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Optimization of Static Mooring Performance of a Shallow Water Mooring of a Floating Offshore Wind Turbine

by Hideyuki Suzuki, Member

Summary

Efficient shallow water mooring system was investigated for deployment of a floating offshore wind turbine. Static mooring
performance analysis of a mooring system with buoy and/or clamp weight was formulated and incorporated into optimization
program. Optimal design parameters were investigated which realize an efficient mooring design equivalent to a mooring system
with chain of larger nominal diameter designed for deeper water. In the formulation of static analysis of a mooring system, whole
system is divided into several regions which can be assumed uniform within a region. Catenary solution is applied to the regions and
whole system is solved by obtaining continuity of displacement and equilibrium of forces at the connecting points between the
regions by Newton’s iterative method. This static analysis program was incorporated into optimization algorithm and the design
parameters of weight of clamp weight, position and size of chain which minimize mooring spring constant under large drifting force
typical for FOWT were obtained. It was understood that 1) a mooring system with clamp weight is desirable to restrain the motion of
FOWT and minimize mooring spring constant, 2) effect of water depth, weight and position of clamp weight on mooring spring
constant under large drift force was investigated and it was understood that there are optimal values for the parameters to minimize
the mooring spring constant, 3) It was shown that mooring spring constant of a mooring system with chain of 132mm nominal
diameter installed at water depth of 100m can be realized by a mooring line with clamp weight and chain of nominal diameter 68mm
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at water depth of 50m.
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Fig.1 Concept of desirable mooring — displacement relation
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Fig.2 Concept mooring methods.
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Fig. 3 Shape of mooring with horizontal mooring force of
1.0x10°N (water depth : 100m, nominal diameter of chain :
132mm, length of mooring line : 1000m ; buoyancy of buoy :
162600N, position of buoy from mooring point : 125m ; length of
clamp weight : 50m, weight of clamp weight per unit length :
16260N/m, position of clamp weight from mooring point : 100m -
150m).
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Fig. 4 Relation between mooring force and mooring spring
constant (water depth : 100m, nominal diameter of chain : 132mm,
length of mooring line : 1000m ; buoyancy of buoy : 162600N,
position of buoy from mooring point : 125m ; length of clamp
weight : 50m, weight of clamp weight per unit length : 16260N/m,
position of clamp weight from mooring point : 100m - 150m).

800 850 900 950 1000

1) HHh TV —f{RE

RERAKEF A %EZT 5L, FEREE DY OREITEHR
EBIIKREL ERAT 5. BFF = — 0 BRBROWGEICZED EF
TFE LI REL 2D,

2) TAEHT H%¥

HREF N APNEIRHE T, T AL » TREF = — 0
FiH EF o CTRY, NS H I THEHICKE 1AL
EAUD. RERAKFEF MM EE ST I2REETIE, 200N
RN IR TWDH DT AR IEREEII A T TV — 1R ¥
WZHARTRE L 2 0 B IHIZERS K E V.

3) 777 vxA baATOME
AKFIFIa B & AL DBIRE % &, AKFTTIE SIS W
L IRBITRERIIRE <, BUESMASND DS, ffE
WML TY 707U FRMENORSG LD LR
FEREBIT—BIRT 5 L0 ) R ERE TE 5.

FHRREEREICOVWTIE, 7 7 07U oA M2 HWTARE
HANREDEELWFEEZFE LTV D 2 LHERETE 5. L
T, BEEE & ORE 2K FIT0 ) & KR D DI+ T,
EEIBSEODICKLEL FICEREOKRERT = — v 2N
ZRNTH e X0 R R T AU DN TGS 5.

3. REBEOBITE

3.1 950T9I4 bEEUVTAARBRREDRENT L
BEDOF=— T A, 0T 0TI, Nl bET
R OFRRFFE % R O DT IE 2 B L. k%
Fig.5 IZRTHNZOWTHAT 2. £7°, MREREMHERT D
TrH— RN EF ==, 7T T T A b (AT E
L LTRE) | BRICORN DT = — 06 U T 3 DO
2o, SERIE AT —REEAT S, b T —fiEE
AVDIZH T, v F X T AN EOEKICH D 0%
WL CHEAT 27T — A5 E 2 5. FEER ORI
BWTIE, Aok, DOHERELND LS, BVIKL
IREHRLIC K0 REIEBZ ML Z L TRIKBIREHR D 2 &
BHKD. 74, 77T v VEEFWEE LTIV E
IGEIE, TARI T T A SO, EE AR
DB D T1DO#IE E R BRTBRE T 5. I8 2 5K
O3 CREL FRATIEIE, MOERBE LI boRER "V gk o
TITON TV DA, AR TILHOEEEE, Kk
HT 207V —fITRO LT D.

Dzﬁ{coshﬂ(H+C)—coshﬂC} ()

m 0 0



98 H AT T2 R 922 %

Lzﬁ{sinhﬁ(H+C)—sinhﬁC} @)
m 0 T,

TIZ, B R T A= 2 IR BRI W TRENLEFEWV TV D
AR T AL 0T, DIZEmAEREL L-AROE S,
LR %EES, HI3Ambamm oK, T, 13KkF
FEh, mFEMNESYZY0Fo—rokhER, Ci
REBETHD. EEOMBIZBTZEHNT BIOEHD
Sy T, IR B 18 B %

-
—

T(x)=7;codnfzﬂx+cﬂ 3)
T

Tv(x)zlgsinh%()HC) )
0

- = )

2T, XITENSRWTW B ES DM S O FREET
HDH. FEBONSRTA—FETHEETET S &, Figs
AR REFLRT D37 A =213, HENOLEE LRS- T
waithoks<chbos H,, H,, H;£C,, C;Thd
KT LI, T & MOERTO ETFHEDT)OEEELEN S
RO BMRARL Y N0,

m, (H2 +C2) _ myH, mH, _ m,C,
T L, T, T

&)

oM H,, H,, H,t#v, S
2% &5 SRR KD B = L TRIKD# D AV
nas.

Concentrated L,

load
Concentrated 1r D

load

2015 4= 12 H

4. FHEHER

ERE Ui kit W TC, K, 797 v &
B, /707U, NOMBORELHT L, 0O L THiE
{bofERZ R, FHHEMEZ Table 1 ITRT. 7T 7 U=
A MIEPWETIERLS, EROKEZ, EX 50m OF =
— L LTHEILE.

Table 1 Calculation conditions.
Calculation conditions for calculations to investigate effect of clamp
weight (Fig.6).
Common Water depth : 100m, Length of mooring line :
conditions 1000m
Length of clamp weight : 50m,
Position of clamp weight from mooring point : 150m
- 200m
Type of Weight of chain Clamp
mooring weight
Simple Nominal diameter : 68mm(863N/m) none
catenary Nominal diameter : 132mm(3252N/m)
Catenary Nominal diameter : 68mm(863N/m) 2589N/m
with clamp 4315N/m
weight 6041N/m
8630N/m
10356N/m
12945N/m
17260N/m

Calculation conditions for calculations to investigate effect of water
depth (Fig.7).

Common Length of mooring line : 1000m
conditions Nominal diameter : 68mm (863N/m)
Water depth | Positon of clamp weight

100m 150~200m from mooring point
50m 80~ 130m from mooring point

Calculation conditions for calculations to investigate effect of weight
position (Fig.8).

Common
conditions

Water depth : 50m, Length of mooring line : 1000m
Nominal diameter : 68mm (863N/m)
Weight of clamp weight per unit length : 8630N/m

Xegion

Fig. 5 Division of mooring line into regions
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Position of
clamp
weight

Condition 1 : 40~90m from mooring point
Condition 2 : 60~110m from mooring point
Condition 3 : 80~130m from mooring point
Condition 4 : 100~ 150m from mooring point
Condition 5 : 120~ 170m from mooring point
Condition 6 : 150~200m from mooring point
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Fig. 6 Relation between mooring force and displacement of
mooring point for different designs.
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Fig. 7 Effect of water depth and clamp weight on mooring
spring constant.

Effect of position of a clump weight on mooring spring
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Fig. 8 Effect of position of clamp weight on mooring spring
constant.

44 REBILOHBR

LA EDEREZT T, AEHAME 1.0X 100N %3217 7243
BORBRICONT, 777> A NOER, fiEE /N7
A= & UTRBITRES E BoMET D b &2 7o 7. &
DOFER, KB 50m, F=—MFOMR 68 mm (EE 863N/m)
DFHITHONTUE, E& 50m, EEIYYOEE 14X
10'N/m D7 Z > 7oA b ZRE T ES D 40~90m D
PEICAHT D 2 Sic ko C, REIERERIT 7.91 X 10°N/m £
TRNFLZENTED W) falfEn’ G oz, Bk
130X 10°N & 7257, Z DOMEIZAKIE 100m, F = — FFO%E
132 mm (E& 3252N/m) O—kk72 17 7V —tRE DHE DOIR
B ESK 8.53 X 10"N/m, L#iE S 133X 10°N 2 FHE % &
WOFERTHD. 7T, Fx— MO 68 mdD L7320
TF U AR OHEICE, RBIERERKIT 1.5%X10°N/m, -
WRIE S 1.09X10°N & 725D T, IThERICE L TiZy 5
TUIA NBRENE DR Y REREL 2D L 2 AR
FEICMA D Z LRI LTS, Fo— B bKE
100m, FEOVE 132 mmD 4R 72541 325X 10N & 72 578,
K 50m, FFOME 68 mDF =— N7 T 7T A FEE
DT 7LD TIE, 7772 FbEDT 1.52X10°N &
RV R L TN D,

— 5T, Fx—OWWEE, FFOEE 132mm (12~ T
FEOMR 68 mOBEIT 13 FRETH LD, FREEREE LT
TEFEOME 132 mDF = — V [AEDORFRBEG LN, BHb
R D DT, EBEOKF TIEFORARENTF = —



100 H AR T2 im e 5H 22 &

ZEAL, MR 28NS T, REIEREHEE S 51T/h
S LR ERAT 00888 L ELOND.

Belifb S NIARBERITOWT, (REANLE & AKEST M,
IEREHOBR % Fig9 \[oRT. £z, AFEHES 1.0X 10°N
DOEEDRE RO E Figl0 [IRd. 7707 vxA b
PHFENHIFE ENR S TWBEETD 00 5.

1.2E+06

—— horizontal force

LOE+06 +—— :
= spring constant I P

B.0E+05 | - | : /
6.0E+05 ‘

1.0E+05 1 /
2,0E+05 | .

960 965 970 975 980 985 990
Horizontal mooring position (m)

Fig. 9 Relations between mooring position and horizontal
mooring force and mooring spring constant of the optimized

Horizontal mooring force (N) and
mooring spring constant (N/m)

0.0E+00

system.
Shape of Mooring

60
Ew —
=
S 1
(]
5 /

30
5 /
£ 20 | {
=
2 10 T T
]
I

0

700 750 800 850 900 950 1000 1050

Horizontal position (m)
Fig. 10 Shape of mooring system with horizontal force of

1.0x10° N for the optimized system.

5. fEER

AR R & v R B 3 2 | CHRRY, BRI
PR & 72 B ERIRE IOV T, BERHIIEME I L, #
JRFICITES OB & 22 D & 9 BRMEREICK L CERY
TRARBE R R RRAT IS & el b TFE & ML DB o T2 AT VE % B
L, SR IRE RN O TS LTz, iR B R AR
WHETIT, AR R &2 — R R & 278 S A BB O mEIkIC
ST BT, KfEIC T Y — A L C, #EiR T
BAL O & FIOEEMRY K LRI X v &, 2R
TR HIRE R ERAL LT-. = OfRE L AR T HEICHEAA
HEEETIEL Lie, ZOFEEZRG, REIERER R/
LB 707y NOERENMBEEZ KD, L KENPGE
SIMOMMREDOKRE T = — 2 B HAVTIRE & R% 7%
IXRFEE AT 2, IR RIRE RN EB TE 202 MGt L
2. TNHORB LV UTOMREEEL.

(1) AR O BRI OV T, P ARES) & ]

2015 = 12 H

L, OREROERNEBZ2MALBA0D, 77T
A FHFROBEENREE LW & 2R LT

(2) RERAEIT 1AM B 2 52 1T TRBE T OB ITRERUS
9D, KE, 77TV, MLE, EREOPEEZH,
WE RN DD Z L ER LT,

(3) 777U A EPBENLHDL LR 5 & X ITE-IE
RERMET L, TOER, MEOBRSHF LREEL 2D
D, RERORRIMITIE L AR TEZ ARG DE,
LY oA FEREETUHTALEZB S L, K&K
SEFH A ADBERT DBAITHONT, O 68 mDF = — 2
ZAWZKGE 50m ORBEICHOWT, 7T FuxA e
WA Z & CREOMR 132 mm, 7K 100m OHE O A7) U —1%
BERBEORBITNERZEBTELZ L aR LIz £z,
RERRORER L EOREICIZALND Z LB mhoTz.

RIEAR R CIIBIA R BB T E 220 0 T, SR ITEIRY
JEEDR Z OFRERICRIETTHEIZ OV THRETT DM ERH D .

SE XM

(1) S5 BT, “HE S A7 LOMIHE, BAEIEAH L
£, % 145 5, pp. 95-99, 1997.

(2) AARMEFGE, MR AT LRGEHEED, 1983.

() TIRER, TRk, BRI ER, EARET VT D%
T A >0 3 WTEREITE” ARG S, 5
154 5, pp. 192-202, 1983.

(4) ISO19901-7 Stationkeeping systems for floating offshore
structures and mobile offshore units, 2005.

(5) A. S. Duggai and W. L. Fontenot, “ Anchor Leg System
Integrity - From Design Through Service Life”, OTC 21012,
2010.

(6) M.G. Brown, T.D. Hall, D.G. Marr, M. English and R.O.
Snell, “Floating Production Mooring Integrity JIP — Key
Findings”, OTC 17499, 2005.

(7) Arun S. Duggal, Y. H. Liu and Caspar N. Heyl, “Global
Analysis of Shallow Water FPSOs”, OTC 16720, 2004.

(8) VBFERMF M v 2 — BRI, i EvRIR i
Wil T~A T 4 =BT —/b] FHEEER 201 FER
AT DR R ORI EE T, 5 40 5, 2000.

(9) KEELEL, KHEM, BEEEE, ATHAH, <Kok
T D AT B O v AT KRG, AR
AR CEE, 5182 5, pp.341-348, 1997,

(10) KM 5, /Mr IER, 08 50N, REA 1, “H AR
(AT D9 LR H R O BHRE”, —ZEH T Vol.50
No.2, pp.27-31, 2013.

(11) FERIFRIE, “PRRRVEIROER) & AREE R DI BT 5t
78, ARG ST, 5 138 75, pp.233-246, 1977.





