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A Study on the Mooring System for Floating Wave

Energy Converter using Numerical Analysis

Jeong Huiseong

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The aim of this study is to find and select a suitable mooring system to
apply on to a floating wave energy system by studying the characteristics
of its motion and response using a numerical analysis. The wave energy
device converts the ocean wave motion into electrical energy. The waves
influence the device’s movement and in turn the device’s motion influences
the incoming waves. The behaviour of the device’s motion is mainly
affected by the type of mooring system that is attached to it. Therefore,
as the mooring system has major influence on the output of the wave
energy device, it is of high importance to study the response of the device

with different mooring systems.

The results are summarized as follows:

1. In previous studies, the wave energy device was manufactured and
deployed for sea tests. In order to study the internal flow in the Power
Take Off (PTO) system, a commercial Computational Fluid Dynamic (CFD)

code, ANSYS CFX ver.14, was used for analysis on a 1:1 scale model.
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2. At a period of 4 seconds, the power output obtained was 407W. As
the period was increased, the power obtained decreased. At a period of 6
seconds, the power output was only 235W. The highest efficiency obtained
was 46.7% and at a period of 4.5 seconds, the efficiency was much lower
than that obtained at 4 seconds. As the length of the device and period of
the wave have a direct effect on each other. This specific device design is
not recommended for deployment in wave climates where a significant

number of waves have a period of 4.5 seconds.

3. A numerical case was given the same conditions as the sea tests with
a single point mooring, at case 5(A/L=4.0) the pitch response amplitude
operator (RAO) was 2.401 and the heave RAO was 2.154. As the A /L ratio
increases, the results show that the RAO values also increase. At case 5
(A/L=4.0), the largest pitch angle seen was 20.1° . When compared to

actual device, the motion numerical case was seen to be similar.

4. In an actual sea, the currents and wind will affect the wave energy
device. Therefore, there is a need for the device to have a multiple point
mooring system to avoid unnecessary yawing on the surface of the ocean.
It was expected that adding more mooring points the system, the RAO
values would decrease. However, from the results of the multiple point
mooring analysis, the RAO values obtained were similar to the single point
mooring results. Therefore, it can be seen from these results of the
numerical model that multiple point mooring do not interfere greatly with
the motion of the wave energy device. In addition, when installing
additional mooring lines or selecting the most suitable mooring system for
wave energy devices, the results obtained in this study is needed for the
selection process.

KEY WORDS: Ocean energy 3l %ol %]; Wave energy converter 3}2
Z A A); Cross-flow turbine; 2/ Ql; Mooring system Al FA| 28
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Nomenclature

wave amplitude [m]
Ay mass coefficient [kN m]
B, damping coefficient [kN m]
Chi restoring coefficient [kN m]
acceleration of gravity [ m/s’]
H, device height [m]
H, wave height [m]
H, water depth [m]
k :  wave number [ -]
L, - device Length [m]
Py. ¢+ shaft power [W]
Q, :  tank parameter [ -]
T . wave period [s]
W, . device width [m]
x', :angular velocity of pitching motion maker [rad/s]
x :angular velocity inside the water [rad/s]
A . wave length [m]
p . liquid density [kg/m”]
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Table 1 Quantified emission limitation & reduction objects [1]

Nation Emission Reduction Pledges
Reduction of carbon emissions per unit of GDP

by 60~65% from 2005 levels
Reduction of Emissions below 2005 levels

(until 2025)
At least 40% reduction in emissions below 1990

China

United States

EU
levels by 2030
Reduce emissions intensity by 33~35% from
India 2005 levels by 2030
Russia Reducing emissions by 25~30% of 1990 levels
Japan Emission reduction of 26% of 2013 levels
Canada Reduction of 2005 emission levels
Reduction below business-as-usual (BAU) levels
Mexico by 2030
Republic of Reduction from BAU before 2030
Korea
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Fig. 1.1 Conversion process of wave energy[2]
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Table 2 Development Status of Abroad Wave Energy Converters[4]

Development Convertmg Installati e Title Note
Supervision Device on Type
AWS Ocean | Submergerd Arch1medes Shore connection(2004),
Energy Ltd. Wave Floating | 25 MW | Wave Swing Real sea pilot operatin
(UK) Differential (AWS) P P g
Ocean Installation in real
Power Tech Point _ 40~ Power buo sea(2006), Under test,
: Absorber | Floating | 500 kw y Planning to make buoy
(USA) :
farm in the future.
Aqua Energy .
Grou Point . 950 KW | Adua buo Real sea test completed,
s AI)) Absorber | Floating d Y| Plans for commercialization
Wave star . . .
Point C5 model installation in
Energy Absorber Fixed 600 k¥in | Wave Star real sea(2009), Operating
(Denmark)
P2 model installation in
Ocean Power real sea(2010), Under test
Delivery Attenuator | Foating | 790 KW Pelamis Planning for a 22.5MW
(UK) . .
farm configuration
Real sea test completed
Aquamarine Oscillating ] 315 kW Oysterl (2009),
Power(UK) | Wave Surge | Fixed | 800 kw Oyster2 Installation in real sea
(2011), Under test
JAMSTEC . Mighty Real sea test completed
(Japan) OWC | Floating | HOKWyiie | 2000)
WaveGen First shore connected
OwWC Fixed 500 kW LIMPET commercialized power plant
(UK) :
(2000), Operating
Wave Energy Built(1999), Maintenance
Center owC Fixed | 400 kW | Pico Plant | (2005), Shore connection
(Portugal) and operating
WaveDragon || Wave | 20 kW Wave gea?]ls for t(?os;[r(lifl)gfc)ial
; oating
AnS(Denmark) | Overtopping Dragon power plant(AMW)
— 5 —
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Fig. 1.2 Current R&D- distribution worldwide(as of 0.3.02.2013)[5]

Table 3 An outline of the structured five-stage development program [5]

Stage No. Program Scale guide (Size)

1 proof of concept 1:25 - 100 (Small)

2 Validation and design model | 1:10 - 25 (Medium)

3 Process model 1:2 - 5 (Large)
4 Prototype 1:1 - 2 (Prototype)
5 Demonstration 1:1 (FulD

— ’7 —
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,:— Service Availability

Shoreline
Attached

Nearshore Intermediate offshore Deaep offshore
Bottom Standing Tight mooring Slack mooring

Average Incident Wave Power [ Availability of Ocean Space

>

Mooring Costs | Grid Connection Costs / Transit Costs
Wave Loads - Survivability (Excluding the breaking wave zone)

Fig. 1.3 Support structure and mooring configurations for WECs based on

location after(5]
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(c) Lopf[9]

(d) Seatricity[10] (e) Bolt Lifesaver[11]

(f) WaveStar[12]
Fig. 1.4 Selected examples of point absorber WECs

(2) Attenuator

Fig. 1.59] Attenuator 2] o] BHATe dFA S
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(a)Dexa wavel13] (b)Pelamis[14]

Fig. 1.5 Selected examples of attenuator WECs

(3) Oscillating water column

Fig. 1.691 YeRd Oscillating water column 2412 F7]x o2 X Fste I
o XEFLEHH o &5 AF 7IFH v/FE FEA7IIL o|2FEH I

olft
e
=
e
it
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UAE F5ts e Bat R g 2
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2 WO FB F/RE J4d) FPNS FEIEE od seuA
AAE BEWHANE R AAT AAFAR F2 AR 5o 2w
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F= ddel 4% ANE AN Fol oM hEAY RYE: Fig L6
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(c) Ogwavel[15] (d) Picol16] (e) Limpet[17]

Fig. 1.6 Selected examples of Oscillating water column WECs

(4) Oscillating Wave Surge Converter

Fig. 1.7¢] YeEhd Oscillating Wave Surge Converter2 2 3o ajj o
T2ES AXste 9% uE 3(surge force) S o] &3t NAS wWol kA
st Aoty W@ e XSRS AF w2 &S YEdE & AT
AR A A dﬁﬂ ZHA L Al FEEY z‘iH* AR Al HE T ©
Aquamarine PowerA}e] Oyster 800(Fig. 1.7

@< &  AoH, BTHEF SHAAA ZFT ¥ Bl T g4oint,
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(a) Oyster 800[18] (b) BioWavel19] (c)Waveroller[20]

Fig. 1.7 Selected examples of Oscillating Wave Surge Converter WECs

(5) Overtopping

Fig. 1.8¢] Overtopping Bt} 2 a5 o] &3 T W oz HAAHS 3t
of HE TAANA w2 AAANAM slFE AR s FFAE
gato] HstE WAogA dutzlo g seun AZH e FFU) o)
2] mZel A 9AE ERlE o)8dte WAsk= WA s FHskal o
0& @ 2 3387 98k Fig. 1.8@<k o] W s 2338ty
B S s 2.

(a)Wave Dragon[21] (b)Wave Plane[22]

Fig. 1.8 Selected examples of Overtopping WECs
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Table 4 Internal flow field turbine parameter

Device Parameters
Turbine Outlet Diameter [ ] 518 [mm]
Blade Outlet Diameter [D,] 515[mm]
Blade Inlet Diameter 326[mm]
Blade Thickness 8[mm]
Shaft Diameter 49[mm]
Number of Blades 30
17 -
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4190mm

(a) Top view of device modeling

1,381mm

T Fad

(b) Side view of device modeling

Fig. 2.2 Top and side views of target model
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Fig. 2.3 Computational mesh of WEC device with cross-flow turbine
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2.2.2 AA =4

B AFe AlgE GFEAZE k-0 & 7|Hte 2 Ho A @Ayt vt}
ool o= g Fie iu% 2 g8 $ de Aoz &#F SST(Shear
Stress Transport) Edlo] AU AFHAZE =34 &7 =, Y #Hol=7}
FeEA. v =HAo 2 Time stepe 0.00722 F 18%9 34 <
TFPstATE Fig. 240 =233 B FEafidel 24 AAz=d vHeEld,
Table 5& AHAl%F Setup Selr]E]| S H o &)

7122 2D AlEdold e Fdsder FETF IREHE 259 A5 TelA

44 BEE OI8U FEARE Ao F% FIEEL A5 AdoRC
F1¢F5S e FFRY A7)E 10° = YA

Water level
950mm from
bottom

Measurement
Point for Q

Air & Water
= Multi Phases

\il’ﬁq - __»

Fig. 2.4 boundary conditions for target devices
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Table 5 CFX setup parameters with cross-flow turbine

CFX setup parameters

Turbulence Model SST
Working Fluid Air ideal gas, Water
Analysis type Transient

Time step 0.007s

Total analysis time 18s

674,889 Nodes

Mesh Specification
610,138 Elements

Element type Hexahedral
Rotating degree + 10°

Water Depth 950[mm]

Turbine RPM 15 [rad/min]
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(@) Volume fraction of internal flow at equilibrium state
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weter Velocity Plane

13.5
12.0
9.0
i
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45
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Im sA-11

0.600 (m)

(b) Velocity plane of internal flow at equilibrium state

NNSYS

s e
0 0.300 (m) I .
[ e '
0 150

(c) Velocity vector of internal flow at equilibrium state

Fig. 2.5 the post of water volume fraction and water velocity vector at

energy equilibrium state
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watqrafolume Fraction

1] 1.500 3.000 (mi

0.750 2.250

(@) Volume fraction of internal flow at maximum velocity state
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(b) Velocity plane of internal flow at maximum velocity state
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(c) Velocity vector of internal flow at maximum velocity state

Fig. 2.6 the post of water volume fraction and water velocity vector at

maximum flow state
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Fig. 2.8 Numerical results of Hydraulic efficiency
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Fig. 3.1 Concept graphic of WEC with a cross-flow turbine and double

structure

Fig. 3.2 Flowchart of WEC with a cross-flow turbine
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Fig. 3.3 Concept model of WEC with 3 point mooring system
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Fig. 3.4 Schematic of a floating WEC with length greater than x and another

with dimensions smaller than or equal to x/2
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Table 6 In-situ wave conditions at seaside of Korea Maritime and Ocean

University

Site condition

Water depth, [m] 6 ~ 10

Wave period, T[s] 3~7
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see) Bae 3719 FAl6l ofs AAEEd 1 AG-13311e oo}

_gT 27H |,
A= anh—=5) (3-13)

A71A g 28, TE B 2], = AL e,

N

Ay AF24]0M AHeE AFAAL Aol 1ImeolH, o] X9 K7 34
< 2.6mo|th FAPHAS F&sto] dolo WEE wrgste] 4 4 B o=
F712HE A9 Ao)lE T3 ¥ 4 rh Table 7= o2 nkaslr] 93l
Uetglen 4 8m, = F7] 559 M FHES A= =4
Ax]e] A7) 13.4meolH, FA Tm R EF7] s oAM= HA HAX Y =
7] 5.4mo|th.

Table 7 Optimum length of WEC device for operation at different wave

conditions
Water depth, [ml]
Site condition
10 9 8 7 6
7 23.1 22.2 21.2 20.2 19.0
6 18.6 18.1 17.4 16.6 15.7
Wave period,

5 14.1 13.8 13.4 13.0 12.4
T [s]

4 9.5 94 9.3 9.2 8.9

3 5.6 5.4 5.4 5.4 5.3

Collection @ kmou



332 Ax9 = HA

2 A7Y A gErEE v Table 8ol vdstith. sHAA7 o AHs
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Table 8 Real device parameter

Parameters
Device Length [ ] L
Device Width [ 7] 0.65L
Device Height [H,] 0.4L
Internal Water Level [WL] 0.22L
Turbine Diameter [R] 0.1L
Internal Geometry Angle [ ] 10-
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Fig. 3.6 Various mooring concepts
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(a) Parameters of main WECs device

_ 1,700mm b

1,500
mm

le=
<

(b) Parameters of buoy device

Fig. 4.1 Parameters of target model with mooring system
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(a) Modeling of 1 point mooring system WECs

(b) 1 point mooring system of WECs on wave

Fig. 4.2 1 point mooring system WECs view
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(a) Side view of computational mesh of WECs device

(b) Back of computational mesh of WECs device

Fig. 4.3 1 point mooring system computational mesh
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AR HEAGR Y Azl Aol WHEIHY F5ol ol ERlo] F+EHT
2 oA eE Wi Aae 14 2o E sa S FPsATh &Y
Fig 4.30] 3%AIS A= A4 2 F wave D92 Z+ Surface boundary
conditione YERJ =t ©] & Table 95 53t 1T 4 Aot 14 AFE A
£33 FARH Y= FF 2dFH I 2ol Symmetry ZHCE BRE EAXE A
ottt AA AHEAFAA e S5 FRlste] 2 Ao vl oEEHA
x| e} Folol FAE ARSI AA AA] MGy g =2{dHg 5 Al 5]
Aste] 22 FAQ TmE AL, e 27Y A7l d4E0 2=
71#o2 MAAHY. AFAL 10000Nme] HEE A 8319 uieoA FHoj

7HA QA S PIE & 107kg, FololA HIl SRR 7EA] AR o
S E R 10kge) FAE FAo-

Table 9 CFD Wave boundary condition in lpoint mooring system

Wave boundary condition
1 Inlet Velocity inlet
2 Outlet Pressure outlet
3 Top Velocity inlet
4 Bottom Velocity inlet
5 Symmetry Symmetry plane
6 Side Symmetry plane
_ 56 —
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Table 10 Device condition with 1 point mooring system

Device condition
Weight 4,500 [kg]
WEC
Moment 12,551 / 4,370 / 13,005 [kg-m 2]
Weight 250 [kg]
BUOY
Moment 146.5 ,115.5, 146.5 [kg-m 2]
Bottom to
107 [Kg/m]
L . Buoy
Mooring lines Weight
Buoy
10 [Kg/m]
to WEC
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Table 11 CFX setup parameters with 1 point mooring system

CFX setup parameters

Calculate _
N Symmetry Turbulence K-Epsilon
Condition
Analysis type Transient Wave Depth 7 [m]
Eulerian 10.74 ~
Phases _ Wave Length
Multiphase 21.48 [m]
Wave Height 1 [m] Time Step 0.015 [s]
Current Velocity 0.3 [m/s]| Wind Velocity 3 [m/s]
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Total View

Fig. 4.4 Total view with 1 point mooring system at 40s

Volume Fraction

Fig. 4.5 Volume fraction with 1 point mooring system at 40s
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Fig. 4.7 Heave RAO with 1 point mooring system
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Fig. 4.8 Device Pitch angle with 1 point mooring system
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(@) 2 point mooring system Modeling (b) 3 point mooring system Modeling

(c) 4 point mooring system Modeling

Fig. 4.9 Spread mooring system WECs

Collection @ kmou



(a) Side view of computational mesh with 2 point mooring system

(b) TOP view of computational mesh with 3 point mooring system
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(c) TOP view of computational mesh with 4 point mooring system

Fig. 4.10 Spread mooring system computational mesh
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432 AAzA & ALzA

l

o] 14 AlFe A4k Zo] YFe o7 T3 1 FAWNES
&3k, 23 AlFe AAtdA = E?I«l Table 1OJJr Table 113 FY3t
Symmetry 270 RE BAXE Agstuh Lol W) 3 4 AFolA
+ Full modeling A0 E Ax9o FA, RHE S& 2vjE AP i<

%

T3l th. Table 12 F3te] ZF Surface boundary conditions &<l & <

r[r

X

-—

A1, 3™ 48 AFA=HY AT AAZD L ALz Table 133%
Table 14914 &R1e 4= At} GHFEDE UG k- ZAS ALY B4
A o] 2742 2 Time step 0.015% & & 2 =93 e =3 A7F
< 7HH o, A case g AT X Aol H|7} 2~4uid w2 A3t
ZF 5 caseE T3 o

{

(

Table 12 CFD Wave boundary condition in 3,4 point mooring system

Wave boundary condition
1 Inlet Velocity inlet
2 Outlet Pressure outlet
3 Top Velocity inlet
4 Bottom Velocity inlet
5 Right side Symmetry plane
6 Left side Symmetry plane
— 67 —
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Table 13 Device condition with 3,4 point mooring system

Device condition

Weight 9,000 [kgl
WEC
Moment 25,102 / 8,740 / 26,010 [kg-m2]
Weight 500 [kgl
BUOY
Moment 291, 231, 2915 [kg-m2]
Bottom to
107 [Kg/m]
o . Buoy
Mooring lines Weight
Buoy
10 [Kg/m]
to WEC
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Table 14 CFX setup parameters with 3,4 point mooring system

CFX setup parameters

Calculate . _
. Full modeling Turbulence K-Epsilon
Condition
Analysis type Transient Wave Depth 7 [m]
Eulerian 10.74 ~
Phases _ Wave Length
Multiphase 21.48 [m]
Wave Height 1 [m] Time Step 0.015 [s]
Current Velocity 0.3 [m/s] | ~ Wind Velocity 3 [m/s]
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Total View Total View

(a) Total view with 2 point mooring (b) Total view with 3 point mooring

system at 40s system at 40s

Total View

(c) Total view with 4 point mooring at 40s

Fig. 4.11 Spread mooring system total view
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Volume Fraction

(@) Volume fraction with 2 point mooring system at 40s

Volume Fraction

(b) Volume fraction with 3 point mooring system at 40s
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Volume Fraction

(c) Volume fraction with 4 point mooring system at 40s

Fig. 4.12 Spread mooring system volume fraction
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