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CFD Simulations of the Flow around Monopile and
Gravity—based Offshore Foundations by OpenFOAM

WANG HAIQING

Department of Ocean Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Computational fluid dynamics (CFD) has been used to study the
boundary layer flow around 4 different bottom—-fixed offshore wind
turbine foundation designs. A large region of down flow exists in front
of the foundation, which causes the backflow. Pressure distributions
around the foundations were studied. A positive vertical pressure
gradient(dp/dz > 0) was found in front of the monopile foundation. A
larger volume of increased pressure exists in front of the monopile
foundation than in front of the gravity—based foundations due to the
geometry. The horseshoe vortex was found in front (upstream side) of
the 4 kinds of foundations. One horseshoe vortice was found in front
of the monopile foundation, two were found in front of the other
gravity—-based foundations. The bed shear stress in the flow direction
[
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along the upstream symmetry line(y/D =0, z/D =0, =10 < x/D < 10) on
the seabed was investigated. As a conclusion, the hexagonal Gravity—
Based-Foundation was found to have a better behavior than monopile

and 2 other gravity—based foundations.

KEY WORDS: Computational fluid dynamics(CFD, A4F5-A]43);
Monopole(Rx=9¢, ¥&2 7|%), Gravity-Based-Foundation(GBF,
%94 7|x); Downflow, backflow(@l&F w, HF u); Bed sheer
stress(@A AY $3); Horseshoe vortex(Td EF 9F, TFY
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FIGURE 1.1: Monopile foundation (Karimirad, 2014)
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FIGURE 1.2: Gravity based foundation (Karimirad, 2014)
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(Computational Fluid Dynamics)
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to turbulence
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boundary layer laminar
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FIGURE 2.1: Flow regimes (Sumer and Fredsge, 1997, Chapter 1)
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FIGURE 2.2: boundary layer (Sketch by author)
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FIGURE 2.3: Separation (Sumer and Fredsge, 1997, Chapter 1)
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— Cross flow force
= Drag force
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o

FIGURE 2.5: Cross flow and drag forces (Sketch by author)
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2.3 Al =(Scour)

2.2 AAA 7ed §59 wWilE Hy = AP $¥(average bed shear
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=2 (sediment transport capacity)= <72 Zo|tH(Sumer and Fredsge, 2002,
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3l (suspended load, MI& WA &) 2 &3 3te(dissolved load)®] Al 744
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o714 1= FAE olso]l WS gk A FE T Aof Frh. AlE P2 HwE=T)
A E ] 0 =0 ()7 2 7] AL, o714 az 4] 2.6 ol 9fste] Foj )

o] W] A& Zol(scour depthyE HE A= Zo|(equilibrium scour depth)&til
sho), ¥ 2.7 2 939 42 3U(monopile) TR dHHAR1 Al FH S HolFU)

FIGURE 2.7: Sketch of a scour hole around a vertical pile (Sumer
and Fredge, 2002, Chapter 3)
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2.4 Navier-Stokes WA 2]
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FIGURE 2.8: Velocity measurements in a turbulent jet (Pope, 2000,
Chapter 1)
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Aol DNS ¢ t©Erth o2 AMBH gzt 2AYd  ®Ed=(subgrid-scale
modelling)e]2ta 3}l LES & DNS HUt} A4 A A @i @e A¢] &8 Hofol A

z23 Qe

2.5.4 dolsZ HF H| 9 2E2(Reynolds-Averaged Navier Stokes,

RANS = Z¢o] 27 % Reynolds-Averaged Navier Stokes ¥ ¢J2]7}4 CFD =4

< 7P AgE7E w2 Wfelth. dal 999 BE AL 7 AIRE dAlel AR Azt

U, =u, +U, (2.12)
o714 U= AA $Eolal, uyyt AlZE @A (time step)oll 23 H &)1,y +
s &5 ARolth, B5F Wk o]t} RANS oA A7 ©Alo] AX ut% Q49 A7E
B e 0olgta 7143t = u = 0. Navier-Stokes HFg o] 4 2,12 & AHelshd
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ou. ou. 10 ou'u.
U= k . L (2.13)
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6uj
—=0 (2.14)
OX

AlZF Hi ¢l golusR £8 AE wu 2 9y, RANS 29 Boussinesq 7H4

o . ouy
—u.u, =vt %+—’]—Ek5. (2.15)

o714 6;+ Kronecker delta, k © @4 & oA (turbulent kinetic energy), v,

WH A Zo]t}l. Kronecker delta & U3 o] Ao Ft}:
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. { 0 ifi+]
Y 1 ifi=j
ZZ A (closure)= 0, 1 =& 2 WA rdz Jd& £ 9} k-¢ L koo & @

%)
oty 2 RANS Ede 2 WAl mdolt), Spalart-Allmaras R@S 1 WA mde

of ot}

2.5.5 Detached Eddy Simulation (DES)

DES (% DDES, IDDES ¥ #2 AR W)= ¥ A A RANS & AR&3taL
U2 oM LES & AF&3Hth DES &= LES B} v Al 81858 7}A ™, RANS 7}
Az Asskx g iR 28 % ALE @ At DES % DDES & 2.6.2
ol Aol k. I 2.9 & A¥E WA DNS, LES 2 RANS 3+ Aol =
HoE

Injection
of energy Dissipation of
energy
© == T
Dissipating
Large Scale Flux of energy eddies
dies -
l = l/Re 34
Resolved N jfl ‘L
il
Direct numerical simulation (DNS) Apns
Resolved ., Modeled
Large eddy simulation (LES) AI LES
Resolved Modeled
b - EN

Arans Reynolds averaged Navier-Stokes equations (RANS)

FIGURE 2.9: Comparison of CFD methods (Bakker, A, 2006)
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2.6 Spalart—-Allmaras

Delayed Detached Eddy Simulation
(SADDES)

B o Fo A= Spalart-Allmaras Delayed Detached Eddy Simulation (SADDES)&
Abgshed, EE

Spalart-Allmaras Y47 =2d&

2d& RANS Ao RANS 2d=
AF2E 1 LES A 9o A subgrid scale R =2 A& F T}

2.6.1 Spalart—Allmaras 4§ =Ed¢

Spalart-Allmaras YW

1

a

Y muE @

a-

98 1992 ol P. R. Spalart 9} S. R. Allmaras o] 2] 3}¢]
W= Tt (Spalart and Allmaras, 1992). RANS

W shol k-edt 222 B

v/ =
sduwc) Ak v8o] AHsio
A 2de Sy 2l OpenFOAM oA &% B AL of7F tt2n 1 o] 5

v = Aotk
Boussinesq 7FgelA Zksy e FATORA 1 WA AP Agsrr)
7bHsstth ol ¢k Ad B5, & =2 dolusx Y A5olA F8 ayut ol
ol #eolEx §8 e ey o] Fojxtt
u. -~ ou
—uu/" =vt| —-+— (2.16)
OX;j  OX;
o] el utfo ot Aol A WG vl g dE WA A (transport
equation)S AF-&3kt}.
X3 '
v, =Vf = X=— (2.17)
t vl vl X3+C31 Vv
A7 vie AAS gujdt A5 A Ae ooy gk
Dv

G[v((vw)w)}{cm f, -

N2
C \Y
k%lfw}(aj + f,AU? (2.18)
42 218 9 g2 9o TagA(Lagrangian) Fx E7 3AE(Material
derivative)o|t}. SEvh&3 o] Fojxth
~18 -
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§=5+—1_ ff —1-— 2
1+ Xf,

k2d2
714 SE 9% (vorticity)e] A7|olaL, d = 7H 7M1 w1 Ag e}, 4
o= Tk o] Aok

1/6
1+c¢t Y
f =qg| —w_ =r+c (r®-r =——
" g{ghcfvj J (1) Sk2d?

o71M wi= H(walD& HeERAH i B o= EW A Y (trip function)o]2kal 3},
U3 o] Aoldn:

2

W, ;
ftl = Cu 0, EXp[_Ctz A—LtJZI:d 4 gtzdtz]J ft2 = Cis EXP (_Ct4X Z)

OpenFOAM o4 F+d¥ Spalart-Allmaras W& S fv3 TF3Holgta 3}, o)A
A3 diel U Aolmz Y g f, 9 f,= FAHD. S f,7F t&3 2ol

4 A

5

. v, 1 “ (1+Xf,,)(-f,,) ¢ -t
. Ol ~ = =

fo @<L (Gainer et al., 2001)°] A o] gt}

2.6.2 DDES

DDES(%7} D ¥ Delayed ©]th)+ DES ¢ A% ¥ A o]t (Spalart et al., 2006). F

T wE RS oF RANS 7+ A3 7|Fow Zo] ~7d d =2 A3}, DES oA

- 19 -
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0,
rlr

et ol Aogyk:

dpes =Min(d,CpsA) (2.19)

A7 M Cpue = A% 1 9 Aol A=max(AX,Ay,Az) olth. d=d ¥ RAN 2
AbL3)an (]:CDESA ol 7% <£W(solver)¥ Spalart-Allmaras W7 E&S AHH
a8 29 Rd(subgrid-scale model)Z AFg&3dle] LES RE=Z Attt 5L 3

7]Z0] DDES ol % #8525 RANS oA LES =¢] A3 A A7 d 7t +A8ch
o] LES oA Atz mdd & 5 gle Zelxo] LES S AFE3HA] 7] A o]t}

Mze diE et gol gejwnk

dppes =d = fy max(0,d,~CpesA) (2.20)

3714, f, =1—tanh([8r,I°) elaL r, = (v, +v)/(Sk?d?) oltt.v o dAger, 7}
AN A AZTF He As BAE = Aojnk off HA d = AdA(delayed) =
ojmgtct, DES ¢ DDES 329 F83% zto]42 DES AL 5l (mesh)oll 7F
e]Est= ®l DDES = &% AAd: oEdv= Zelt. DDES = 23
diole ete] oA DES Bt} 93 A58 R AH(Spalart et al., 2006).

rr

2.7 35 &£x 2291 9 v vlA A(wall functions)

BHE B Qo Feo] AAFTES AFsH 4 e FHo] duteE AS & 5 o
74 oS M YR F(viscous sublayer) o Z 4R Ze YR Foln HA &I}
Bt D

Aol £x Z2Ode AREA Aot tE UESTE B FH S (buffer
layer)elgtarsty, Wi ad7F AT A ayrt Aujdeltt. 3 WAE T3
B Z(overlap sublayer)o]t} EIZ(logarithmic layer)e]t}. 7|4 dH ad=

- 20 -
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g% @S AuHel: g 23 ulR

Zeth whAT dREe W &b AwAe 9% w

turbulent sublayer)©]t} (Cengel and Cimbala, 2010).

U
u"=— (2.21)
uT
u
y' = 2/ (2.22)
\'
A7IA u, = - © vHE S X(friction velocity), Y & HoZREeo W wgk

712l (normal distance), V. = &35 (kinematic viscosity)elth. 7, + ¥ Ao

& (wall shear stress)®]al p & 2] E=o|th

SR REe A wAE e
2ol e 4 slek

u =y’ (2.23)
o]Re wWe] WMHow oy glow y <5 fHFaIt A WEZ fF
RoFe o2y o] & 4 9t
u* :iln(Ey+) (2.24)
k
k=041 2 E = 9.8 (OpenFOAM Ltd, 2015). o]AL tF HF == 271

- 21 -
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g
iy
o
i
1
ji
%0,

or 30<y+olr y=1000 527t Fastch g HE5e G

REAA AR olF WA F o= A% wwFel wx Witk % 5<y+<30
otk 1% 210 &y +9 GrEAU+ S BRI 4 UREe 928 A4 @k

ut = uu*
30
25
20
[ Eq.8-42

Eq. 847

10
I Experimental data 1
5
0
100 101 102 103 104

vt =yu*ly

Viscous Buffer Overlap Turbulent
sublayer layer layer layer

FIGURE 2.10: Sublayers in a turbulent boundary layer (Cengel and
Cimbala, 2010, Chapter 8)

Hol WA (law of the walD)¥ o4 % #(logarithmic law)
gradient)”} Q& H#AY 71AHE 7|gte g X u Al
Bg-ol= FE A AT 2t o)A ¥ A AE St B W Rl A
o] &H Tt AREAE WA FE W A WA =Tk =l A
distance)?l y' 7} 30 Btk x5 o]itol aigsle gow AN ARE AT F glon

A A A = ol BAE AT I oste] AT ¥ WA glud

o

AFe ARHor 875 y =30 olstelA Wl vlstolor & Aolth,

2.8 OpenFOAM
-22-
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OpenFOAM 2 Open Field Operation And Manipulation & A2, AE&A S 5Ho]
TAE SAStE S AHAilE FE E s AXE] #7|H o]t} oA CFD &
ESHE Jrb opyzg), AAr|e B oaAlst T oy Eoke] EAlE AT 4 Unh
OpenFOAM & Linux #74olA APHw C++= AAH L A7 AT = e
v~ wdzg AP vgd %24 OpenFOAM Foundation & OpenFOAM ¢
Makg #e]dhe}. OpenFOAM 2.3.1 ©] ¥ o)A ARE-5 Q1)

=4S Adstad A 3 Jie B EUUt e E9E weolof @t 0 &
Aol 3 ¥ ool tiet AA 1S Aot Y-S XT38 constant & HA 2
A 294 £4% A system & HA WHES Aot AN AES

Az= A =dels o #e AHEv d(subdomain) &2 U Zlo|th e

=relE W (mesh) B 2| E(grid)ehar vk dwkHo R 743 & gy B S5

7 e T e v s AAstH AAS e it ert 53] Tasith &3
=0l

A7 gow FA IHom SANE WA wEd A4 wme

OpenFOAM & 3 A% "W (finite volume method, FVM)=2 A}-&3}e] F ko A
Navier-Stokes WAAL At AgxE= A FAgA H Falog

WE 27 e 44T 5 Aok

2~71(scheme), gradient &, Laplacian &}l

¢

Al

)

A& (time integration)< 3+ 2 HH(finite difference method, FDM)2o &

FRET. AR ATE 2de WH(backward Euler method) & o8 7HA
- 23 -
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WE A™st 4 9drh. OpenFOAM & HIYHA F&, 454 #6, Xud
E
T ™o

(potential flow)ell tigh AL EHE 7HA Aok, 2 A= HGSHA

E A Aexplici) #F AR WS AHgstel W WHHL F oo
KeN
=

e

B

ot S #Aker 4= ). 1D Courant 5 t}
C=— (2.25)

371 U & A %o £& At & AF H(time step), AX & x Wake] A
Z1o]o]t}, Al A (implicit) 3+ & Hu kg Aol Courant o sk Ak
AAsHA &grh. 2y EF A4 FEFS HA 7] wjZel e AEE fA kgt
Courant 29 B4 ML C > 1 U o 44 Y47 A7t 144 %

W2 o)F @i ot

it

2.8.3 TA¥

OpenFOAM ©ll+= wallShearStressLES, Q & 3HY3 Sxg] FEE e Adus
AZ+3 E= ° AFEE 42 9= ParaView &= 9)7] EEo] 54Ut ParaView

4.10 2 3D A17z+3F 8l S, S7bd e fsto] dA 2ol AREE A

o

[H
off
filo

24 -
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A 3 & A2 2d(Computational Model)

g T Huld disk 4 e A2 gE FE€4 TR F99 ZELS Spalart-
Allmaras Delayed Detached Eddy Simulation ¥ 7] OpenFOAM oA #ols= I

4x10° 0 mdy HAch AL ZHe] AR Apge] o] ol A,

3.1 7138t +Z(Geometry)
3.1.1 Lillgrund &3 gl

Lillgrund 34 =9

i)

He 29d @resund PGl At vk A9«
Aotoll A 7km, "Wlwl= A<k A 9km, @resund oA F&FHo = Tkm HolA UTh.
Ae 4 ~ 8 WEet F 110MW &% 48 7/ FY EHWoR FAHO
2l th(Jeppsson et al., 2008).

5

Lillerund ¢] 7] Zdl= A&dAol =8 7]ule] 7]% t]x}ele] v}, 28 3.1 3} 3.2 =

Nz UAQlY M52 welFth g Fa® 4usl wikow mAHd. 727

Zrlel 6 Zrd e W S E(bottom slab), ¥E3H AL E(cylindrical shaft) 2
de HFTE 93 YU AR A FEOT FALEO e FolT 4 r) v xE

- 25 -
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OPEN SPACE
CONCRETE SLAB
. 9680 .

3050 . 3580
T

43,250 # # A+ 3,500
e A
|

(=]
(=3
o ]
] A
z .
|
| 0.0 WSL
— i S
o |
8
@ .
& |
| TOTAL
COMCRETE
BALLAST HEICHT
| TYPE I 10300
[ 600 | TYPE & 1300
S . TYPE 3 12300
iy 4780 ) TYPE 4: 13300
- TYPE 5 1300
E |
= .
|
BALLAST
|
|
o |
=3
& f
8
2 1 \
I A
(=3 \_
g | CONGRETE SLAB FOR WATER TIGHTNESS

13000

FIGURE 3.1: Section of the Lillgrund wind farm foundation (Jeppsson
et al., 2008)

16454

FIGURE 3.2: Bottom slab of the Lillgrund wind farm foundation (Jeppsson et al., 2008)
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3.1.2 CFD 242¢] 7|38 ¥ (geometry)

4 7HA w& 718kErA 71x27F A dfAel ARgET dvbe Lillgrund  71%9)
H =3 (simplified) Edolt). Aete] 3 AFX E(cylindrical shaft)9} 3tere] =22
HB(slab)2 FAEHY o5 6 ¥ FH2 7]Z(hexagonal gravity—based
foundation, hexagonal GBF)Z}x 3t} == &2 2 /= 6 43S A93luns st
EHE7 453 8 AYPoR Ho vt ¥Fd FH4 7|Z(cylinder GBF) ¥ 8

72ty F32] 7]%(octagonal GBF)gkar  stoh 4 WA 7]EkEd V| xe

Ea
=

29t (monopile) & 23 7] Z(monopile foundation)2tal & ©d 34

HEX=N

a9 3.3 & 6 4% GBF ¢ 8
6 Zt@eoltt. Lillgrund 7129 A& Fdel tigh 47
FA7F EFE ] A Fom YEH AREZES] Folzk AFHT. oA F Eolvt
Hireagde] wol9p ZEF o]F ozl Aot}
#3le] Roulund et al., 2005 o] £]3+ A-¢} L3}
)

e BB} At LYn] FAR BE

- 27 -
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h=2D

;T_}
1.15D D
U
,_._|
h=2D
—N
U
—— —N
_—>
—_— —N
— « kD |
— s
X
\ ) VAV AV YA SV Ay AV AV AN
T ;'—'
1.15D

D

FIGURE 3.3: Geometry of the hexagonal GBF (Sketch by the

author)
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h=2D

FIGURE 3.4: Geometry of the circular GBF (Sketch by the author)

a9 35 Ry 72E HoFEr AAL Dol

U,
l_lﬁ
h=2D
—_——t
U
—_—— S |
e
—_—
— D
- 7#}6
X
YAV AN

FIGURE 3.5: Geometry of the monopile foundation (Sketch by the author)

a8 3.6 & w4 e ElSl blockmesh ¢ snappyHexMesh 2.2 e Ex-uld 3}
23 7HA]) 7129 3D BI]E HoFEy. gdd He W E e

-29.-
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FIGURE 3.6: 3D view of the foundation meshes

3.2 AlAFZZA(Numerical conditions)

D
=
(Lillgrund) 2 » = 10° 91 AS-, o]= 0.24m / s o AH 554 sy, E3]

FAE g

3.2.2 ZAAZ(boundary layer)

a9 4.7 & B A8d A F9S HoEr o3 20DxX20DX2D &

=

=A3t=d], o]= Roulund et al. (2005)9] 93k d49F =3t oo},
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e

e

bottom

FIGURE 3.7: Computational domain. Up: Monopile Foundation, Down:
GBFs.

=
ARG ol el H Q] WelAIRt Azke] Wol AR AY dHolHE ARSshe =

o el 47 HelEst EASA 2t delEzx 9 g,
2

fo
M
rlo

o e
REIRLE

oM A e 4 gk u v, w 2 gl d@ Q7 ghe WS A6l e
g 49 Fa9 2 A9 F5E ATH Ase] AAF = TEads 4T

=
o8 AFEFE (Ong et al., 2010) 258 7FA2 Aot

e
e

BN
o
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u:min{u—fln(i],uw} (3.1
k (z,

A7 HE SEE U= o AelEn 7, 1107 o g A gow
ZW

ddd A Ad7eln ARz, = A R Tixed FrhEd. A2 A=
wjIrele el Hske] Aol Rt e vAAN AlEHolde] A bHAdE
v 2w o gedA ARz A" gAY o BEE K-¢
has

F A AoE AbEste] taa 2ol 72 4 STk

C k?
A (3.2)
&
G 2E ouA Kok R 2F dluA ] A S g the o] AojHrt

N

2
. max{c; (1—%) uf,o.ooow;} if z<5

0.0001U? if z>0

3/41,3/2
i

g

7|4 i Aol ~AY |12 v 2

1
| = min[kz (1+3.55] C 5] (3.3)
5 H

A C = 0.09 olt}. OpenFOAM %7 zeroGradient &= 9479 <o A&},

u
zeroGradient 71L& AAd 2 wWako =z xAE kel A7l 0 AL 9n)sit). v

7
= B AFelA g7 AAA v o sdsiAl AT (Kalitzin et al., 2005
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o

Spalart-Allmaras Y& XEdo] &= o o4 U5FZ(logarithmic sublayer)ol A

ot

Spalart-Allmaras W& X @o] zeroGradient 1S ztE H¥ 2 759 4%,

r,

v, =0 Bt FF@Th ol FA MREFH F7k URFME Abde] ofxul Ho

Hhe BEe BAAE W AL AgS] wRd gl SR A%

WA 712 AANA v, ol nutUSpalding ol2h= ¥ §<7F AF&-H T (Ong et al.,
2009)= B 27} 9= k—g 2HS AFE3lo] Re = 1x10°% 2x10° 2 3x10° o A
AU (Lesbel) Fuel 2 A f5e ATk Ao die 2

Z Re > 10° oA <lxyoly A7 Zxow gh5st ghg Aol
mekA B AToA ¥ F A4S Fegeltn AH

= &d9o-slip) =3, U = (u, v, w) = (0, 0, 002 Yol #&dr. 4o
k

o ¢

=

zeroGradient o2 AAHAC W ZA9 A WA =tore u, =

th &k

“77] ¥ Z7A(standard near=wall conditions)ol| A 27 % ¢},

Fl
N

o
/Cu th
i C k?
hpb sol 74 7Mhe w=zkx 9] ¥ e Al (normal distance)o]th. v, = —~
&
. uh
o Yy = E AR, ol A&EH= 29 X (near wall condition) S 9§
1
A}
v, =vky” (3.4)

WAt Wt ZlEelA @iyt b o 30AAEE oF 4000 HES h) &
239 0= WA 3.9 o ste] y sk AYHEE ¥ Pt AasA gk
-33-
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oM 0oz At

e
-
=2
>,
rl
)
rlo
o
o
fru
i
ox,
(it
v
0
il
td
rin
ol
rlo
o
o
X
=
=,
N

o)

=

o

()
=

o)

[oN
£
=1
o
fru

il
o
it
kv

OpenFOAM ¢ 0 Edeo] AR&E o8 FIdE& F35d Atk v, = 7]
"nuSgs"(subgrid-scale)} 11 E¢]H L= "nuTilda"gtal B9 9d "nut"= Y=

Wzt 7z A A ARE Sk Rl

3.3 H|#](mesh)

a9 4.6 I 2¥ 4.7 oA Kol Xo] B A4 RE AL dWAE 723
| (structured mesh) & ot} A4 wH= SHI Lo WM M =& V)%
T 7 2dEeit. 71x HHAAEREE 3XD A9l 3l (downstream) T-H 2

el 7p7ke oM s 2RSH AR R

lo

3.4 FXE

Linear Gaussian finite volume integration < 3 <o AFgFEW 2 =
backwards (4] %) Euler ¥ o] AlZF X E(time integration)o]l AFE-HT} H|4FHA

325 93 pisoFoam (Pressure Implicit with Splitting of Operators) <7}
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Al 47 3|2

4.1.1 downflow

Y

Downflow + &9 4 &&= backflow & &9 5% £E2 Uehdt. £E9
z 9 x AR w e us 28 5.1 952 9 y/D=0olA x—z U HAFE
41 & BE 712 49 §5F 99 downflow 7k EAFLS Holgth (DR HAIH
st 4% downflow = 8fAel olz27|174A o] RE FAS FI= I B
%29 A%, R FANE 95Y AFZE IXoM @AYt downflow & 3h
LB ol A wjZel] &EeHHE Aol HErh )ow FAE AAY FHA 7129

o B <k A Ao downflow Fo] ATl o] FHe] downflow &

$2r0] AR FA] Ho|u},

B
ot
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t w/U_infinite
04 W\ 2 04
Wﬁ‘&uu =||1:|_¢W

-0.5 0.5
FIGURE 4.1: Vertical velocity w in the y = O plane

4.1.2 backflow

71Z koA 9] downflow = A& H i(convergence of mass)o =2 ?lato] et
Bt A ffolA backflow & ©F71& Aeoluh. ™ 4.2 oA = F 3%,
2 71z, ;A = backflow 7A@
] backflow 7} © & gL zhi=t)
1% 99 backflow $EiE Fal FA]F ot} FE 2
H)

}\
2
71z9 71eted FE(S, sttt EHB)E -9 downflow @+ backflow &

!

ok Ald downflow 7} U Eid

gofo] gt F4

N

B

rlr

:?l:",

2

do

2 H
AT
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2 /U infinite

¥ -0.4 0 0.4

05 1
FIGURE 4.2: Horizontal velocity u in the y = O plane

o] HollAd X Ao ¥ EB¥EE TAA(contours) ¥ F7MH(isosurfaces) O 2

0

714 pE At BES ata o He P o)),

o}

4.2.1 SX]X(contours)
y/D=0 oA x-z FHAA At Ht GHAGFY TS 19 4.3, 44, 45 H

4.6 o ueb Atk fJolA otefm TR <AdFel] U= T QHHel A o],

SRS Fa BAe OB QECIREOR FAS ofx gdrk: otk of
Evhe FE4 7znd Rwsd Jzel § Fsith o] &vks 7z QA9 fEol
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A A ¥ 7] (retardation) ®l&Eo]tl. & X (deacceleration)’}t £x& ZTEWY  F7)

E2o7 ¢ EE5E o AANER, 4o 437 4#H Pul(positive vertical pressure

B
o
:

gradient)”} =2t FAFoR, 7|Z o FwWolE  dp/dz>0.
A3te] 4.1 dollA A9 ¥ downflow 7} A gt}

(N1 -0.8 0.4 -.:.'Gﬁ' | 0.8

- 1
FIGURE 4.3: Pressure coefficient contours in the xz plane at y/D = O for the
hexagonal GBF

b x -0.8 -0.4 0 l(j].lilll " 0.8

m—— et

-1 1
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FIGURE 4.4: Pressure coefficient contours in the xz plane at y/D = 0 for
the octagonal GBF

Cp
b 0.8 -0.4 ﬁ 'E‘Jéi}/ : 0.8
8] 1

FIGURE 4.5: Pressure coefficient contours in the xz plane at y/D = O for
the circular GBF

@ Cp

b x -0.8 0.4 0 ﬁ]‘lll " 0.8
-1 1

FIGURE 4.6: Pressure coefficient contours in the xz plane at y/D =
0 for the monopile foundation
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4.2.2 S7FH(isosurfaces)

Cp=0.1 91 A& Wghal Wolth 08% 19de F 97| Cp=04 9l L& Wghal Wl

Srel S Y Tl B8R 2N

3T

FIGURE 4.7: Pressure coefficient isosurfaces for the hexagonal GBF

Cp

I -
Eo.a
0.6
04
En.z

FIGURE 4.8: Pressure coefficient isosurfaces for the octagonal GBF
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FIGURE 4.9: Pressure coefficient isosurfaces for the circular GBF

FIGURE 4.10: Pressure coefficient isosurfaces for the monopile foundation

4.3 9= (vorticity)

N,
il
7
@]
3.
—
)
3.
©]
g
2
Lo
e
wW
>/
>
K
o
o
N
~
)
Il
o
(=]
\S)
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4.3.1 &5 FZE(vortical structures)

Q 7l+e d#d oF FxE st WHoltt (Jeong and Hussain, 1995).

Q=557 7} RE Yol A AbgHL

o

rl
o

a9 411 3 412 © BEedgd Vx FHe 559 3 A B of#iF(z w9
obF FFE 447t BoFu Wi(horseshoe) FE¥eo] 9FF7F Hivld Qro A v 3]
Holzd, 2 ¥/ 9 (lee-wake vortices)®t s Z=th o3 F 714
HAUSE, S 71 48 AN fs Bt Tz SHAY fE &l
ojste] A7) wiitelty, 1y 4.14 = F7/9 9F(lee-wake vortices)7} © W

st s AAE A Bojeth

l

FIGURE 4.11: 3D view of instantaneous vortical structures around the monoplle
foundation.

aY

FIGURE 4.12: 2D view of instantaneous vortical structures around the monopile
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FIGURE 4.14: 2D view of instantaneous vortical structures around the hexagonal GBF
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FIGURE 4.18: 2D view of instantaneous vortical structures around the circular GBF
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FIGURE 4.20: Y-component of vorticity at z/D = 0.025

vorticity Z

Hexagonal
GBF

FIGURE 4.21: Z-component of vorticity at z/D = 0.025
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FIGURE 4.22: The shear stress magnitudes at the seabed around 4 foundations
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FIGURE 4.23: The shear stress coefficients of 4 foundations
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