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Z%1  MHI Vestas V164 - 9.5 MW 5 B 7145,
fpszhes

Machine parameters

Rated Power 9525 kW
Rated wind speed 12.4 m/s
Rotor diameter 164 m
Hub height 107 m
Design life time 25 years

Wind condition

Annual average wind

speed at HH 10m/s
Reference wind speed |50 m/s
HH 50-year extreme 70 m/s
wind speed

Interfaces

Load calculations
are valid for system
frequency range

0.191-0.264 Hz

Blade
Blade length 80 m
Number of blades 3
Gearbox
3 stage planeta
Type differgenlt?ial gea?t]mx
Gear Ratio 1:38.03
Generator
Medium-speed low
voltage 3-phase
Type SynC}%I'OHOIl)lS permanent
magnet generator
Rated Power 10 MW
Rated Speed 400 rpm
Max. speed 536 rpm

2%} ¢ IECRE.WE.CC.18.0003-R0, 2018.
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DLC | Wind condition Waves W\I;levaend Sea Water Other Type of
. . currents level conditions | analysis
directionality
ETM NSSH=E |eqo - N
13 V;’n < thh < I/nut [HY| thh] Eﬁ H[EJ E{‘@/)IL :F:iij/7j<ﬁ]‘ U
EOG
32 V=V, V2| N0 OONID gy @ | [k U
HS‘_E [Hs| thb]
m/s and V,,
EWM Turbulent N .
) SOFIEIEFH | SO B 1]
6.1a | wind model |ESS H,=k,H,| $&07 » %a] rad Ry U
Vis=k\ V.o ET ST W A VA VA
EWM Steady N .
) 504 e HA | SO A B A
6.1b | wind model ¥ |RWH H=H, ., | $&{ir » % vl e U
e R | R
o) = Viso LETI ST W TN A TA
RWM Steady N N
. S0l FH
6.1c | wind model V' | EWH H=H,, | $&fir > Z%[q Tﬂ%ﬂ%/—”?%ﬂ S?Bﬁ?;ﬁ”gﬁ?ﬁﬁ U
(Zhs) = Veaso B -
EWM Turbulent N .
. SO EIEFHA | S0E A ERHA | BE4gTE
62a | windmodel |ESS H.=k,H., | $5{r » %1 T%ﬁ%f? T%%;ETEE E@i%;i U
Vis= ki V,or - -
EWM Steady \ \
. S0 ERHA | S0 R HA | BR AT
6.2b w(lnd model V' |RWH H=H, s, | $&1L > A ﬁ%ﬂ%gﬂ mﬂ;ﬁu}% EFEZH EE};E?;% U
Ziuv) = Veso B o
SR DNVGL-ST-0437, 2016.
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ETM: Extreme Turbulence Model (fiI#E 7 i)

EOG: Extreme Operating Gust (il 28 izt JE 205 =)

EWM: Extreme Wind Speed Model (ffil El ZEAE )
RWM: Reduced Wind Speed Model (/7 E 2 L)
NSS: Normal Sea State (i HFER)

ESS: Extreme Sea State (filii&50)

RWH: Reduced Wave Height (TR0 =)

EWH: Extreme Wave Height (filifE7 5))
U: MxfRARRE & H= M7

3 RETEGEE N IRIESEORIR (RIS EER)
RIS HiE AR
HHIE JER V, 12.4 m/s SE
SER V,, 50 m/s (FE4RT) IEC 61400-1 Tablel
SO5E/ 19— 7 il JEL B SFH{E (3s)
e VIV, depend on ¥, IEC 61400-1 6.3.2.1
504/ 14E—3 10 min3FH5
AL JRART0 minF-551H depend on 7, IEC 61400-1 6.3.2.1
VoV,
T EZE V050 depend on V,,, IEC 61400-3 6.3
EIRHASOLE/ 14 2 SR (A o = devend on V. o
e Hso/H, epend Oon Y ¥ 'T’T/?é E/%!ﬁﬁ ’
7 l% ﬁ % L B E‘A?&E'EEZ%
Eiﬁ,ﬁS\OE/ljﬁZjﬁﬁﬁ/}i@ Hy,/H, depend on H,/H,, IEC 61400-3 6.4.1
ITRHRIRE 155 H,egso/ Hrean depend on Hs,/H,,
R A HAEEE T depend on wave height IEC 61400-3 6.4.1
NENTWESES AR U, (0) depend on ¥, . (z=10m) | IEC 61400-3 6.4.2
K% IS0/ 14F 2 /K fir # ] 26~34m/27.5~32.5m SRS
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4 B RSPRORZ ) R BV ORI )
iiis z(m) | SME (m) | E[E(m) z (m) JEE (m)
tower top 124 4.5 0.02 marine growth be_103v§ 0.1
tower bot 39 6.5 0.05 -

xS HEEEIAEPERGT R ROAWTFTEE)

#10 ENKEETHE 27T EEH)
HGBF GBS
BNE/KERE | 33.166 ton/m | 43.500 ton/m
F11 R HEN EE R FTEEH)
HGBF GBS
HD 5000 tonnes 5880 tonnes

LGS z (m) HME (m) | JERE (m)
shaft top 39 6.5 0.05
shaft bot -29 6.8 0.07
cone top -11 7.6 1
cone bot -19 29 1
base top -19 29 1
base bot -29 29 1

base plate -31 34 -
Fe6  E ARG R RORIHITEE)

LGS z (m) B (m) | JEE (m)
pile top 39 6.5 1
pile bot -21 8.5 1
base top -24 36.7 1
base bot -29 36.7 1

base plate -31 38.7 -
FT MEHERRCRT TR EETE)
& HGBF GBS
e | A7T09GrHPS70W | A709GrHPS70W
¥EEE | A709GrHPS70W | 4000 psi concrete
JIFS | 4000 psi concrete | 4000 psi concrete
£ SRE LR R T RO )
LGS z (m) HME (m)
EEtBIH -31 1
EEBIE -56 1
r-'lfi=?5 m
“ e e K3E=3.5m
'"t" e o o o ..gf--.o’ e o o
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Novak (1974) ~ Novak & El Sharnouby (1983)#2
2 FEE A~ R B 1 4858 5 > Poulos
(1968)f2tH ~ BFERUERT R - LUK Wolf (1997)%
BHENETE -

2.2 BOKERRERZ
(1) B ZMREA R R
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FHSAP 20008 fg 2 17 B AR ae it > mats
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R12 MRSERCENTTER)

Materials Steel Concrete
Color yellow, blue gray, green
Material Type Steel Concrete
Material Name A709GrHPS70W 4000psi
Weight per Unit Volume (N/m’) 76972.86 7984
Mass per Unit Volume (kg/m’) 7849.0474 814.1414
Modulus of Elasticity, £ (N/m’) 1.999E+11 2.486E+10
Poisson Ratio, v 0.3 0.2
Shear modulus, G (N/m®) 7.690E+10 1.036E+10
Yield Stress, F, (N/m®) 4.826E+08 -
Tensile Stress, F, (N/m?) 5.861E+08 —
Concrete Compressive Strength, f’c (N/m®) - 27579032

RI3 BEG 2 A SR (A e R )

Ux 2.603 x 10° N/m
Uy 2.603 x 10° N/m
Uz 2.875x10° N/m
Rx 2.872x10" N/m
Ry 2.872x 10" N/m
Rz 2.872x10" N/m

Model Mode2 Model Model
0.20253 Hz 0.20732 Hz 0.21617 Hz 0.212036Hz

BAM and Van Oord

&4 EREETEE—

Strabag

ZIRRE (AT FTE )

Mf) 0.20253 Hz » 25 —HRAH Fyside — side (y-z>FH])
0.20732 Hz ; Strabag® JJ = EHE 2 55— IR Ky
fore — aft (x-z3£1A]) 0.21617 Hz » 25 HRAH Fyside
—side (y-z*F[) 0.22036 Hz - IR AT45 SRR
stat 2 B AR S AE /R 1P - 3P H A IRENH

e THIEN -
(2) TR A%

B EIR AR ARSI E S
BHECEMRHEARISE AR - Pl SE 2
BHE DUAIGRAE ~ PUBRTRE ~ #Jm -5 - A5
ZFEHESAP 20008 85 HE T RSB s s Hig X - DL
55 B M i & S Bl R[5 E =0 5 APL RP 2A-
WSD (2014) 7 i RIEIT A ES VAN L 2 Rt
gyHT o EEEE AL s - il - ke
U - HESTY) - e EEE o SR
WIESFr7R - &5 Rt R {EDNVGL-ST-
0437 R Y SaTHEFHIL T » Z2GHENN
0-0.5 7 » FFEBELRERETHRK
(3) AT E MEfet%

AR P R AR ORI
JE T EE o R AR SR e IR
PEGREA: - G40 Juash ~ DulEER L EER (e
4R E ST AR SERIEDNVGL-ST-0126
(2016)Fff Gt B ) =ERER Y EE) ~ fHE - £
SBRE TR > o ITEE IR AR 14~ RISHY
T P EE S UERE Y S B0 AR A A
REEAG SR L - I TR E MR i BT
ST AEGE R BB R LN - BEWIRA B
RIEHITUR IR T - SRR ERE R E 125 B
WEG IR E TR SERERA 2
BAM and Van Oord JStrabagfs&sf 2 88 J7 A
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BAM & Van Oord Strabag

S SR HImMET EE AR I R a )

BRI R AR E MR -

2.3 BEORNEKEHEIETL
SAP 20008 B T 52 + BB

SR KB 1T 8 - AT B FIANSYS
Fluentik B 17 = 4E 7 B FR AR PEBUEL IR - ik

70 m

%14 HGBF#E & H AR E Mtz (A0

Eaksiity)
F,(kN) | F.(kN) F,/F.
PratEENM: | 2440 62079 0.04
PE) g <o mme R - iR
%Fiéfﬁﬁ 84914 | 2916567 0.03
F15 GBSE AR EBEEMZ (AR
)
F,(kN) | F.(kN) F,/F.
PUBEEENME | 2210 127826 0.02
PE) g <o mmeRor - gk
%E%%ﬁ 174844 | 2492806 0.07

Tfé Smaling (2014)2 f2 & &5 RERS <2 JEUR s 2
BowyN - AEEEEEEIPAEY T
ﬁKﬁ%ﬂ%ﬂzﬁéﬁ%ﬁE » PRI AE /K Bl SRS s
7K T S 4SRRI B8 BE ] > AEFluentrp D)
AV P ey
BAM and Van Oord#§ & 5 J7 = A i Hi
Strabag e ] = A 2 7K B ) S B 1 AL L[ 6 Fp
o RETSHEGSAP 20008 (B AT - il
weps < B 300m < 300m x 70m > EE I REDR

70 m

GBS(wall)

300 m

6 B KB EEBNELE R RIFROE (L - HGBF > T © GBS) (AW5E4g%Y)
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FEARGTN B EREZE > ST EE R
JERRRAENT BRI HED - it AL (inlet) 358 R
KE ~ M REHIRRIEE S > PR IRAE S
FEIHE LS mE » FUSEUK T St R
RIEEBEAIORHE E HAR RSk > QIR 16FT
ST o

w16 MRIREHREERADTI )

et k (m)
it - HElg 5%10°
JEAEL 3x10°
SR TR 5x10°-5x107

3. K& HIEm

3.1 BRIEF

B IR A 3 L A R H ) e B o
BT AR R ES A LUE
BTSSR R SEL AR R SR S oh DA G M Airy
Mism ~ FE4RM:Stoke 5P P s B IR 4R M4 IR e B
(Stream Function){F F 53 [ F » 5 F_FE/B kS
F El 2 T A 45 M B A R P B P 2 R
s WIEITHOR o 40 « SRR R B R
T R~ KFEAR > HdiStoke SPEIRELR
AT 3 T O PPN K R e B B
F 25 T PR R o AR LR SRR TS AN
SRR P BT I AR S 2 A B T T
e -

3.2 RRBHIE®

R OR Y /K B o B s DL S A =
Morison et al. (1950) 7712 = BALEGT HH 5mi Fy
Lo [ BRI 4SS KT B R R ERE
(D/L) R FIBTREE » WEISH~ » HPDAEE
&~ LESRITR © BD/L <023 R eSi#pa e s
AT RN - PRI ] RS FH &S 1) 5 [
BRI A > FEHE 28R /778 FIMorison 772 2
BEITEE S BD/L > 0.2F 8 EE R R g 2
HETRERINERZGH1T Ry » BURMorison

F—H PEREI109F 3

o

0.05

0.02—

0.01—

0.005—

0.002 —

0.001 —

0.0005 —

0.0002

0.0001 —

0.00005

| | | N | |
0001 0002 0005 001 002 005 01 02 g%g

le >le [} (]
| L T 1
Waves:  Shallow water Intermediate depth Deep water

7 O P A FH 14
28k © Mehaute, 1976.

A —
H/D
oy /
JRV( vy
A
-
D
drag forces
~10 + wave breaking limi|
inertia forces
wave E
diffraction |
0 L >
0 ~5 AD

&8 RRE#E T
SR © DNVGL-ST-0437, 2016.

TR R B SEEAY 3 MR - 451
HG T2 2 BR B F H 5y FslH ) (drag force) il
&M ] (inertia force) » 5B _FLIKC number £ ¥
Briede » HOESRAT ¢

umax 7:

KC=—"5— (1)

Unnax 15 H HR BN RARZK RS > T By RIA60K
RN DRSERERRE - KCEBURFRTiREH
FISUEVE IR RS —5 2 KCRETR
R > BHTH I B EMTT -

Morison /523 Ky R F R T B 45 f e T
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~H JJ3E (drag force)Ei1E 4 JJ HE (inertia force)4H
B0 ReRORTIET RS A SHEEHEEETE
JENEFTR - HREAERWT ¢

s

B9 # HEFHEMorison T2 A E
2728k © Coastal Engineering Manual, 2006.

J@)=hzn+ f(z0)
_aD’
4

Hr o p BB > uhyzJ71A R K
SEITIRVRRE > akyz )7 1E) BB REY KT [E R
& RS EARE HRE T RE Y  Cuhy
B HRE -~ CpoRlHTIA% > AI{KIEDNV-RP-
C205 201752 -

T GEs B G B R R =5 8 FH JJ7H 2 Morison 5
R EFWT

pCudz +%pCDDu|u\dZ (=2)

fen=/fulzn= ETDZ/JCMMZ (=3)

4. DITHER

4.1 fRRE 8 BEEA IR R
TE R B D A 2 R & & AT 5
Morison 52 ZLFIANSY'S FluentH R T ZE{E
TIATIRRL » Wy BIACR B S i B R E % - Al
BB BN RAT DT A B E AR R T A B2
SMAGERRE ~ IR BERHS RTE s: » 18
FFE HEE RS T 2 (R R B T B A R AT
BRIIETE o RERFETT S EHE b2 =R
e o [ Ry AR RHGBFEIGBS & i 2 2R
B i (E BURBHE - sp R 4RSRAE 10T -

N N
[ AT B
TN )
SIM feifsift  |( Shaft Hae
THR 5 {E
SIM: simulation Cone ﬁﬁ%

THR: theory

U Base A
[E10 R EE G AT = E (ATIeeaE)

L TR R & B E KBl AR
"THR Base | (X3~ -
HGBFHIGBS 7 jf7 )R & # 16 f5t B 3 5 1E o
AIAENT ~ @B 12077 > R {108 R A
B4 5 ) 2 Morison J7 12 TUH i (B B A BB
BEEPRSTHYIR S » 02 3 o (B B HE (B 1
11% » JERZIE R 52 AT RE R FsMorison JT 2 2%
J& J5 1M 2 K8 &t RS R » HMorison
TR JT 1A ERE T ~ BT GRER E
1B - 2R A EERE /K E) - R L Es R B

6000

—SIM_Shaft
—SIM_Cone
4000 —SIM_Base
—-THR_Shaft
—~ 2000 —-THR_Cone
E —-THR_Base
- 0
2
£ -2000
-4000
-6000
0 2 4 6 8
Time (sec)
(2) BHZRRAE
10000
o~ —-THR_Total
—SIM_Total
5000
_—
Z
o 0
£
)
=
-5000
-10000
0 2 4 6 8
Time (sec)

(b) 4ERREH
® 11 HGBF 2R & i e i 5 {E bh i (R

iz )
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4000

—SIM_Shaft
- —SIM_Cone
. —SIM_Base
2000 —-THR_Shaft
e / \ —-THR_Cone
E 7/ —-THR_Base
= /
o 0 X
e \
=]
<]
-2000
-4000
0 2 4 6 8
Time (sec)
(a) B RARE
8000
—-THR_Total
6000 —SIM_Total
4000
%‘ 2000
o ©
£
S -2000
<]
-4000
-6000 ‘\‘~-.’)/
-8000
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219 GBS ZJ&, ~ R E#E LI (AT )

DLC F/M Wind Wave Total DLC F/M Wind Wave Total
F.(kN) 20 1681 1701 F.(kN) 26 1324 1350
DLC [%] 1.2% | 98.8% | 100.0% DLC [%] 1.9% | 98.1% | 100.0%
L3N | M, (kN-m)| 28157 | 82076 | 110233 L3N | M, (kN-m) | 28157 | 59879 | 88035
[%] 25.5% | 74.5% | 100.0% [%] 32.0% | 68.0% | 100.0%
F (kN) 33 1681 1713 F.(kN) 41 1324 1365
DLC [%] 1.9% | 98.1% | 100.0% DLC [%] 3.0% | 97.0% | 100.0%
L3E | M, (kN-m)| 35836 | 82076 | 117912 L.3E | M, (kN-m) | 35836 | 59879 | 95714
[%] 30.4% | 69.6% | 100.0% [%] 37.4% | 62.6% | 100.0%
F (kN) 358 1681 2039 F.(kN) 885 1324 | 2210
DLC [%] 17.6% | 82.4% | 100.0% DLC [%] 40.1% | 59.9% | 100.0%
32N | M, (kN-m)| 101199 | 82076 | 183275 32N | M, (kN-m) | 151512 | 59879 | 211391
[%] 55.2% | 44.8% | 100.0% [%] 71.7% | 28.3% | 100.0%
F (kN) 553 1681 2233 F_(kN) 596 1324 1920
DLC [%] 24.7% | 75.3% | 100.0% DLC [%] 31.0% | 69.0% | 100.0%
3.2E | M, (kN-m)| 128799 | 82076 | 210875 3.2E | M, (kN-m) | 119045 | 59879 | 178924
[%] 61.1% | 38.9% | 100.0% [%] 66.5% | 33.5% | 100.0%
F.(kN) 240 1681 1921 F.(kN) 452 1324 1776
DLC [%] 12.5% | 87.5% | 100.0% DLC [%] 25.4% | 74.6% | 100.0%
6.IN | M, (kN-m)| 75140 | 82076 | 157216 6.IN | M, (kN-m) | 95633 | 59879 | 155511
[%] 47.8% | 52.2% | 100.0% [%] 61.5% | 38.5% | 100.0%
F.(kN) 375 1681 2056 F.(kN) 294 1324 1618
DLC [%] 182% | 81.8% | 100.0% DLC [%] 18.2% | 81.8% | 100.0%
6.1E | M, (kN-m)| 95633 | 82076 | 177709 6.1E | M, (kN-m) | 75140 | 59879 | 135018
[%] 53.8% | 46.2% | 100.0% [%] 55.7% | 44.3% | 100.0%
F (kN) 500 1681 2181 F.(kN) 885 1324 | 2210
DLC [%] 22.9% | 77.1% | 100.0% DLC [%] 40.1% | 59.9% | 100.0%
6.2N | M, (kN-m)| 119045 | 82076 | 201122 6.2N | M, (kN-m) | 151512 | 59879 | 211391
[%] 59.2% | 40.8% | 100.0% [%] 71.7% | 28.3% | 100.0%
F (kN) 759 1681 2440 F.(kN) 596 1324 1920
DLC [%] 31.1% | 68.9% | 100.0% DLC [%] 31.0% | 69.0% | 100.0%
6.2E | M, (kN-m)| 151512 | 82076 | 233589 6.2E | M, (kN-m) | 119045 | 59879 | 178924
[%] 64.9% | 35.1% | 100.0% [%] 66.5% | 33.5% | 100.0%

*3F 1 N for normal operation, E for emergency
shut-down
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The Preliminary Assessments of Hybrid Gravity Based
Foundations for 9.5 MW Offshore Wind Turbines

Pin-Hsuan Liu"" Tung-Liang Chu’  Chin-Cheng Huang’

ABSTRACT

This research is focused on the validation and evaluation of Hybrid Gravity Based Foundation
and Gravity Based Structure combining with large-scale 9.5 MW reference wind turbines. Firstly, SAP
2000 frame models are established for natural frequency, component safety margin and stability of the
foundations evaluations. Meanwhile, the Design Load Cases (DLCs) suggested by DNVGL-ST-0437(2016)
are applied to the frame models. The results show both the referred gravity based foundations satisfy the
specific DLCs requirements and are applicable to the wind farms soil properties in Changhua, and the
wind and wave conditions at Hsinchu buoy observation station and Waipu tide station. Secondly, 3D non-
linear fluid models are made by adopting ANSY'S Fluent for more precisely hydrodynamic simulations. The
wave loads acting on the foundations obtained by the semi-empirical Morison equation seem to be more
conservative than by numerical simulation, then appearing the numerical simulations will provide higher
economic efficiency in support structures design. Moreover, in the load directional difference analysis, the
polygonal caisson of gravity based structure merely causes influences in the shape of concrete caisson and
rotor nacelle assembly position; however, the caisson would bear higher wave loads than shaft and cone
components due to the larger fluid flowing area acting on it. Lastly, the comparisons between wave and
wind loads are made by the stability analysis. The results show that the horizontal sliding and tilting are
separately controlled by wave and wind, and emphasize the vitality of hydrodynamic and aerodynamic
simulations for gravity based support structures for offshore wind turbines.

Keywords: Offshore wind turbine, Hybrid gravity based foundation, Hydrodynamic analysis.
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