFvMesh;
motionSolverLibs {"libmooringSixDoFRigidBodyMotion.so™) ; . m00r|ngL|ne E%% EEI'EI' EI'OIEE.IEI
zolver 3ixDoFRigidBodyMotion:

2ixDoFRigidBodyMotionCoeff=
{
patches ([eylinder) ;

restraints

{

mooringl

{
zixDoFRigidBodyMotionRestraint mooringLine; . OI'LI'OI restralnt EE"D Al-

anchor (6.9325 0 -0.9);
refittcachmentPt (0.3865 0O 0O);

- 20 - » KOREA MARITIME AND OCEAN UNIVERSITY
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(] OpenFOAM2}2]

Mooring/lines.txt

o &4

Ay (1)

—————————————————————— LINE DICTIOMARY - ——————————————
LineType Diam Ma=zsDenInfir EL BL/-zeta Can Cat Cdn Cdt

(=) () {kg/m) (1) {Pa-=/-) i-) (=) =) =)

main 4,786E-3 0.1447 1.6E3 -0.95 3.8 0.0 2.5 0.5
—————————————————————— WODE PROPERTIES - -————-" """ i o i i i i i o o i o e

Hode Tvpe X ¥ Z M v FX FY FZ Cdn Ch
(=) (=) () () () (ko) (m™3) [ KIT) [ KIT) [ KIT) (m~2) (=]
1 Fix -6.9325 0 -0.9 O O 0 0 0 0 0
2 Fix 3.4663 6.0037 -0.9 O O 0 0 0 0 0
3 Fix 3.4663 -6.0037 -0.9 0 0 0 0 0 0 0
4 Vessel -0.2725 0.0 0,096 0 0 0 0 0 0 0
S Vessel 00,1363 0,236 0,096 0 0 0 0 0 0 0
& Vessel 00,1363 -0.236 0,096 0 0 0 0 0 0 0
—————————————————————— LINE PROPERTIES ———————————"——-"——"—-"fp——— o ——

Line LineType Unstrlen HNumSegs Hodelnch HNodeFair | Flags/Outputs

(=) (=) (o) (=) (=) (=) (=)

1 main 6.95 100 1 4 ptoasd

2 main 6.95 100 2 L] ptoasd

3 main 6.95 100 3 & ptoasd

-21 -
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4. SASNHS-AIFA HHolA

Tk

O Cj#Ea 3%

Case Directory
SH AR T

() sc | ee@DESKTOP-SFDYOSM: ~/test/f loat ingObject/Moor ing® |s
| ines . txt
sclee@QESKTQ?—SFQVQEMI“{test{fIoating@bject{Mooring$ cd

constant
EH AN 2

system scl ee@DESKTOP-SFDVOSM: =/ test/f loatingObj ect/Hoor ing$ Is

Linel.out LineZ.out Lined.out Lines.out |ine
s | ee@DESKTOP-SFDYOSM: ~fte¢tffqutlanbJecthoorlnqi

Mooring
(input & output files)

Results directories
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Paredes et al. (2016)

Contents lists available at Sciencelirect

International Journal of Marine Energy

journal homepage: www.elsevier.com/locate/ijo me

Experimental investigation of mooring configurations @Cwm
for wave energy converters

Guilherme Moura Paredes **, Johannes Palm", Claes Eskilsson®, Lars Bergdahl ®,
Francisco Taveira-Pinto *

*Facauldade de Engenharia, Universidads do Porta, Rua Dr. Roberta Frizs, s, 4200-465 Porto, Forsugal
" Department af Shipping and Marine Technalogy, Chalners University of Technolagy, Gathenburg, Sweden

ARTICLE INFO ABSTRACT

Article history: Mooring systems are required to keep floating wave energy converters (WECs) on station.
Received 17 March 2016 The mooring concept might impact the performance of the WEL, its cost and its integrity.
Accepted 21 April 2016 With the aim of clarifying the pros and cons of different mooring designs, we present the

Availabile anline 22 April 2016 results from physical model experiments of three different mooring concepts in regular

and iregular waves, including operational and survival conditions. The parameters inves-
:?"“”‘d‘ tigated are the tension in the cables, the motions of the device in the different degrees of
e energy dm/erters freedom and the seabed footprint in each case We can see that the mooring system affects

:;::Fmodel the performance of the wave energy converter, but the magnitude of the impact depends
Eaperiment on the parameter analysed,on the mode of motion studied and on the conditions of the sea.
Cables Moreover, different confipurations have similar performances in some situations and the
Wave tink choice of one over another might come down to factors such as the type of soil of the
Compact moarings seabed, the spacing desired between devices, or environmental impacts. The results of
Catenary our experiments provide information for a better selection of the mooring system for a
wave energy converter when several constraints are taken into acoount ( power production,
maximum displacements, extreme tensions, et
@ 2016 Ekevier Ltd. All rights reserved.
L Introduction

A good mooring system for a floating wave energy converter must not only ensure the survivability of the device, but also
account for its effects on the motions and on the power take-off. Furthermaore, the moorings should be easy to monitor and
maintain, while minim ising material and installation costs. It is also desirable that the mooring system takes as little space as
possible on the seabed, in order to allow the devioes to be installed close to each other in parks, something that usually is not
important or allowed for other offshore strudures,

Because of the differences between wave energy converter concepts, the mooring sy stem employed must be tailored to
the particular needs of each technology concept. Therefore, varied solutions for mooring systems of wave energy converters
have been proposed. The diversity of solutions occurs even for similar devices. For example, in [1] a mooring system com-
posed of taut synthetic cables is suggested for the FLOW wave energy converter, a hinged attenuator, while in [ 2], the stan-
dard chain catenary is used for the DEXA, another hinged attenuator. The catenary is also used in the South West Mooring

+ Gorrespanding authar.

Email address: moura parsde s@fe up.pt (G Moura Paredes)

hitp: s daiarg 008
214 1669'-‘12016 Hsevier Lel. ATl nglu reserved.

Anchor 2
(-3.4¢63, 6.0037, -0.9)

AFzetelo] 7t 120°
AFe2telo] 20| 6.95m
AFetelol &=7| Q%= 3.0N

Fairlead 2
(-0.1363, 0.236,' 0)

- )
Fairlead 1 Anchor 1

Fairlead (0.2725, 0, 0) (6.9325, 0, -0.9)

(-0.1363, -0236, O)

(-3.4663/-6.0037, -0.9)

WA 9%

@‘*‘“"‘%
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/ #=0] : 0.515m(D) / 0.4m(H) Z = 0229
A/ 2 2EHME : 3585kg / (0.9, 0.9, 1.1885)kgm?2
7| draft : 0.172m ¥ Z=0
OGSl YU : £2H Q| HFEFO 2 RE| 9|2 00758m cSe o
7] surge offset : + 0.114m |
27| pitch offset : + 11.353°
A F2t2l(chain) §E
20|/ &d / ZA /EA:6.95m / 4786E-3m / 0.1447kg/m / 1.6E6N
g = 2o| RItEZFA 4= (Cat / Can): 0/ 3.8

25ko| =& A4 (Cdt / Cdn) : 0.5/ 2.5
HIEH ME2 ERYAH /L 2 A $=(ratio) : 300MPa/m /1 (HEOFEE 2A])

&b““"’
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4. EUZHS-AFA A6
O] I ANM HT (HS)
HO|A HE
0.9
A 4
09 / \
6.0 0 9.0
ZAXHE =X 7"
AKX} 4= - 4.0M AlZ+2 . CrankNicolson
X ZEZAX £0| : 1.5mm  CHEZ : TVD (vanLeer)

Gradient & =tAtSE - CD

- 25 -

A
Y

| HFEF - wall

Al : moving wall

Mo HI HR oM
2 40 r@g X
>|.I3

. atmosphere

M
o

Uz

up - b
T £

. mooringFoam
(interDyMFoam)

LR EE - RNG k-epsilon
O/F AlZtZhA - 1E-3 =
Mooring A[Zt¢E2 : 1E-6 2=

PIMPLE iteration : 1
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Interface Courant Number mean: 0.0064807113409¢&

del = 25

Time = 5.975

PIMPLE: iteration 1
forces forces:
Not including porosity effects
Restraint mooringl: t = 5.975 , dt = 0.0125
In the LinesCalc : dt = 0.0125, t = 5.975

Interface Courant Number mean: 0.00670517110035
al = 0.0125
Time = 5.9875

PIMPLE: iteration 1
forces forces:
Not including porosity effects
Restraint mooringl: ¢t = 5.9875 , dt = 0.0125
In the LinesCalc : dt 0.0125, t = 5.9875

face Courant Number mean: 0.0067022157¢

PIMPLE: iteration 1
forces forces:
Not including porosity effects
Restraint mooringl: t = 6 , dt = 0.0125
In the LinesCalc : dt = 0.0125, t = 6

- 26 -

5.9375
5.95
5.9625

5.975
5.9875
&

130938 130565 130299
131309 130728 130369
131708 130928 130479
132096 131130 130597
132470 131325 130706
132887 131575 130878
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0.1 . Experiment

Simulation

0.05

Moored surge [m]
o
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1

-0.05
-0.1
| | | | I | | I | | | | I | |
0 5 10 15 2C
Time [sec]
moored surge: 0.114m

Moored pitch [deg]

- 27 -

10

o 4]

|
w

-10

. Experiment
Simulation

o

Time [sec]

moored pitch: 11.353°
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