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Table 1 Lowering operation stages: Sequential view s
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Acoustic shackle
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the draft
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Table 1 Continued

Rel ease t
~ buoys.
From this
.\ buoys ar
5 - submerged
<l > buoyancy i
30m by the i1
< > i monopile s
(Tot al 2
Seabed

Rel ease t
buoys. and
|l anded at

g . seabed.

° . During th
‘ i 30m ‘,’ operati onk
position i
) i three t

Seabed

T Stdp After the foundation is completely I

2.1 Sequential views for installation

Schematic views for the entire installation process in the3tid-ig. 2 araedetailed in Table 1.

All the lowering stages are illustrated with sectional and-bye views together with descriptive
explanation for each stagAs illustrated, the bucket foundation is to be positioned right above a
target seabed by three tugs udioging lines at the site. Then the foundation is lowered down in a
stepwise manner by remotely releasing acoustic shacklelsyemee in a symmetric way until it is
safely landed at the target seabed within tolerance. The bucket maintains its draftadtpeted
equilibrium positions (StagesH), at each of which the weight of the foundation is in equilibrium
with the buoyancy force. At every equilibrium draft, the corresponding upright stability needs to be
checked. In the meantime, the cables froraghugs can provide additional stability and safety. The
following hydrostatic and hydrodynamic analyses were performed:

1 Intact stability

1 Waveinduced motion statistics in wet tow

1 Dynamic simulation in lowering operation

1 Overturning moment after seating seabed

ande
buowisl | be afloat and retrieved by tugboats
wr eoppoys to the port for the next operation.

fo
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|

@ - Center of buoyancy
@ : Center of gravity

: Metacenter

Fi®.A sketch for intact stabild@i

2.2 Intact stability

In the transportation and installation phases, the floating bucket foundation needs to resist
overturning moment for rolling and pitching due to waves, currentswamds. The metacentric
height (GM) is a good indication of the stability of a floating body. The GM is the distance from the
center of gravity to the metacenter of a floating body (See Fig. 3) and positive GM means that the
system is stable against the duening moment. The GM can be calculated by

S— |
GM =12z - px 1
Zy % ‘E")— (1)

wheBPeis the displ,acsed heolsemeo,nd momeZtanadf waterp
are center of buoyancy and gravity, respectivel

2.3 Wawvdeuced motion statistics

Wave spectrum

I n the present study, J ONS WA R Hmaasvsee | amamlni taundde Cs
1973)

S, (w)=(1 -0.287Ing( % 16 H2 ?,/-ww.:/vﬁ @ wi tamel” /¥ O

where w, is peak frequency arids is significant wave heightg is the peak enhancement factor,

b=1.25, s is spectral width parametes =0.07 if w¢ 1y, otherwise s =0.09.
The wave dpéteranfotow speeds are-fgemarcatcgd |
conversion

C
S, (nw)=S ——3% ) wi tuh= w-kUcos , 2
() = U)W o= w @
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Table 2 Metocean parameters for sstate 4
To(9) Hs(m) 9 b() U(m's)
8.1 2.5 3.3 180 0,1,2,34

sinh
the encounter frequency determined by tow spééd,and wave heading angld) . Metocean
parameters for sea state 4 are given in Table 2 and the generated wave spectra are shown in Fig. 4.

The peak enhancement factor is chosen as 3.3 that has been used for many engineering works but it
varies according to target locatiofMazzarettcet al. 2022).

where the group velocityC, =%Cp(1 +L2kh); here, the phase velocitg| = f%tanhkh. w, is

Equation of motion & Response amplitude operat

The equation of motion in the frequenrdgmain is given by
[('W:(Mij "AJ) C‘EJ) ”’«Q’(B;V ﬁRﬂ jX >|( (4)

WhereM;; andA;; are inertia (mass) and added inertE,.}’ and BijR are viscous (linear equivalent)

and radiation dampingC; is hydrostatic stiffnessX is wave exciting force and moment.
Subscriptsi =1 -6and j =1 -6 mean respective modes of 6DOF motions.

To calculate frequency dependent addedamass, r
commerci al 3D
t o-lwi-nmduced a

e
t

di ffraction/radiation panel progr
ditional effeatre amal hegltehetied .hyS
fects are not considered either.

e program with 3% and 5% of critdi

i nteracti on

d
f
i nputted to h
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Based orEq. (4),heave and pih motion RAOSs are calculated as

IRAQ | =}] - Ixilz :
\/(-M/ez(Mii ) @.) 'é((EﬁV QR-)

, 1=3,5 (5)

Moti on spectrum and motion statistics

Motion spectrum and their statistics are estimated based on the input wave spectrum and RAOSs.
2
In the linear timeinvariant system, motion spectrum can be obtaine@agn;) = S [ I/L()‘ RAQL :

Based on them, several wave and motion statistics are estiasfellows:
1T s =Jn‘b : Standard deviation

1T hg= Zﬂ: Significant wave(motion) amplitude

1 h.= 5,/2In(1080¢T,) : The most probable extreme wave(motion) amplitude for 3 hours
whend s eir(tvhaewex)( mort i on a mpnoidten) dé(wef)‘a(n/g)d wand
mean waveE=2pgmjinm.d

2.4 Lowering operation

Dynamic simulations in the respective | owering
step causeandovam smectnitonusp of the floating system
shown in TabbecHKet tfh®eu mbatoi on asstewwersd nthawner
segmented wrap buoys are released at a time 1in
commands the acoustic shackles to be released.
the disconnectedf owurmgpatbiuvoony sst atrht s to f all unt i
compensated by the increased submergence of upp:
motions of the system occur. At the end of eac
egu i brium position at which the buoyancy is bal
the bucket foundation is safely |l anded on the s

are estimated f-demenhtdentdpmwamasameat iymmo f or t he r
The worst scenario at which GM becomes mini mum
more detailed analysis. A schematic view for th
fi guf)ei, s i nstantaneous dratbktt0)ftomtBedomedmt wat er

Transient equation of moti on

The equation of transient motion is given by
M+A(NAY €77 I"_"t]i,'%a(”);QYdl‘@(z)t B =W - (6)

where



Feasibility study for wragbuoy assisted wdbw and stepwise installatién

A;(m) is the infinite frequency added mass in heave direction.
T Co=05 G A, G Aw); r isthewaterdensityC . and C,, aredrag
coefficients for normal and tangential direction, add , and A,,, are the frontal area

of bucket and wrap buoys projected ky-plane and wetted area of bucket,
respectively.
1 Ciu=rodAs: A isthe waterplane area.
1  K,; isthe retardation function standing for memory effect of radiation damping. It can
be obtained from the cosine Fourier transform of radiation damping.
1 B and W are buoyancy and gravity forces, afid is the vertical component of
tension from towing lines.

=

The threedimensional hydrodynamic coefficients need to be calculated from the 3D
diffraction/radiation program. Considerable radiated waves are expected during the initial stage of
lowering operation due to the presence of wrap buoys particularly whemtitor near the free
surface. In fact, the variation of radiation damping with the change of draft needs to be incorporated.
Also, the influence of trapped water inside the bucket is found to be significant, which results in
high added mass that amoutisabout46 t i mes of the foundationds ma:
numerical tests. On the other hand, drag coeffici€nt=2.5, of the bucket is selected based on
experimental data by Huamg al. (2010) and Det Norske Veritas guideline (2p0@oreo\er, the
skin friction coefficientCpy, is set as 0.008 based on the recommended value for a suction anchor
in OrcaFlex Qrcinaltd.). The tensildorces, T , from towing lines of thretugboats are assumed
to be 100200kN that is reasonable considering the general capacity of bollard pulls of tugs. The
corresponding variation of tension by transient motions are assumed to be much smaller than the
applied static tension. The main concénnthe stepwise lowering operation is the maximum
overshoot motion amplitude and velocity that occur immediately after the-bu@p is
disconnected especially at the last lowering stage of the foundation, for which the bucket bottom is
close to the seabed@he cable tensile forces can be a help in the last lowering stage close to seabed.
The cable tensions are expected to be adjustable by changibgatgositions or cable winckhor
the numerical simulation, Rundéutta Gill method is adopted for thente-domain solutions
(Weisstein).

Let y=z, then theEq. (6)can be rewritten as a statpace equation

y ! &0 |
i t : ith 0)=j [ 7
LA (W Gz Gy ARt ¥y L YOSt O

2 4
where the heave retardation functilﬁgg(t):;ﬁ B, (w)cos w)d 1; B,(w) is frequency

dependent heave radiation damping. It should be noted that the hydrodynamic coefficients are for
zero towing speed.
The discretized equation can be written as

Vou =Y, Al @ 2K, (242K, K] O(F) ®)
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Incoming wave
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v
= A A
h1
h Y
& &) : Center of gravity
< > ’
D B : Center of rotation
\ 4 / Q\

Restoring\ chverturning

Fi@g.sAketch for a seabed | anded bucket ¢

<

ek, = B(t,y,)
ko= B, +/By, k,#2)
ko= B, Ry, (% J2m/2 QVEB,/2
tk,= B(t, +p, 2/2k, @ +7z,)
@ Yy

with f(t,yn)=‘: 1 e N
W 8B ¢ b - . v t

During the lowering simulation, the body position keepanging and so are the added mass of
infinite frequency and radiation damping coefficients (or reteaoddtinctions). Therefore, theare
calculated for several drafts and interpolated by 3rd order Lagrange interpolating function as

where ; Dt is the time step increment.

!
|
a
u
u

ALD =8 AT NI, Kalt-£,2) A Kelt £dIN(D, 120128 ©
wi t h
N@=0O (z-9/(z @ with z=d -q, (10)

o¢j
i]

where the shNapéda nftiemrptoilanse, the added mass and re
t o f osuerl epcrteedd; dhrelrfies,s t he | owedit e ad e e wwdetr eas

I n this trreagnarodeindtnh e i mul at i on cmmn lbien ecaorn ssiidnewlea
(Jang 20doKim

Maxi mum overturing moment

The maximum overturning moment is estimated when the bucket is landed at the seabed but not
penetrated into the soil yet. As mentioned earlier, sea4tatassumed, where the significant wave
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height is 2.5m and peak period is 8.1s. The maximum ovemgmoment for the most probable
extreme wave height in the sea state 4 is calculated. The stability is evaluated based on restoring
moment due to seliveight of the mondoucket against the wanisduced overturing moment. A
schematic view is illustrated fig. 6.
The -saseg ®EMorfiog@wre and overturning moment are g

pDZ

dF =r Cyafdz ©.5 /DG WY ) d and dM =(z ) dF (3

wi t h-veairméng water particle velocity and acceler

_ pH coshk(z+ h) 2p*H coshk(z+ h)
T sinhkh T2  sinhkh

where C,, and C, are inertia and drag coefficientsy is the water deptH is wave heightT
is wave period,k is wavenumber,w is wave frequency.

The inertia and drag coefficients are determined based on KC (Ket@agpanter) nunmdr and
oscillatory Reynolds numbers. Based on the depttraged KC and Reynolds numbers, the inertia
and drag coefficients ofC,, =2.0 and C, =0.6 are selected for the strip of cylindrical shape
(Journée and Massie 2D0 The most probable extreme wave height for 3 hours is approximately
twice of the given significant wave height (=219), i.e., H. °© 5m. Applying the peak wave
frequency with the most probable extreme wave height, the correspondingatiyirey wave
induced overturing momewgan be found as follows

sin(kx -wt) a n &= cog kx wt) ®

Mover: M COSWt'*‘SinWt|sinWt|
a 22H,. G . 90 . h ”
ger sinhkh% ono[]11 (2)dz Lbucket| ), (2) %"u ( )

I-Eloe

+29T3|n|’kh & Dmonor]n g(z)dzl-CDbucketr]rI g(z)daS|nVl/t|Sant|

where f(z)=(z H)coshk(z +) and g(2=(z +Hh@@ eos2k(z B), h and h areinFig.6.
Then, the maximum overturning moment can be calculated by

d'\(/:lizver - -I/I/N|| sinw 2 MD coSs t+4/S|n t|W ( (13)

Since M, is much greater thar2M, in the present bucket cases, whemut =0, the
overturning moment has a maximum, i.&4 . .. =M.
On the other hand, the restoring moment by the wet weight can be calculated by
M,.. =0.5DW (14)

where D i s bucket 6 sw dsithe stredctuslrwet waightd
The stability of the system can be checked by the ratio of the maximum overturning moment

over the restoring momentei, szover'max/MreS. If m<1, the system is stable against the
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overturning moment. Alternatively, the waweluced inertia force can be more accurately
calculated by the 3D diffraction parmaogram WAMIT. Then the abovermulas can be compared
with the diffraction calculation. The overturning moment can be calculated by WAMIT as

M =0.5H

over,max

Wi 4 (O 1) NdS)

e

=0.5H,

inr‘jw #NdS ngeﬁDl\y'dS 051 Dg[r AN (15)
=0.5H.|X; +X, ©.5DX;

WheH#£ =5im)the most pr obapr@2/¢T§)tirse neh ew apveea kh eai nggt
frequsmgnicsy,the diffraction vel g=(010yi oa enni Bl veaod
along the axis of=(qy®aisuanicogrcomante, vector fro
cartesian cogi0nnQA &) issy stthreen,cent er of rotation f
his the watRr sdeépth mweakNe(N,N,,N,)i s the normal vect
the wettedr3NufN,dcMN),i sangdener alized nor mal vector
Al s¥,anX, are exciting forceXiisn psurcdhe exrcd th enagv eno
i Bg. Al4) the exciting forces and moment are nornm

3. Case studies
3.1 Principal dimensbocgeof foueddeéei oasd wi de

In the present study, we performed feasibility studies for two different (slender and wide) mono
bucket di mensi ons. The rati o olf/D, b 1.6 kel t0H,s si de\
respectively. These are two extreme cases ckdtudesign for the NREL 15MW turbine based on
a series of rigorous seditructure interactioanalysigAubeny2022 Aubeny and Aldawwas 2022).

The principal dimensions of the mobaockets and corresponding wrap buoys are given in Table 3,
and the corregmding figures are illustrated in Fig. 7.

3.2 Cas-éSseumdeyr /bDuc=kelt. OL

Intact stability
Based on the formula given (), the metacentric heights are calculated for all stages of lowering

operation as given in Table Buring the wet tow, the center of the wrap buoy is located at 11 m
from the bucket keelas shown below, the present dimensit/iD=1.0) has positive GMs at all
stages, which indicates that the system is stable during the whole stage of towing antdnstalla

As three tugboats maintain their positions and provide additional tensions via towing lines, it also
gives additional stability of the body during the entire lowering operation. As the transverse (roll)
and longitudinal (pitch) GMs might be differedtie to noraxisymmetric arrangement of wrap
buoys during the sequential lowering processes as illustrated in Table 1, the smallest GM values are
given inTable 4 The calculation for the KB (keel to center of buoyancy) and the second moment
of waterplanarea during different stages and different rotational axesianenarized iA\ppendix
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10m

32m

18m

(a)L/D=1.0

32m

11.3m

22.5m

(bby D = 0.5
Fig. 7 Slender and wide Mormuckets and the corresponding wrap buoys

The GMsand drafts tabulated here are the valuesgkeltide the towline tensions and the buoyancy

from the bucketodos wall and |id thickness as the
they are all considered in the dynamic lowering simulation for double checking. In Table 4, we can
observehat there is a significant increase of draft from stage 4 to 5. This is because the remaining

two wrap buoys are fully submerged at the equilibrium position of stage 5 (See Table 1), so
additional buoyancy after that is only from the increase of towansugence. For this reason, the

transient response becomes considerable and thus the transient dynamic simulation of the stage 4 to

5 is illustrated in Fig. 12 as the worst case scenario.

Wawvienduced motion statistics

The wawWeiced motairen esvtad tuiasgteidcsby wusing the gene
the RAOs calcul ated by program WAMIT. -t olwe gene
position is visualized in Fig. 8 and the WAMI T i
5. Theanhde apviet ch moti on RAOs are shown in Fig. 9
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Table 3 Princip@®@luckiemsnsi on of mono

Height (r 32
Di ameter 10
Thickness 0.95
Monop Density (Kk 7900
Mass (Kil« 0.75
Center of -14
L/ D 1 0.5
Lengt h, L 18 11. 3
Bucke Di ameter, 18 22.5
Thickness 0.10 0.11
Mass (Kil« 1.01 1.03
Center of 37. 2 -33. 8
l nner radi 9 11. 3
Wrap b Outer radi 15.6 (9 + 16.3 (11. 3
(Section) 3.3 2.5
(Section) v 1.5 2
Tabllewtdact stability L/nmDHde | owering operation (
Stages d (m BM (m o (m) ., (m) GM ( m)
1 (Towin 11 24. 0¢ 1. 76 9. 75 12.58
2 (Lower 18.7 24.3¢ -1.867 2.08 20.63

rel ease

3 (6 buc 19.5 12. 9 -2.07 1.17 9.69 (I

4 (4 buc 21.2 10. 3¢ -3.10 -0. 48 7. 74 (1

5 (2 buc 29.0 0.29 -7. 86 -8. 26 0. 68

6 (Seabe 30 No stability requi
are also given in Fig. 1 0. alrhee sduentinaairliezde dwaivne Taan
standard deviati ons, significant wave(motion)
wave(motion) amplitudes are given for the appli
roughest sea-tcoown dainedl entsf on. wAs can be seen in t|
a certain frequency is noticeably low. This ten

rming torus without the bucket foundation. Al

pn ng are imposed as a || inear equi valent Vi s

ealistically |l arge resonance peaks. Furtherm

r
e bucket si dewaltslur fiatc emarye scaanuasiem & msniergi. IfaFfee mo s
treme motionmampki beééeasn@at&®&. 1. degtes ASor pitc
own in Table 5, a dipole panel met hod i s used
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it is very thin, for which the or didnasrtyr i baurtdlon
option is more robust for those thin walls anc
regarding the dipole panet 221 PRI Z)anarmde 1f ofuenrde
therein.

Tabllempauts used for the 3D diffraction/radiation proc

18 (bucket)
31.2 (bucket + 1t

Di ameter ( m)

Wall thickness ( 0 (dipole panel)
Mass (Kiloton) 1.76

Center of mass ( 9.75

Radii o{myyratior 17.89=r();: 7M,)24 (

11 (bucket)
4.1 (tube)

Water depth (m) 20
Wave heading (deg 180 (head sea)

Draft (m)

Fig. 8Hydrodynamics mesh in wébdwing (L/D=1.0)

IRAO, ()|
IRAO(w)|

0 0.5 1 1.5 2 25 3 3.5 4 45 5 0 0.5 1 15 2 25 3 3.5 4 4.5 5
w(rad/s) w(rad/s)

Fi gRAQ®& =)0l eft) Heave, (right)
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TabWavé and motl/ ®drllst0ati stics: (
Urow Wave amplitudesnf) Heave amplitudesn) Pitch amplitudesdegre¢
(m/9 S, Zg Ze 5)(3 X3s X3e 5X5 X555 Xs.e
0.0 0.6256 1.2512 2.4125 0.4245 0.8491 1.6236 2.1577 4.3153 8.0943
1.0 0.6252 1.2505 2.4292 0.4356 0.8711 1.6727 1.4535 2.9070 5.4876
2.0 0.6247 1.2494 2.4424 0.4457 0.8914 1.7172 1.0119 2.0237 3.8496
3.0 0.6241 1.2482 2.4529 0.4392 0.8784 1.6973 0.7497 1.4995 2.8735
4.0 0.6233 1.2467 2.4613 0.4222 0.8444 1.6365 0.5896 1.1792 2.2742
0.9 0.012
08t veto) | Vet
U=2.0 0.01F U=2.0|
o). e
0.6 0.008
3 0.5 3
mg wal UJE 0.006 [
0.3 0.004 -
0.2
0.002
0.1
N AN TR
0.5 1 1.5 2 25 3 35 4 4.5 5 0 0.5 1 1.5 2 25 3 35 4 4.5 5
w(rad/s) w(rad/s)
FigMoltDon slpPBIGFT uMml €éft) Heave, (ric
FigHydltodynamics meshlL/ibDE)Ohe | ower.
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TablSpeti fication forlL/ DE$0 Il owering operation (

Height () 18 (bucket sidewall); 32 (monopile)
Diameter (n) 18 (bucket); 10 (monopile)
Wall thickness ) 0 (dipole panel)
Mass (kiloton) 1.76
Drag coefficients Cpn=2.5 Cp;=0.008
Tension ff) 100-200
Draft (m) 20-30
Water depth (m) 30

Lowering operation

The transient r e

sponse of the bucket foundati o
stated earlier, th
i n
r

e added mass and the retardat

terpobtatimg powgniomgabdbpeSpeic o]
h
e

nterpol ated by e

and the mesh fo the hydrodynamic calcul ati on
pol e panels are ubed partstehdlesi thdf mea lhle amdntso e
| oxcrig yshown in Fig. 12. The Additional buoyal
itionally included for the simulatkEop.n.( &)l .so,
the present | owering simbbati@af, 7mhandtakhemul
l i ng vel ont/ist ya sissu naibnogu tl 000.t9f6 of towline tensio
elocities are significantly reduced by dal
ds andvehecosgilibkbkasimahl , so the | ast remali
er
t e

i
7
d
\Y;
a
F
f

a Y,
S n
f h be di sconnected so that the foundation |
[ nsions.

3.Base LtWiddye buzkeh. 8

I ntact stability

Comparoed he previous slendem) bacdel ens)a bwwackklert( { d
is considered here, which can al so pMWvwidred enou
tur HiAmd2hzr2ubeny and Al dawwas 202 2)f. vhreomn hyder ovd
bucket provides | arger second moment of waterpl
viscous drag force in transient falling, and th
this reason, the nsibzee sonialtlheer wcroanpp abrueody st oc at he pr
initial |l oadout in a relatively shallow port. I
|l owering stagess.t epnd smarda elda Sfto Ds=UR0 & t ghradclkdatite c a s
can gently |l and on the seabed. Since the initia
be | owered down becomes | onger than the for mer
sudbt eps, so that twee ctarna nfsuretnhte rr ersepdouncsee. On t he
there is a temporarily negative GM in the stage
attachment height nofwhwrcahp |beuaodyss tuop trbhye RGMboOi, n ¢ he e
additional restoring moment from the three towl
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Tabllemt&ct stability LW/MD=Dhé& | owering operation (
Stage d (m BM (m  (m) o, (. m) GM ( m)
1 (Towir 10 24.53 -2.043 10. 90! 11. 585

2( Lower ¢
rel ease

13.03 24.81 -1. 809 2.874 20.132
3 (6 buc 14.03 12.56 -2. 385 1.874 8.3042
4 (4 buc 15.58 5.177 -3.690 0.325 1.1612
5 (2 buc 23.5¢ 0.282 -8.810 -7. 686 0. 841!

6 (1 bu

or 2bthay § 27.68 0.282 -10. 43 11, 77 1.623¢

7 (Seabt 30 No stability requi.

-22 T T T T T T T T T 0.8

T=100
T=150 | 1
T=200

04+ 1
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02} | / i

1 Y

0.4 )
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o

=27
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-29 -0.8

-30
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0 1‘0 2‘0 3‘0 4‘0 5‘0 GlO 7‘0 8‘0 9‘0 100 0 60 70 80 90 100
time(s) time(s)

FigTim2 series of transient motions between

(L/ DE. 0)

Waveinduced motion statistics

Thepeci ficattawinng oirs weitven in Table 9 and hydr
Fig. 13. The wrap buoys ar e -etyiegshtdo tclhoantneict £ dc
coincides with thmhe @FThekeastamecamrhr eafttat®é asl6d sand p
are shown in Fig. 14 and the corresponding mot.i
statistics are tabulated in Table 10. I n the pre
speed forndophtbbaawmetaons. The most probabl e ex
1. whereas 10.1 degrees for pitch. Bot h maxi mi
increased compared to the previous sl eemdery and
smal l er wrap buoys and shall ower bucket draft.
di fferent bucket di mensions are made in Section
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TablISpexi fi cattowihhBCo)t5 we't

22.5 (bucket)

Diameter (m) 32.5 (bucket +ube)

Wall thickness (m) 0 (dipole panel)
Mass (Kiloton) 1.78
Center of mass (m) 10.75
Radii of gyration (m) 17.16 (r,, =T1,,); 8.48 (1,,)
5 (bucket)
Draft (m) 4.5 (tube)
Water depth (m) 20
Wave headinddegree) 180 (head sea)

TablWavidd and motl/ ®&.)St atistics: (

Usow Wave amplitudesnf) Heave amplitudesr) Pitch amplitudesdegre¢

(m/g S Zs Zg S, X3s X3g Sk Xss Xse
0.0 0.6256 1.2512 2.4125 0.4797 0.9595 1.8272 2.6912 5.3823 10.1104
1.0 0.6252 1.2505 2.4292 0.4275 0.8550 1.6366 1.8713 3.7426 7.0600
2.0 0.6247 1.2494 2.4424 0.3603 0.7206 1.3863 1.2904 2.5807 4.8997
3.0 0.6241 1.2482 2.4530 0.3067 0.6134 1.1867 0.9120 1.8240 3.4930
4.0 0.6233 1.2467 2.4613 0.2971 0.5943 1.1553 0.6897 1.3793 2.6658

15

FigHydrodynami ctsowiefsth=) .n5 we't

Lowering operations

The transient response of the bucket foundation is simulated for the worst possible case i.e.,
between stage 5 to 6 in Table 8. As mentioned earlier, the stage 6 ist@su which two half
length wrap tubes are used. The specification for the lowepegation is summarized in Table 11
and the hydrodynamics mesh usedhat stage 5s visualized in Fig. 16. The time series of the
instantaneous draft and oscillatory vertical velocity during the transient motion are shown in Fig. 17.
For the presengimulation, the maximum overshoot draft is aboun2@nd the maximum falling
velocity is about 0.67n/s assuming 100tf of towline tension. The vertical fall velocity is generally
reduced compared to the previous slender bucket case so that the finabatabe seabed becomes
safer.
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FigTimé series of transient motions between
(L/ DG.) 5

33Hydr odynami ¢ cpoempfaorril’sddmcke:l Dv 9 . 5

The performance comparison between the two different bucket andbwogpdimensions is
made and summarized in Table 12. Firstly, regarding the intact stability during sequential
installation, the wider bucket temporarily experienced small negative GMhwthain be remedied
by slightly raising the initial wrafpuoy connection point or through cable tensions from dtuags.
However, in the wetowing stage, the wider bucket has better stability and smaller resistance with
lower draft, which is also impontafor the load out in a shallow port. On the other hand, the motion
amplitudes of the wider bucket under the same sea state 4 are slightly larger compared to the slender
and taller bucket. The increased bucket draft tends to reduce the pitch motiory lntnease tow
resistance. For the lowering operation, the wider bucket reduces transient motion and velocity
amplitudes, which leads to higher overall safety. In general, more segments of wrap buoys can make
the overall installation process milder andesafHowever, it requires more acoustic shackles and
connection cables and thus higher manufacturing cost. Also, water ballasting of the last remaining
wrap buoys at the last stage is also possible for more gradual sinking near the seabed. As soon as
the bicket is properly seated on the seabed, the suction pump can pump out the inside water so that
the external hydrostatic pressure can further push the bucket into the soil. As expected, the wider
bucket has better resistance against the wakgced overturimg moment when seated on the
seabed, as shown in Table The Morison equation overestimates the overturning moment. This is
due to the fact that the hydrodynamic pressure acting on tHaltopthe bucketEq. (15)),not
considered in the Morison edian, reduces the overturing moment. After the bucket foundation is
fully penetrated into the soil, the full assembly of upper part of wind turbine can be mated by using
float-over installation vessel. Additionally, the maximum shackle tension was caltulat
L/D=1.0 based on the lowering simulation result and it amounts to 250tonne. This is within the
range of load capacity of available acoustic shackles, @&pplied Acoustic Engineering Ltd.).
During the stepwise lowering operation, maximum transient responses and velocities of
wider/shallower bucket are smaller thus safer compared to those of slender bucket. When seated on
the seabed, the resistance of widecket against wavimduced overturning moment is better than
that of slender bucket.



