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Abstract: To simulate floating offshore wind turbine (FOWT) in coupled wind-wave domain via CFD method, the
NREL 5 MW wind turbine supported by the OC3-Hywind Spar platform is modeled in the STAR-CCM + soft-
ware. Based on the Reynolds-averaged Navier-Stokes (RANS) equations and re-normalisation group (RNG) k-
turbulence model, the rotor aerodynamic simulation for wind turbine is conducted. Numerical results agree well
with the NREL data. Taking advantage with the volume of fluid VOF method and dynamic fluid body interaction
(DFBD technology, the dynamic responses of the floating system with mooring lines are simulated under the cou-
pled wind-wave sea condition. The free-decay tests for rigid-body degrees of freedom (DOFs) in still water and hy-
drodynamic tests in a regular wave are performed to validate the numerical model by comparing its result with the
results simulated by FAST. Finally, the simulations of the overall FOWT system in the coupled wind-wave flow field
are carried out. The relationship between the power output and dynamic motion responses of the platform is investigated.
The numerical results show that the dynamic response of wind turbine performance and platform motions all vary in the
same frequency as the inlet wave. During platform motion, the power output of wind turbine is more sensitive than the
thrust force. This study may provide some reference for further research in the coupled aero-hydro simulation of FOWT.
Key words: floating offshore wind turbine (FOWT) ; computational fluid dynamics (CFD); aerodynamic perform-
ance; dynamic fluid body interaction
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0 Introduction The FOWT aerodynamic aspects are more

complicated than onshore wind turbines, because

Those years, exploitation of offshore wind the wind turbine on floating platform experiences

energy has contributed greatly to rapid progress
in floating offshore wind turbine (FOWT) tech-
nology. The world's first floating full-scale wind
turbine " Hywind”, was successfully operated in
the North Sea off Norway in 2009. Since then,
various FOWT prototypes, such as SWAY (spar
type) » Blue H (TLP type) and WindFloat (semi-
submersible type) have been installed. The high-
ly complex marine environments, e. g. turbulent
wind, irregular wave, ocean current, bring enor-
mous challenges to the research of FOWT tech-

nology.

larger motions induced by wave and current com-
bined with aerodynamic loads. And the fluctua-
tions of aerodynamic loads resulting from wind
Cur-

rently, researchers have been paying increasing

turbine also affect the platform motions.

attentions to the coupled aerodynamic and hydro-
dynamic analysis of FOWT system. Jonkman™®
proposed a fully coupled time domain aero-hydro-
servo-elastic simulation tool FAST with AeroDyn
and HydroDyn modules, which accounts for the
wind inflow, aerodynamics, elasticity and con-

trols of the wind turbine, along with the incident
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waves, current, hydrodynamics, and platform
and mooring dynamics of the floater. He presen-
ted the development and verification of a compre-
hensive simulator for modelling the coupled dy-
namic response of offshore floating wind turbines
through model-to-model comparisons. Ren et
al. ™ developed a coupled wind-wave model of
typical TLP FOWT based on computational fluid
dynamics (CFD) method, where the aerodynamic
loads on NREL 5 MW wind turbine have been de-
termined by solving Navier-Stokes (N-S) equa-
tions, and the hydrodynamic loads on floating
platform have been simulated by viscous numeri-
cal flume based on volume of fluid (VOF) meth-
od. Quallen”™ applied crowfoot mooring line
model in the OC3-Hywind FOWT system. Six
degrees of freedom (DOFs) free-decay and regu-
lar wave tests were conducted using CFD Ship-lo-
wa solver to analyze the hydrodynamic perform-
ance, and the simulations agreed well with FAST
result developed by NREL. Matha'™ discussed
the unique aerodynamics, hydrodynamics, and
mooring-line dynamic effects occurring on
FOWTs due to large rotor and platform motions.
The aerodynamic results of wind turbine using
CFD method showed the complex flow conditions
at the rotor occurring during a representative
platform pitch motion. The significance of sec-
ond-order linear hydrodynamics and vortex-in-
duced vibrations for FOWT simulations are ana-
lyzed. Karimirad"”' addressed the wave and wind
induced responses of a catenary moored spar
floating wind turbine in operational conditions.
The role of hydrodynamic and aerodynamic damp-
ing in different frequency ranges for dynamic mo-
tion responses and electrical power production has
been investigated. Kvittem ™! developed a coupled
simulation code by linking SIMO-RIFLEX-Aero-
Dyn-TurbSim computational tools to examine the
dynamic response of a semi-submersible wind tur-
bine. Results showed that platform motions are
sensitive to the choice of added mass coefficients
and the pitch motions would influence the power

production and blade bending moment.

In this paper, CFD method is adopted to ana-

lyze the aerodynamics and hydrodynamics of
FOWT, and the OC3-Hywind"! spar of floating
wind turbine system is chosen for the objective.
The aerodynamic performance of the NREL
5 MW wind turbine' is simulated based on
Reynolds-averaged Navier-Stokes (RANS) equa-
tions and re-normalisation group (RNG) k- tur-
bulence model. The validation of rotor aerody-
namic study is achieved by comparing with
NREL design data. Besides, the dynamic mo-
tions of floating platform with catenary mooring
lines are simulated by dynamic fluid body inter-
action ( DFBI) model. The free decay tests and
regular wave tests for platform are conducted
and test results agree well with those simulated
by FAST. Finally, the simulations of overall
floating wind turbine system in the coupled
wind-wave flow field are successfully conducted.
The relationship between the power output and
dynamic motion response of the platform is in-
vestigated and the results provide some reference
for further research in coupled aero-hydro simu-
lation of FOWT.

1 Numerical Method

1.1 Governing equations

The conservation equations for mass continu-
ity and momentum based on Reynolds time aver-

aged method are as follows

Ju;
o .
HAT,‘ ( )
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o Yoz, o dx; U axdx;  dax
(2)

where i,j =1,2,3; air density p=1.255 kg/m’;
kinematic viscosity y=1.789 4 X 107° kg/(m « s) ;
u; respresents the time-averaged velocity compo-
nent in the 7 direction, «’; the fluctuating velocity
component in the j direction, and x; the compo-
nent of position vector in the ¢ direction.

The RNG ke turbulence model is derived
from the instantaneous N-S equations, using a
mathematical technique called the RNG methods.
The analytical derivation results in a model with

constants different from those in the standard ke
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model, and additional terms and functions in the
transport equations for £ and e. The transport e-

quations for the RNG k-¢ model are as follows
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where Gy represents the generation of turbulence
kinetic energy due to the mean velocity gradi-
ents, G, the generation of turbulence kinetic en-
ergy due to buoyancy, and Yy the contribution of
the fluctuating dilatation in compressible turbu-
lence to the overall dissipation rate. a, and a, are
the inverse effective Prandtl numbers for £ and
e, respectively. S, and S, represent the user-de-

fined source terms.
1.2 Motion equations of FOWT

The wave propagation is supposed to be in
the same direction as the wind, and a regular
wave is used in the simulation. Three DOFs of
the floating platform are released, i. e., surge,
heave and pitch. Taking the effects of dynamic
responses of wind turbine, tower force and moor-
ing system into consideration, the equation of
FOWT motions is expressed as

Mx + (Cyuee + Cwind)-‘x + Kmooringx

Firse + Frower T Fre (5)
where x =[x, ,x,,x3 ] is the vector containing the
surge translation, heave translation and pitch ro-
tation of the platform. M is the structural mass
matrix. Cyue and Cying represent the hydrodynamic
damping and aerodynamic damping, respectively;
K. ooing represents the stiffness matrix caused by
mooring lines. F s Fiwe and F,,. represent the
thrust force, wind force acting on tower and wave

force on the platform, respectively.
1.3 Catenary mooring line equations

An elastic, quasi-stationary catenary model
was used in simulation of mooring lines, which do
not take the touchdown effects and nonlinear drag

t L,

into accoun The mooring line is subject to

its own weight and in a local Cartesian coordinate

system its shape (see Fig. 1) is given by the fol-

lowing equations.

C
r=——u-+

g DLeq:mh(u) +a

(6)

y = A 2 2DL(q%mh (w) +p

where A, and L., are the mass per unit length in
water and the relaxation length of mooring line,
respectively. D is the stiffness of the catenary. «
and f3 are the integration constants depending on
the position of two ends and the total mass of the
catenary. The curve parameter u is related to the
inclination angle ¢ of the catenary curve by the
following equation.
tan ¢ =sinh(w) (7)
The parameter value u; and u, represent the
positions of the catenary’s end points p; and p, in

parameter space.

L.

Gravity force

P,

Fig. 1 TIllustration for the catenary mooring line

The forces acting on the two ends are given

by the following expressions.

F,,=c¢
{ ) (8)
F, , =csinh(u,)
F,,=—c
{ ) 9
F, , =—csinh(u,)
AOchg

where ¢ =

sinh(u,) — sinh(u,)

2 Computational Modeling of FOWT

Here, the well-known NREL 5-MW baseline
wind turbine model is investigated. The specifica-
tion of the wind turbine is presented in Table 1.
The OC3-Hywind spar platform with catenary
mooring lines is chosen to support the wind tur-

bine, and the detailed properties are listed in
Tables 2, 3.



No. 1 Wu Jun, et al. Coupled Aerodynamic and Hydrodynamic Analysis of Floating Offshore--- 83

Table 1 NREL 5 MW wind turbine properties'®-
Parameter Value

Configuration 5 MW, 3 blades
Rotor and hub diameters/m 126, 3
Hub height /m 90
Rated wind speed/(m + s~ ') 11.4
Rated rotor speed /(r * min ') 6.9, 12.1
Rotor, nacelle, tower 110 000, 240 000,
masses/kg 347 460

Table 2 OC3-Hywind spar platform properties''*

Parameter Value
Total draft/m 120
Diameters of above taper,
6.5, 9.4
below taper/m
Mass, including ballast/kg 7 466 330
CM location below SWL/m 89.915 5

Roll/pitch inertia about CG/

‘ 4 229 230 000
(kg « m*)
Yaw inertia about CG/

, 164 230 000
(kg » m*)

Table 3 Mooring system properties']

Parameter Value
Number of mooring lines 3
Angle between adjacent lines /(°) 120
Depth to anchors below SWL /m 320
Depth to fairleads below SWL /m 70
Radius to anchors /m 853. 87
Radius to fairleads /m 5.2
Unstretched mooring line length /m 902. 2
?;ujvicr]lt) mooring line weight / 698. 04
Extensional stiffness /N 384 243 000

The computational domain is divided into the ro-
tating and outer domains, as shown in Fig. 2. The di-
mension of the outer domain extends 700 m in length,
300 m in width and 600 m in height. In order to cap-
ture the development of wake behind the turbine, the
wake area is attributed with fine meshes. The water
surface near the platform is also refined for accurate
calculation of the hydrodynamic force. Near the rotor
surface, the boundary layers have 12 layers of refined
grid with the first layer thickness of 2 X 107 m and a
progression factor of 1. 2. The total element number of
the computational domain is approximately 6. 2 mil-
lion. Fig. 3. shows the surface grid and mesh sections.

The Eulerian multiphase model and VOF

Fig.2 Rotating and outer domian

Fig. 3 Surface grid and mesh section

method are adopted to simulate the wind-wave
flow field. Velocity inlet condition is prescribed in
the upstream, bottom and top of the domain, and
pressure outlet condition is set in the downstream
boundary. At far field of the outer domain, the
symmetric boundary is specified. Dynamic fluid
body interaction (DFBI) translation and rotation are
prescribed in the outer region, and the DFBI super-
imposed rotation is attributed to the rotating region.
Furthermore, interfaces are established to translate

the flow filed information among the two regions.

3 Results and Discussion

The simulation begins with rotor-only simula-
tion for wind turbine to test the availability of aerody-
namic model. The next procedure follows with hy-
drodynamic tests of the platform, including a free-de-
cay test and a regular wave test. The last part in-
volves the coupled wind-wave simulation of FOWT
system. The simulation specifications are presented
in Table 4.
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Table 4 Simulation specifications for FOWT

Case Enabled Wind conditions Wave Conditions Analysis type
Steady, uniform: ) )
1 Rotor . None Aerodynamic analysis
Upy, = 11.4 m e s
2 Platform None: air density=0 Still water Free-decay hydrodynamic tests
. . Regular airy wave; Periodic hydrodynamic tests
3 Platform, tower None: air density=0
h=2 m; t=10 s
) Platform, tower, Steady. uniform: Regular airy wave: Coupled aero-hydro simulation
rotor Oy = 11.4 m s 57! h=2 m; t=10 s

3.1 Aerodynamic tests

Aerodynamic simulations of wind turbine
with various wind velocities and rotating speeds
are conducted by the multi reference frames
(MRFs) method for steady simulation and the ro-
tation method for unsteady simulation, respec-
tively. The obtained thrust force and power out-
put are compared with the corresponding NREL
data calculated by FAST,

The obtained rotor power agrees well with the

as plotted in Fig. 4.

corresponding NREL data, while the thrust force
tends to be smaller than that from NREL design
data. At the rated wind speed of 11. 4 m/s, the
thrust force predicted by the CFD method is
9.0%, being less than that of the FAST meth-
od. The difference between the CFD method and
FAST can be explained by the dynamic stall oc-
curred at mid-sections of the blade when the wind
speed is relatively higher, As divergence is within
an acceptable range, the above results verify the

availability of aerodynamic model.
3.2 Free decay test

Six DOFs free decay tests are conducted to
test the hydrodynamic damping characteristics of
the OC3-hywind spar platform. Wave mode is set
as still water and air density is zero. Only plat-
form is considered in the simulation. For simplifi-
cation, half of the platform is modeled in the

STAR-CCM —+ software.

turbed a prescribed displacement and released to

The platform is per-
move freely from the initial position. This test
considers only three rigid-body DOFs, that is, the
surge, pitch and heave motions. The results are
presented in Fig. 5 along with the results calculat-
ed by FAST. The CFD results are in good agree-
ment with those of FAST both in pitch and heave

Power / MW

NREL data
CFD-MRF

9 10 11
Wind speed / (m * s )

900
800
Z

NREL data
CFD-MRF
CFD-rotation

Wind s

Fig. 4 Comparisons of thrust force and power output

motions, while the result in the surge motion (0.
007 65 Hz) predicts a lower frequency than that
of FAST (0.008 02 Hz). The HydroDyn mod-
ule in FAST utilizes the linear potential flow theo-
ry augmented with the nonlinear viscous-drag
term from Morison’s equationt”!. STAR-CCM+
numerically solves the N-S equations, calculating
the hydrodynamic forces through pressure integra-
tion along wet surface. The differences between
these two solution methods help to explain the
frequency differences displayed in surge decay test
and a small damping discrepancy seen in pitch

motion.
3.3 Regular wave test

The platform is initialized at static position
and a regular wave is introduced with the parame-
ters shown in Table 5. The transient start-up pe-
riod has been removed from the results, and the
responses of the surge, heave and pitch motions

are plotted in Fig. 6 along with the FAST results.
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The time series of platform motion responds as

Table 5 Variation of aerodynamic loads and platform motions

the similar frequency with incident wave Parameter Value
(0.1 Hz). The dynamic ranges of the platform Percentage of range —37.5%—+35.2%
. . Power
motions are narrower than that predicted by ot Mean value /MW 4.978
outpu o
NREL-FAST. This difference is likely due to Variation of mean value — L%
- J— o/ 0,
FAST's usage of a constant drag coefficient in Thrust Percentage of range 19. 7% —+18.2%
) , ) . force. Mean value /kN 656. 6
Morison' s equation for calculating wave force. -
) Pitch Range /(%) —4.1——5.6
And the potential flow theory produced by FAST angle  Mean value /(%) 4
has no means in determining non-linear viscous Surge Range /m 10.5-—14. 2
effects and vortex shedding. motion Mean value /m 12.3
4 47 3r
—— NREL FAST —— NREL FAST —— NREL FAST
£ \ > £l
S " o
goo- 50 5 0
) ) & ) T-1
-2
*4 1 1 1 1 1 ] 74 1 1 1 1 1 J — 1 1 1 1 1 ]
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
t/s tls tls
Fig.5 Surge, pitch and heave results of free decay test
0.4r1 0.2r
— NREL FAST — NREL FAST — NREL FAST
—— STAR-CCM+

0.61 —— STAR-CCM+
04f >

Surge/m
Pitch/(°)

—— STAR-CCM+

Fig. 6 Results of regular wave test

3.4 Coupled wind-wave simulation

Considering the effect of coupled wind-wave
field, the simulation introduces the regular wave with
2 m amplitude and 10 s period, as well as the steady
wind with 11. 4 m/s. After 20 s start-up time, the
aerodynamic output for wind turbine is stabilized and
the platform is released to move. The computational
flow chart for FOWT is presented in Fig. 7. The iso-
surface of vorticity behind the wind turbine and the
development of wind-wave flow field are illustrated in
Figs. 8, 9, respectively.

The power output and thrust force time-his-
tories for the coupled simulation are present in

Fig. 10 along with the dynamic response of pitch

VOF wave To update outer
{ omain
Tower force and To calculate platform
wave force coordinate system
Catenary
mooring forces
l Motion equation of
Aerodynamic loadsand|  FOWT 6-DOFs motion
hydrodynamic loads respond of FOWT
To solve N -S

equation and

turbulence model To update rotating

domain

DFBI superimposed
rotation of blade

To calculate rotor
coordinate system

Fig. 7 Computational flow chart for coupled aerody-

namic and hydrodynamic analysis of FOWT

motion rate of platform. The response curves of

power and thrust vary with the same frequency
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Fig. 8 Isosurface of vorticity be-

hind wind turbine

Fig. 9 Flow field of the FOWT

with the incident wave. Due to the tower shade
effect, the curves of power and thrust force exist
periodical fluctuation with a period of 120° in
blade rotation. However, the shade effect can be
neglected, because the effect on power output of
wind turbine is less than 5%. And the variation
of pitch motion also responds with the same fre-
quency with inlet wave (0. 1 Hz). In Fig. 10,
when platform pitches in the upwind direction,
the power output and thrust force both increase,
while the aerodynamic loads decrease as the pitch
motion changes sign. This is because the upwind
pitch motion of the FOWT increases the relative ve-
locity between wind turbine and the inlet wind, and

the angle of attack for each blade section thus increa-

800 — Thrust 8 1 -
POWer i 4 TVJ
3\ ~~Pitch rate = N
) rate -
£ 700 162 2 £
2 / = =
& £ s
2 o 8
k7] 3t <
Z 600 \ J48 {22
= \ 1 © L
= VWi B JaE
\Vi
> 12 -
500 . . . . L 12 6
65 70 75 80 85 90 95
t/s

Fig. 10  Time-histories of power and thrust force

ses correspondingly.

After 200 s simulation, the dynamic responses
of wind turbine performance and typical platform mo-
tions are presented in Table 5. The power output va-
ries from 62.5% to 135. 2% compared with the nor-
mal condition. The variation of power is larger than
those of thrust force, that is, the power output is
more sensitive than the thrust force to platform mo-
tions. And the mean value of power output from
wind turbine deceases by 1. 7%, which is likely due to
the smaller effective area for the rotor to receive wind
power when the platform pitches. Because of the
thrust force acting on the top of the tower, the plat-
form always pitches to the upwind direction in order to
offset the capsizing moment induced by the thrust
force. Accordingly, the platform surges from 10. 5 m
to 14. 2 m, and the equilibrium position is 12. 3 m from
the initial location. It is also due to the thrust force
which has to be offset by the tension of mooring lines.

The compassion among thrust force, wave force
and tower wind force is plotted in Fig. 11. All the
force components respond as a period of 10 s, equa-
ling to the wave period. The wind force acting on
tower is smaller than that on the other components,
just about 1/20 of the mean thrust force. The wave
force has the same order of magnitude with the thrust
force, but the amplitude of wave force variation is
larger than those of thrust force. It can be seen that
the tower force exists periodic fluctuation with a peri-
od of 10/3 s, which equals to the 1/3 of the blade ro-
tation. When a blade passes through the tower, the
wind force acting on tower drops by 80% from the

normal value.

Z

=

=

g

=

&

g

(5]

Q

o v r—/—»ﬁ
-

S Y Thrust force X

—— Wave force \
-4 —— Tower force

60 62 64 66 68 70
Time/s

50 52 54 56 58

Fig. 11  The comparison of force components act-

ing on FOWT
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4 Conclusions

Free-decay tests show that the surge motion
predicts a lower frequency than FAST result, and
the regular wave test indicates that the dynamic
ranges of the platform motions are narrower than
that predicted by NREL-FAST. The difference
may be due to the potential flow theory used in
FAST, which has no contribution in determining
the non-linearity of the platform motions.

The coupled aero-hydro simulation reveals
that the dynamic response of wind turbine per-
formance and platform motions all vary in the
same frequency as the inlet wave. During plat-
form motion, the power output of wind turbine is
more sensitive than the thrust force. The average
value of power deceases by 1. 7%, probably due
to the decreasing effective rotor area.

Comparison between each force component
shows that wave force has the same order of magni-
tude with thrust force, while the thrust force is rela-
tively stable than the wave force. Owing to the thrust
force acting on the hub center, the equilibrium pitch
angle of platform is —4. 8°and the equilibrium posi-
tion of surge is 12. 3 m, which performs to offset the
capsizing moment and horizontal force.

The power and thrust force of FOWT increase
when the floating platform pitches to the upwind posi-
tion, while the aerodynamic loads decrease as the pitch
motion reverses direction. This can be explained by
the variation of angle of attack for each blade section

when the FOWT system experiences pitch motion.
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