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Industry Association
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(Source: StatoilHydro)

Deep water: Monopile jacket type mount
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1. Background Yo

Flow pattern in the scour hole

around a cylinder _
(W.H.GRAF and I. ISTIARTO JOURNAL OF of the Horns Rev wind farm

HYDRAULIC RESEARCH, VOL. 40, 2002) (Leen De Vos, et al.
Coastal Engineering, 54, 2007)

Wave run-up on one of the towers

Manchester
Metropolitan
University



http://www.supergen-wind.org.uk/

‘ \
\
SUPERGEN

WIND

2. Flow solver

* Incompressible Navier-Stokes solver AMAZON-3D — Based on an
artificial compressibility method.

» Surface-capturing method

— Treats the free surface as a contact discontinuity in the density field,
any special procedures to track the free surface are eliminated .

« Fully two phase approach which solves in both the air and the water fluid
regions.

« Cartesian cut cell Method
— flexibility for dealing with the complex geometries

— no requirement to re-mesh globally and only requires chanﬁes locally
at cells in the background Cartesian mesh that are cut by the moving
boundary contour.
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2. Flow solver

2.1 Governing equations

3D incompressible, Navier-Stoke equations with variable density:

K o ~— _

o N A fEres=n VA
u‘ W S W
where

= T
e o
Q=gr ru rer—ZCJ F=f'n,+g'n,+h'n,,

U
B=[0 0 0 -rg Of
fed= :ru ru+ p ruv ruw u:T
o= :rv ruv rv:i+p rvw V:T
h' = :rw FUW VW rwWo + p W:T

B is the coefficient of artificial compressibility
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2. Flow solver

2.2 Convective fluxes

 Theconvective flux(F,)) 1 s eval uated usin
Riemann solver.

R =3P Q)+ Q) RIgLQ: - Qi
» To ensure second order accuracy, MUSCL reconstruction is used
QX Y,2) :Qi,j,k+DQi,j,k®

2.3 Time discretization

e R i n+1,m+ n+l,m e
élmv_l_u (Q )S(Q 1, 1_Q . ):'él
é Q¢ &

— A 1 1 1 1 1 1 1
Wherelm—dlag[D—[+g ot oo D—f]
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2. Flow solver

2.4 Turbulence equation
U e L/ IO )un

W1 v, S + o2 BT W1 chW£8
Ht “XJ S“XJQ KX g St ¢d+
DES length scale
do:

~ mir(d, CDESDDES)
Where Dpgs =ma DX,Dy,DZ) and C,z=0.65.
CpesDpes < d LES

CoesDPoes > d RANS
Boundary conditionS'

o
<
3

T YU ¢11.63
Inlet . LICTE T /2 - 2 ‘ ; v(y) =0
o 1l 8o Y8 Y% o163
[ K ¢ n = n
Outlet : %n =0

Seabed and the cylinder surface: standard wall function
non-slip boundary
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2. Flow solver

2.5 Numerical results of turbulent model:

Hydrodynamic parameters of flow over the circular cylinder at Re=3900 using

different DES models

Case Cr) C:I max CI min St
Exp. Norberg 1987 0.98°0.05 N - 0.215°0.005
0-equation_RANS 0.992 0.000 0.000 0.000
0-equation_DES 0.952 0.167 -0.199 0.229
1-equation_RANS 1.160 0.828 -0.836 0.234
1-equation_DES 1.046 0.424 -0.567 0.225
2-equation_RANS 1.067 0.757 -0.798 0.244
2-equation_DES 0.977 0.626 -0.660 0.234

Time history of drag force and lift force coefficients on the square cylinder
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2.5 Numerical results of turbulent model:
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S
N o

o
~

or——r——r—r—r—r—r

0-equation DES
1-equation DES
2-equation DES
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Comparison of the mean centerline velocity component of the flow around the circular cylinder with

0.5

0.4

0.3

different RANS based DES models

‘ Exp. LS93
! — LESM1

| [P - 1-equation RANS MO
————————— 2-equation RANS MO
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o
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UV,
o

-0.05

o
o

-0.15

Exp. LS93
LESM1

1-equation RANS MO
2-equation RANS MO

-2

)

Comparison of the mean stress component at Xx=1.06m behind the circular cylinder with different RANS
models: (a) spanwise Reynolds stress; (b) Reynolds shear stress
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2. Flow solver
2.5 Numerical results of turbulent model:

Velocity distribution at half water depth
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2. Flow solver
2.5 Numerical results of turbulent model:

tke
0.06877

0.05158
0.03439

0.01719

0.0000

L -
TKE distribution along the centerline
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3. Sediment transport WiND

3.1 Sediment properties
« Density

The density of natural sediments is p, = 2650 kg/m?.
Therefore, the relative densityis s=p/p = 2. 65 .

 Grain size distribution

| * by weight being finer The median diameter of the
co-| _ sample iIs dg, I1.e. 50% of the
Sl “:f grains by weight pass through.
o ———— + : D.. is the dimensionless grain size
[ defined as
i ||
| |:|I | = d{mm) o ég(s- :l_)iécI
dis deo deg A gﬂ—ZH 50

Grain size distribution. where n is molecular kinetic viscosity of
water.
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3. Sediment transport -
3.1 Sediment properties
* Settling velocity The force balance between the drag force and
Drag force the submerged weight gives the settling velocity
F=1pc AU‘—— cp I
D= 2P %D pep B o of the sphere:
A e \/4(3- 1)gd
) 3C
u / | D

Laminar (Re<0.5) C_ = 24/Re (by theory)
Submerged '.-ir.-igh’r. TurbUIent (R@lo?)) CD = O . 4

L md”
(F-Ple’g Calibration Coefficients

Settling of a sphere in still water. (depending on the authors)
Athhor(s) Material A B M
Setting Velocity of Natural Sediments : Dallavalle (1948)  Spherical particles 24.0 0.40 2.0
Julien (1995) Natural sand 24.0 TOUM.0
U 2 1aAO%n a4D3 0%” 1aAO%n Soulsby (1997) Natural sand Rl 1.27 1.0
s _d_sog 46%0 2 3|3 D2 Ea%o u Cheng (1997) Natural sand 320 100 15
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3. Sediment transport -
3.1 Sediment properties
* Settling velocity The force balance between the drag force and
Drag force the submerged weight gives the settling velocity
F=1pc AU‘—— cp I
D= 2P %D pep B o of the sphere:
A e \/4(3- 1)gd
) 3C
u / | D

Laminar (Re<0.5) C_ = 24/Re (by theory)
Submerged '.-ir.-igh’r. TurbUIent (R@lo?)) CD = 0 . 4

L md”
(F-Ple’g Calibration Coefficients

Settling of a sphere in still water. (depending on the authors)
Athhor(s) Material A B M
Setting Velocity of Natural Sediments : Dallavalle (1948)  Spherical particles 24.0 0.40 2.0
Julien (1995) Natural sand 24.0 TOUM.0
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3. Sediment transport WiND
3.1 Sediment properties

« Threshold of sediment

|
1)
.‘II- e,
—-'_,-‘r k
;.r
8
- \ Fp= P CpAl
u, / | d "1 o ; . .
1}
= = g A G (aug)
" / Lo i
-
i . s . . o . S o i
—
f{w'-F}
f: friclion coefficienl |

W= A i-'_].E"—e:-L:I
Forces acting on a grain resting on the bed.

with Shields paramezter defined as
u

= (s- 1)gd
the sediment starts to move if

u.>u.. critical friction velocity u.
or _,>_pc Critical bottom shear stress _, =" Ui,

where u. is friction velocity of flow close to the bed.

. oz
R = critical bottom shear stress g = *.C
ESOEE Mencheger

University
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3. Sediment transport
3.2 Suspended sediment transport

E+UE+VHC+(W W)&—ﬁ —t&§+ “a t beQ pan_Eg

Mt X Ly Hz  IXeS. IX= WY ¢ W8+ HZcSe
where c is the volumetric concentration of suspended sediment
u,v,ware velocity components
U, is the eddy viscosity
S IS the turbulent Schmidt number. (which is taken to be 0.8)
w, Is the settling velocity of sediment.

W,
WS b (1' C)m m is a grain size related constant (m = 5)
S0

Wq, IS the settling velocity of natural sands in clear water
we choose S 0 u | $obmulatien (1997)

W, = di[(lo.%2 +1.049D,° ) - 10.36]
50
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3. Sediment transport WIND

3.2 Suspended sediment transport
Sediment bed boundary treatment:

a) Assume the sediment concentration follows Rouse profile

in the very close-to-wall region:

c ab - y0 S W,
e % bDb 8 with  Z==-%
b) specify an effective boundary concentration (C,):
d, T
c, =0.015 D50D°3
Or L=

c) specify an upward sediment flux at boundary (E,):

15
E. =w,c, =0.015m, =% — OsoT

0.3
b *
n, is a reference level above the bed.
Manchester

Metropolitan
University
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3. Sediment transport WIND
3.3 Bed load transport

15421
0.059(s- 1)g]° d5°D OZ T>0

0 T¢O

Oy =1

——) —

where g, is the volumetric bed load transport rate per unit width.
T is the non-dimensional excess shear stress or transport stage parametetr.

T:ufs-uz

UECF
where u. IS the friction velocity component due to skin friction

U, IS the threshold bed friction velocity for motion of sediment.

An algebraic expression of the Shields diagram is used to calculate u.,,

(Soulsby and Whithouse (1997))
0.3
= 0.055(1 - - 0.02D.
qcro 1+12D* + [ exp( O )]

w h e rds th8threshold Shields parameter on horizontal bed.
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3. Sediment transport WiND
3.3 Bed load transport

For a sl oping bed, the c¢gyismadifiedds: t hr e
(Zhao andlTeng 2001;Roulundet al,. 200%

€/ . sin®bsina cosacosb?
qcr :qcroe COS b_ . l\«l
8 m m

In which @, is the critical threshold Shields parameter for flat bed.
m =tan/ . is the static friction coefficient.
U, is the angle of repose of sediment.
B is the bed slope angle
a is the angle between the down slope direction and the bed shear tress.

Critical Shields parameter on a slope
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3. Sediment transport
3.4 Bed deformation

where p, Is the porosity of the bed material.

Z,, IS the seabed elevation
Ji and gy, are the total sediment transport rates in x and y directions

Sand slide:
adjust the local bed slope when it exceed the angle of repose of the

sediment in the simulation.

Manchester
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3. Sediment transport

3.5 Sequence of simulation

1) Start from an initial channel bed and flow field;
2) Solving the turbulent model to get the velocity, pressure
and turbulent quantities;

3) Compute the suspended sediment concentration;

4)  Compute the bed load and suspended sediment transport
rates;

5) Calculate the bed deformation and the bed elevation and
adjust the grid and the geometry parameters;

6) Return to step 2) and repeat the preceding calculation until
a specified time has been reached.

Manchester
Metropolitan
University



http://www.supergen-wind.org.uk/

9 \

. | SUPERGEN |
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3.6 Net entrainment of sediment from bed:
|
A4
e A al
= concentration _|———" " H =025m
flow = profiles— — U =0.67m/s
velocity =l -l w, = 0.022 m/s
1 -~
profile g P A ki = 0.01m
Y - X
rigid bed sl Sediment bed
Schematic definition of the problem

0.15 0.15 0.15 0.15
0.1 0.1 0.1 0.1

= r'y £ +  experiment E + experiment = +  experiment

o’ experiment 3 = numerical T = numerical > = numerical
0.05 0.05 0.05 0.05
*
0 0 0 0
0 0.001 0.002 0.003 0 0.001 0.002 0.003 0 0.001 0.002 0.003 0 0.001 0.002 0.003
¢ (ke/m?) ¢ (kg/m?) ¢ (ke/m?) ¢ (ke/m?)
xH=4 x/H =10 x/H =20 x/H =40

Comparison of numerical and the experiment suspended sediment concentrations
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water depth (m)

3. Sediment transport e~
3.6 Sediment transport in a trench:
One of Rijn experimental test (1985, flow past a trench)
[ 14 42 L’ 18
T = | | | |
0.39 1.0 0.5 0. 1.5 2.0 0.5 1.0 '
Y
e To.7s 1:3_~
Schematic trench and measurement stations
= profile 1 profile 4 profile 6 profile 7 profile 8
0:5 X
0.4 i *
0:3 X % =&o—Numerical
0.2 D X XK X Experiment

0 02 04 06 080

flow velocity (m/s)

02 04 06 0.80

flow velocity (m/s)

02 04 06 080

flow velocity (m/s)

flow velocity (m/s)

Velocity distribution at different profiles

flow velocity (m/s)

02 04 06 080 02 04 06 038
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3. Sediment transport N

3.6 Sediment transport in a trench:

coO

foRiethiaid
I

05

|2.5e-005
[ . 0.00
Sediment concentration developing in first 90s
0.5
— =— |Initial seabed
=— = = Numerical results
= A Experimental results
N Q e Sr—mer amr ~ = = == = == = —— = == - A S = =
\\ Nl Aif“;A__A_ D — =T " T AT T
-0.5 T T
0 1 2 3 4 5 6 7 8
x(m)

Comparison of morphological change after 15 hours
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3. Sediment transport

3.7 Scour simulation around a circular cylinder:

Input velocity
distribution is
using logarithmic
flow velocity

profile:
YD.225
——2
u,=—In—
kK z

X

0.721

Computational set up for scour simulation
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3. Sediment transport WIND

3.7 Scour simulation around a circular cylinder:

Total number of cells:
80x80x75
Computational time
for 2400 seconds
simulation: 25 days

£,

Scour hole development at t = 2400s model scale



http://www.supergen-wind.org.uk/

4. Wave impact on structure

4.1 Wave force calculation:

» Wave diffraction theory:

The first order wave force is:
2

ka{J (ka)+Y,"( ka)]

The second-order force are:
a) steady quadratic force components

2kd

=

i
F

~ O

rgaH? &

én(n- 1)

G\
SUPERGEN

WIND
ln(:|cgmt-Wave z
Direction -
n )
NN TN 5 <
| w =
| "o,
<—2Dq —> A
! 8
| d u >
\
|
z=d | Y
S S S S T

Definition sketch of wave forces on a vertical circular cylinder.

0-. (%] s
B o e =, sin "
zp(ka)Z g Slnh zkdﬁle (ka)z UA"IA"I (/ ./ l)
b) Oscillatory quadratic force components
rgaH? €3 2kd 8= ( ) §(2n D/ nf nag
F,=—— e
° 2p(ka) g S|nh2kd93_‘1 (ka)’ A
: 2kd @2 n(n-1) 20 0 fne o §2e ™
: e S C.C
c sinh 2kd 2, (ka)? s N
* Numerical calculation:

F(t) F/ij r’i P(a, g, z t)acos gdgdz

Manchester
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4. Wave impact on structure WIND

4.2 validation test:

The NWT outer dimensions: 8 x 3.6 x 0.9 m3
water depth : h = 0.45m
diameter of the cylinder : d = 0.325m

\
D R

T et | Casez | cases | Cased

Wave amplitude (m) 0.0535 0.048 0.0621 0.074
Wave period (s) 1.95 1.75 1.50 1.25
Scattering parameter ka 0.271 0.308 0.374 0.481

Experiments and Theoretical analyses conducted by D.L. Kriebel (1998)
and J.R. Chaplin et al (1997)
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4. Wave impact on structure WIND
4.2 validation test:
100 -
z Case 1 W
§ 0
i -100 . . , , , : | | | |
0 1 2 3 4 %) 6 T 8 9 10
100 -

Force (N)
o
Q
QD
@
N

'100 T T

100 -

Force (N)
o
Q
QD
%
w

-100 T T T T T T T T T 1
0 1 2 3 4 5y 6 7 8 9 10

200 -
£ 100 - Case 4
3 Y
S 0 AN W
LL

-100 T T T T T T T T

0 i 2 3 4 t3s) 6 7 8 9 10
Time history of horizontal force on cylinder
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4. Wave impact on structure

4.2 validation test:

2.0
' | = Numerical
L5 1 —Numerical = —— Linear theory
i = Linear theory 1.0 - e
05 ——Second order 05 O Experi |
- O Experimental i MU
T 00 T 0.0
-0.5 -0.5
-1.0 -1.0
15 - N b,
'20 T T T 1 '20 T T T 1
-314 -1.57 0 1.57 3.14 -3.14 -1.57 0 1.57 3.14
Phase Phase
(a) casel: ka=0.271, kH = 0.178 (b) case2: ka = 0.308, kH =0.182
2.0 - 2]
1.5 - — ’C'_Ume“t%m 1.5 - — Numerical
d — LInear theory " ——L.inear theor
ég NERREsard.order (1)2 — Second orde>r/
° OlO O Experimental oo O Experimetal
T 0 EO'O
-0.5 -0.5
-1.0 -1.0
-1.5 - -1.5
'20 T T T 1 -20 T T T
314 <157 pfiee 157 3.14 314 157 0 157 3.14
(C) case3: ka=0.374, kH = 0.286 (d) cased: ka =0.481, kH =0.438

Comparison of wave force time series for various combinations of ka and kH with d/a=2.77

WIND
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4. Wave impact on structure i

4.2 validation test:

-

/

Wave surface around the vertical cylinder for casel
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4. Wave impact on structure i
4.3 Extreme wave generating test

« Wave maker used by J.F. Dalzell (1999)
« Experiments conducted by Ning et al (2008)

0.58 present result (1st order)
Fo present result (1st+2nd order)
056 L Physical Exp. '*
— r [ a\ | o
£ 054 [* [ */e
= - Lo T / \\
0 I N / \ / ‘ *f ¢ :‘\
?5‘ 0.52 - /oo ® \\\ . ‘\‘ ‘/ ‘\‘ ,V ! . /./“‘
5 - . L i ﬁ | \ / o) // . \
E : / ." ’. \“ q“ “‘ 0/ \‘ L
@ 05p 7 \ / \ , o o \
Q Ny | w | \ f \
8 e . ’ * / \ of A
S 048 F \\? o/ \ ' . 29 '\
@ . .,/ . VY v
046 I N
B s ~*
. ! ! ! 1 ! ! ! ! 1 ! ! ! ! 1 ! ! ! ! 1 ! ! ! ! 1 ! ! ! ! J
0.44 6 7 8 .9 10 11 12
time (s)

Comparison with experimental and numerical results
for free surface elevation at focus point
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4. Wave impact on structure

4.3 Extreme wave generating test

S (f) (m?/Hz)

8 100
| f" Case 2 \Z_,
6 [ | g 50
L [ =
n | L
- | O
|
4 — Ill‘ T
| | "E
L [ c -50
2 - “*‘, v
N | ‘\\ E '100
0 ool i b b b b i e 3 4
0 0.5 1 1.5 2 2.5 3 3.5

f(Hz)
Input wave spectrum

Extreme wave impact on cylinder

t(s)

WIND

Time history of horizontal force on cylinder
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5. Summary

A Scour is a threat to the stability of an offshore wind
turbine structure.

A Wave loading on an offshore wind turbine mount is an
important factor for its stability.

A Numerical model has been developed to simulate the
scour development at the base of monopile mounts
and predict the depth of the scour hole.

A Different kinds of wave impact on a range of mount
configurations can be simulated and the resulting
loadings can be calculated.

A Computational fluid dynamics (CFD) modelling at MMU
will be combined with Ilaboratory experiments at
Lancaster in the future.

WIND
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Thank you for your attention
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