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Abstract: The offshore wind energy presents a good solution for the green energy demand. The floating offshore
wind turbine (FOWT) is one of the most potential choices of the basement construction for offshore wind turbines
in deep water. Hydrodynamic performance of multi-column tension-leg-type floating wind turbine is investigated
numerically, particularly at its motion responses. Based on the Navier-Stokes equations and the volume of fluid
method, a numerical wave tank (NWT) is established to simulate the floating structure system. The analytical re-
laxation method is adopted to generate regular waves. Dynamic mesh method is used to calculate the motion of the
floating body. Hydrostatic decay of motion and hydrodynamic forces in the regular wave are provided. The compu-
tation results agree with the experimental data available. Numerical results show that the wave force on the lower
pontoon of the system is the greatest while that on the center column is the smallest. Detailed information about
the changes of the wave forces on different elements of the floating system is discussed.
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0 Introduction

Due to the energy crisis and climate-change
problem., the wind energy exploitation is a boom-
ing industry in the world. Compared with on-
shore wind energy, there are several advantages
of the offshore wind energy, such as the abundant
resource, the fast wind speed, the stable opera-
tion, the high utilization ratio and the little pollu-
tion. These merits greatly promote the develop-
ment of offshore wind energy''). The first large-
scale offshore wind farm in the world named
Homs Res was built in Denmark in 2002. In
2005, the Chinese first large-scale offshore wind
farm was constructed in the East China Sea coast
nearby Shanghai city. By now, most offshore
wind farms have been built in the shallow water

region with fixed foundations. For the considera-
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tion of higher economic benefits and less influence
to the fisheries and shipping, there is a tendency
to develop the wind farms into the deep sea wa-
ter. Correspondingly, the floating offshore wind
turbine (FOWT) is becoming one feasible engi-
neering construction.

Several full-scale floating foundations have
In 2009, Statoil installed their
Spar Buoy with a 2. 3 MW wind turbine and in

been installed.

2013, a semi-submersible foundation by Mitusi
with a 2 MW turbine was commissioned off the
Fukushima coast™. Besides those, many experi-
mental and numerical works have been carried out
to investigate some important issues. Antonutti
et al. ©*J investigated the effects of wind-induced
inclination on floating wind turbine dynamics.
Cao et al. " studied the dynamic loads and wave

prediction for large wind turbines. Lee et al. '™
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focused on the dynamic response analysis of a
floating offshore structure subjected to the hydro-
dynamic pressures induced from seaquakes. Far-
rugia et al. " studied the aerodynamic perform-
ance of a model FOWT. The investigations of
tension leg platform (TLP) foundations for
FOWT are developing fast. Adam et al. ®) did an
experimental investigation on the evaluation of in-
ternal force superposition on a GICON®-TLP for
wind turbines. Ke et al. " did numerical work on
the dynamic characteristic of floating offshore
wind turbine systems. Bae et al. ' simulated the
rotor-floater-tether coupled dynamics including
second-order sum-frequency wave loads for a
mono-column-TLP-type FOWT.

Many methods, mostly based on the poten-
tial flow theory and the Morison equations, have
been developed for studying floating offshore
structures theoretically and numerically in the
past several decades™ ™. With the development of
the numerical models, the numerical wave tank
(NWT) is becoming one practical and efficient
tool in the research of hydrodynamics and rigid
boy motions. Yan et al. ' developed a fully non-
linear potential theory based NWT to simulate
the interaction between steep waves and 2D float-
ing bodies. Using the viscous fluid flow model,
NWT has been applied to studying the interaction
of waves and structures in coastal and offshore

| [

engineering, such as Lu et a and Guo et

[2] on steep wave effects and overtopping on a

al.
sea dikes, and Westphalen et al. ™ on the fo-
cused waves and the wave-structure interactions.
Here, a NWT based on the open-source
OpenFOAM, is developed to simulate the dynam-
ic characteristics of WindStar TLP system as
shown is Fig. 1. Both the hydrostatic decay mo-
tion and the dynamic response of WindStar in the
regular wave are carried out by means of physical
experiments and the numerical simulations. A
good agreement between the computed motion re-

sponses and and the experimental data shows ac-

curacy and reliability of the numerical model.

1 Numerical Methods

Consider an incompressible, viscous fluid

Fig. 1 Schematic of WindStar

flow. The governing equations include a continui-

ty equation and momentum conservation equa-

tions, 1. e.
%:o e
— St ot (G5 s
(2)

where U, is the velocity, p the density of water, v
the fluid viscosity coefficient, v, the turbulent ed-
dy coefficient, f; the volume force, and P the
pressure.

Numerous methods have been applied in
multi-phase solver to capture the air-water inter-
face, such as Marker and Cell (MAC) method,
Level-Set method and Volume of Fluid method.
The volume of fluid method is used here. The co-
efficient g, is defined as the volume fraction coef-
ficient of the fluid ¢

Jaq =1 Water
a, =<0 <a, <1 Interface 3
la,, =0 Air
where q, satisfies the following equations
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da, da,
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The numerical model is based on wave-

U4 which is a two-phase flow package devel-

Foam
oped from the default solver interFoam in Open-

FOAM. The finite-volume method (FVM) and
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the implicit Eulerian method are applied to the
spatial discretization and the time integration of
the governing equations. Merged PISO-SIMPLE
(PIMPLE) algorithm is used for the solution of
pressure-velocity coupling. The semi-implicit
method for pressure-linked equations (SIMPLE)
algorithm allows the calculation of pressure on a
mesh from velocity components by coupling the
Navier-Stokes equations with an iterative proce-
dure. The pressure implicit splitting operator
(PISO) algorithm has been applied in the SIM-
PLE algorithm to rectify the pressure-velocity

(55 " The Courant number is used to ad-

correction
just the advancing time step as the following for-

mula

Co =AU (6)

Ax
where At is the advancing time step, U the veloci-
ty, and Ax the length scale of cells in the U direc-
tion. To keep the stability of calculation, the
Courant number should not be larger than 1.

The computational domain of NWT can be
divided into the wave generating zone, the work-
ing zone and the sponge zone. Sketch of the com-
putational domain is shown in Fig. 2 with the side
viewpoint.

The time series of velocity, pressure and sur-
face elevation are prescribed at the left side of the
computational domain using the theoretical solu-

tion of regular progressive waves.

Y
| — N
Generation Working zone Sponge
zone zone

Fig.2 Schematic of NWT

In order to absorb the reflecting waves, a re-
laxation function written as

exp(X*°)—1
exp(l)—1

is added into the numerical codes in the genera-

C(X)=1— Xe [0,1] (D

ting zone and sponge zone. The computed value
of each variables is updated using the relaxation
algorithm: ¢= Cgompuca T (17 C) § 1o » Where ¢ is
either U or «, and a the volume fraction. The def-

inition of X is such that C is always 1 at the inter-

face between the non-relaxed part of the computa-
tional domain and the relax zone as shown in

Fig. 3.

Generation Sponge
zone | 0| zone
X1 0 0 1X

Fig.3 Function C(X) in different zones

Two coordinate systems are used to describe
the motion of the rigid body as shown in Fig. 4.
The framework OXYZ is the earth-fixed coordi-
nate system and its origin locates at the center of
gravity of the WindStar body, in which the Z-axis
is upward. Relatively, the local framework O'X’-
Y'Z" is the body-fixed coordinate system and its
origin locates at the center of gravity of the Wind-
Star body with the Z’'-axis along the centerline
during the body motion. At the initial moment,

the two coordinate systems coincide with each

B

Fig. 4 The coordinate systems

other.

The FOWT is considered as a rigid body.
The motion can be described by the following

well-known non-linear equations.

Mij de :F,’ (8)

dr

dQ, _

Ilj ﬁ‘i_&jkg,lkmﬂm _Ni 9

dx,
QU =U, (10)
B,‘J‘ doj :Q,‘ (11)

dz

where M; and I; are the mass and inertia matrix,
F. and N, the total external force and the moment
of the force about center of gravity, respectively,
0, the Euler angles, £, the angular velocity, B;
the matrix formed by Euler angular, and e, the

permutation tensor. The translational motion
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equations Eqs. (8), (10) are written in OXYZ
system, while the rotational motion equations
Egs. (9), (11) are written in O'X'Y'Z" system.

2  Model Setting-up

The foundation of offshore wind turbine is
composed of a lower pontoon, a upper pontoon, a
center column and three corner columns, as
shown in Fig 1. The influence of tower and tur-
bine are model by mass and moment of inertia. In
the following section, the three corner columns
are named as front column, left column and right
column which are depicted in Fig. 5. The geo-
metric scale of the model is 1 ¢ 50. The wave pa-
rameters are listed in Table 1. The main geomet-
rical and physical parameters are listed in Table
2. The tethers are considered as linear springs.
The length of tension leg is 2. 506 m and the rest
length is 2. 478 m. The coordinates of the anchors
of these tethers are listed in Table 3, where the
origin is the center of mass.

NWT for investigating the WindStar motion
forced by waves is shown in Fig. 6. The total
length of the computational domain is 6. with 1L
long for the wave generating zone and 3L long for
the wave absorbing zone. The width of NWT is
1. 25L, and the still water depth is about 1. 44h.
WindStar is located at the center of the working
zone in NWT,

In the working zone, the regular mesh size in

the wave direction is Ax=L/40, and the spanwise

U
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Fig.5 Structure of WindStar

Table 1 Wave parameters m
Parameter Value
Depth h 3.20
Wave length L 7. 44

Wave height H 0.11

Table 2 Geometrical and physical parameters

Parameter Value

Mass m/kg 25.206

Moment of inertia

' 13.574, 13. 574, 4. 365
1/(kg » m®) 7 7 o

Gravity position

0.07/
(above to surface) //m ). 074
Draft D/m 0. 654
Stiffness of tension leg
1 138. 240
k/(N+em ')
Total pretension of 188. 350

six tension legs T/N

Table 3 Coordinates of six anchors

Tether Coordinate
1 (—0.810 4,0.018,—3.154 3)
2 (—0.8104,—0.018,—3.154 3)
3 (0.349 6,—0.710 8,—3.154 3)
4 (0.420 8,—0.692 8,—3.154 3)
S (0.420 8,0.692 8,—3.154 3)
6 (0.349 6,0.710 8,—3.154 3)

mesh size is Ay = L/20. In order to accurately
capture the free surface, the grid near the free
surface is Az = H/10. The mesh around the
WindStar body is gradually refined toward the
rigid body. Fig. 7 shows the details of the local

meshes around the floating body.

Spong zone

Generation zone

Fig. 6 Computational domain of 3D NWT

Fig. 7 Local meshes around WindStar



No. 1 Fan Xiang, et al. Numerical Analysis on Motion of Multi-column Tension-Leg-Type-:-- 77

3 Results and Discussion

The decay processes of the heaving, surging
and pitching motions are simulated, respectively,
and compared to the measured values in time do-
main. WindStar is initially perturbed with a given
displacement along each degree of freedom
(DOF) and then released to move freely. The re-
sults of these three cases are presented in Fig. 8
along with experimental results. The attenuation
frequencies are listed in Table 4. In heaving and

surging motions the computed frequencies match

Computation
Experiment

‘m

2

Surge / 10 "'m

=)
=
14
=
<
o
]

2 3
T/T,

wave

(a) Heave

the measured results while the computed frequen-
cy overestimates 14% of the measured value in
pitching motion. As shown in Fig. 1, there is a
long tower in WindStar. In experiments, the
flexibility of the system is notable when WindStar
pitches. However, in the numerical simulation,
the tower and turbine are neglected and the struc-
ture is taken as a rigid body. Neglecting the flexi-
bility in the present study case is the main reason
for its poor prediction of the pitching motion in
terms of the frequency during the decaying re-

sponse,

Computation
Experiment

Computation
Experiment

Pitch / (°)

2 3
T/T,

wave

(¢) Pitch

Fig. 8 Experimental and numerical results of heave, surge and pitch

Table 4 Attenuation frequencies of heave, surge and pitch

Hz
Method Heave Surge Pitch
Computation 11.94 1.01 9.76
Experiment 11.76 1.04 8.57

Using NWT, the dynamic response of the
WindStar motion under the effect of regular
waves is investigated. Since the trim angle of
WindStar is zero, it is symmetry about X-axis.
Besides, the KC number of WindStar is small so
the lift can be negligible. Consequently, only the
surging. heaving and pitching motions are consid-
ered here.

A wave probe is assumed to be fixed at 2L
away from the inlet boundary which is the same
position of WindStar in NWT. The time series of
the computed surface elevation is compared with
experimental data. Fig. 9 shows the comparison
of these values which further validate the stability
and accuracy of NWT.

Mooring loads are important to WindStar

motions. Representatively, the tension of tether
1 is recorded for validation. Fig. 10 shows the
time series of computed values and measured da-
ta. The numerical results agree well with the
measured data.

For the TLP structures, the motions of
surge, sway and yaw are more critical because the
ranges of these responses are greater. Focusing
on the surging motion, the time series of calculat-
ed displacement matches those from the experi-
mental data as shown in Fig. 11. The range of
surge is about 1.7% of the depth which could
0.08
0.06
0.04
0.02
0.00
-0.02
-0.04

-0.06
-0.08

Computation Experiment

Elevation / m

15 16 17 18 19 20
T

Fig.9 Time series of wave elevation at the center of

WindStar
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Fig. 10 Time series of tension of tether 1

meet the general design requirements in which the
range of surge should not be larger than 5% of
the depth.

Besides the surging motion, the other two
modes of motion are simulated and the time series
of responses is shown in Fig. 12. The amplitude
of the heaving motion is 0. 001 m, which is quite
small when compared with the range of surge.
The amplitude of pitch is 0. 004 rad and the dis-

0.08
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-0.04
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008,56 17 18

Computation Experiment

Surge / m

Fig. 11 Time series of surging motion
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Fig. 12 Time series of heave and pitch

tance turbine and the center of gravity is 1. 61 m.
It should be noted that the displacement caused
by pitching motion is 0. 006 m which is still much
smaller than that caused by surging motion.
These are the features of TLP structures because
the constraints of tethers are strong to depress
heaving and pitching motions.

The wave loads on different elements of
WindStar are recorded and the mean values of the
maximum forces in ten wave periods are calculat-
ed. The contributions of each element to the total
load are shown in Fig. 13. The drag on the lower
pontoon is the greatest while the drag on the cen-
ter column is the smallest. This proportional dis-
tribution is mainly caused by the geometry
although the position of the lower pontoon is low-
er. The geometrical dimension of the front col-
umn, right column and left column are the same
while the trim angles are different. Because of
that, the drag on the front column is the largest
among that on other two elements.

Left column
14.5%

Lower pontoon
40.8%

Right column

Centre column

11.8%
Front column

18.4%
Fig. 13 Proportional distribution of drags on different

parts

4 Conclusions

An NWT is developed here based on the
Open-source OpenFOAM. The decay process in
calm water and the motion responses of it in regu-
lar waves are conducted numerically. The compu-
ted values match the experimental data, which
proves the capability of model. For the attenua-
tion frequencies of pitch, the difference between
the computed value and measured data from mod-
el test is mainly caused by the flexibility of
FOWT tower. Under effect of regular waves, the
displacement caused by surging motion is the

greatest among that of other two modes while it
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still meets the conceptual design requirements.
The drag on the lower pontoon is the largest and
the drag on the center column is the smallest. It
turns out that, although the geometry of the
front column, right column and left column are
the same, the drag on the front column is the
greatest among these three columns because of

the different trim angles of the columns.
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