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Abstract: In order to further understand the coupled aero-hydrodynamic performance of the
floating offshore wind turbine (FOWT) in realistic ocean environment, it is necessary to investigate
the interference effects between the unsteady aerodynamics of the wind turbine and different
degree-of-freedom (DOF) platform motions under combined wind-wave excitation. In this paper, a
validated CFD analysis tool FOWT-UALM-SJTU with modified actuator line model is applied for
the coupled aero-hydrodynamic simulations of a spar-type FOWT system. The aero-hydrodynamic
characteristics of the FOWT with various platform motion modes and different wind turbine states
are compared and analyzed to explore the influence of the interference effects between the wind
turbine and the floating platform on the performance of the FOWT. The dynamic responses of local
relative wind speed and local attack angle at the blade section and wind-wave forces acting on the
floating platform are discussed in detail to reveal the interaction mechanism between the
aerodynamic loads and different DOF platform motions. It is shown that the surge motion and the
pitch motion of the floating platform both significantly alter the local attack angle, while only the
platform pitch motion have significant impacts on the local relative wind speed experienced by the
rotating blades. Besides, the shaft tilt and the pro-cone angle of the wind turbine and the height-
dependent wind speed all contribute to the variation of the local attack angle. The coupling between
the platform motions along different DOFs is obviously amplified by the aerodynamic forces
derived from the wind turbine. In addition, the wake deflection phenomenon is clearly observed in
the near wake region when platform pitch motion is considered. The dynamic pitch motion of the
floating platform also contributes to the severe wake velocity deficit and the increased wake width.

Keywords: floating offshore wind turbines; coupled aero-hydrodynamics; interference effects;
actuator line model; FOWT-UALM-SJTU solver

1. Introduction

Limited by the space availability, noise restriction, visual pollution and regular problems, the
exploration of wind energy is advancing from the land to the offshore area and further to the deep
sea [1]. The offshore wind turbines with larger capacity have gradually become the research focus in
wind power industry. Considering that the cost of offshore wind turbines mounted on the bottom-
fixed structures increases sharply with water depth, the offshore wind turbines supported by the
floating structures, known as the floating offshore wind turbines (FOWTs), are believed to be the
most economical choice in deep waters [2,3]. However, although the concept of FOWT has been
proposed for decades, there are still several technique difficulties to be solved before the large-scale
commercial application of the FOWT. One of the most challenging issues is how to achieve the
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dynamic stability of the FOWT under complicated wind-wave-current loads in realistic ocean
environment. It is known that there are strong interactions between the wind turbine and the floating
support platform when the FOWT is in operation [4]. On the one hand, the aerodynamic forces
derived from the wind turbine will act on the floating platform and greatly change the motion
responses. On the other hand, the six-degree-of-freedom (6DOF) platform motions also affect the
rotating blades and significantly alter the aerodynamic performance. Thus, the interference effects
between the wind turbine and the floating platform make the coupled aero-hydrodynamic
characteristics more complicated and lead to increased instability of the FOWT system. In order to
better understand the coupling phenomena and contribute to the realization of the dynamic stability
of the FOWT, it is necessary to investigate the interference effects between the wind turbine
aerodynamics and different degree-of-freedom (DOF) platform motions.

A number of researches have been carried out to focus on the impacts of platform motions on
the aerodynamic loads and the turbine wake. The vortex method using lift lines or surfaces to
represent rotor blades can capture the three-dimensional (3D) flow details around the turbine blades
and has advantages in predicting flow development, which are widely applied in the unsteady
aerodynamics prediction of the FOWT [5]. Besides, the software WInDS based on the Free Vortex
Method (FVM) was developed for the FOWT [6,7]. Wen et al. [8,9] investigated the influence of
platform surge and pitch motion on the dynamic responses of aerodynamic loads using the FVM.
The reduced frequency was proposed to describe the combined influence of the frequency and the
amplitude of platform motion on the aerodynamic performance. It was found that the mean power
output changed in the opposite trend at different tip speed ratios when the reduced frequency
increased, while the variation amplitudes of aerodynamic loads increased with the increase of the
reduced frequency at all tip speed ratios. In addition, the computational fluid dynamics (CFD)
approach, which inherently considers the flow viscosity, is also utilized to perform full-scale
simulations for the FOWT and model the dynamic interactions among fluid flow, wind turbine and
floating platform [10]. Tran et al. [11-13] conducted a series of CFD simulations for the FOWT with
different prescribed platform motion modes. The impacts of periodical surge, pitch and yaw motions
on the wind turbine aerodynamic characteristics were discussed in detail. It was found that the
aerodynamic loads were sensitive to changes in the frequency and amplitude of platform motion,
especially pitching motion. Lei et al. [14] studied the aerodynamics of a scale vertical axial wind
turbine in pitching motion by applying CFD method with improved delayed detached eddy
simulation. It was shown that the platform pitch motion can improve the aerodynamic power output
and enlarge the variation range of aerodynamic force coefficient. Liu et al. [15] analyzed the
aerodynamic performance of NREL Phase VI wind turbine with prescribed platform motions based
on the OpenFOAM. Different DOF platform motions including surging, pitching and yawing all
showed significant effects on the power output and thrust. Li et al. [16] modified the conventional
actuator line model (ALM) to predict the unsteady aerodynamics of the FOWT.

The studies about the influence of aerodynamic loads on the hydrodynamic responses of the
FOWT were also conducted. It was noted that the aerodynamic forces were usually simplified into
time-independent forces in the research of hydrodynamic performance of the FOWT. Therefore, the
interference effects between the wind turbine and the floating platform were neglected. Ma et al. [17]
explored the influence of the aerodynamic loads on the hydrodynamic responses of a spar-type
floating platform under extreme sea states using FAST code. The low frequency motions were
dominantly influenced by the wind loads. Zhao and Wan [18] studied the motion responses of a semi-
submersible platform with different wind turbine states in different regular waves, and the same
platform was also studied in the Offshore Code Comparison Collaboration Continuation (OC4)
project [19]. The impacts of wind turbine on platform motions were achieved by imposing equivalent
forces and moments on the rotational center of floating platform. The platform pitch motion was
found to be greatly influenced by the wind turbine at high wind speed. Antonutti et al. [20,21] applied
the CALHYPSO (CALcul HYdrodynamique Pour les Structures Offshore) program for time-domain
simulations of a semi-submersible floating wind turbine to investigate the hydrodynamic behaviors
under wind and wave loads. The influence of relative direction between the wind and the wave on
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the platform motion modes was discussed. The in-plane platform motions including surge, heave
and yaw were shown to be greatly altered by the misaligned incident wind and waves. Philippe et
al. [22] investigated the impacts of wave direction relative to wind on the dynamic behavior of a
FOWT with modal analysis method. Natural frequencies and natural modes of the whole system
under various wave directions were calculated and analyzed to detect the coupling among different
DOF platform motions. It was shown that natural modes the FOWT system varied with the wave
direction. Huang et al. [23] used a two-phase CFD solver to investigate the hydrodynamic responses
of a spar-type FOWT under wind and wave loads. The aerodynamic forces imposed on the floating
platform were simplified into constant forces and moments. The mean values of the platform motion
responses along wind direction were found to be dominantly affected by the aerodynamic loads.

In order to improve the understanding of aero-hydrodynamic responses of the FOWT system in
realistic ocean environment, some coupled analysis tools were developed for full-scale simulations
of the FOWT under combined wind-wave conditions. Quallen et al. [24] combined a quasi-static
crowfoot mooring model with a two-phase CFD solver to study the aero-hydrodynamic performance
of the spar-type FOWT system applied in Offshore Code Comparison Collaboration (OC3) project
[25] under wind-wave loads. Tran and Kim [26] carried out a CFD analysis for the semi-submersible
FOWT using a dynamic fluid body interaction method with overset technique. Coupled aero-
hydrodynamic characteristics of the FOWT showed good agreement with the experimental test data.
Liu et al. [27] developed a numerical tool based on the OpenFOAM for CFD modelling of the FOWT.
The coupled dynamic responses of the OC4 semi-submersible FOWT under different operating
conditions were studied. The impacts of aerodynamic loads on the floating support structure were
also examined in detail. Cheng et al. [28] embedded a modified ALM into the in-house CFD code
naoe-FOAM-SJTU to establish a coupled analysis tool FOWT-UALM-SJTU for full-scale simulations
of the FOWT. The aero-hydrodynamic responses calculated by this tool were verified and validated
by other numerical results and experiment data. Bae and Kim [29-31] performed a lot of coupled
dynamic analyses for various different FOWTs with combined FAST-CHARMB3D code. Coupled
rotor-floater-tether responses, blade-pitch-angle control and the elasticity of rotor and mooring were
all taken into consideration in this advanced simulation tool. The interference effects between
multiple FOWTs and the impacts of second-order sum—frequency wave excitations on the coupled
dynamic performance were also investigated. Besides, the experimental tests in wave basin facilities
using various scale models were carried out to verify the numerical simulation results and study the
coupled aero-hydrodynamic performance of different FOWT designs [32-36]. Several intermediate-
scale FOWT models were also deployed on the ocean coast to meet the requirement of full-sized
construction of commercial-scale projects [37].

Moreover, researchers also devoted to the study of control strategy of the FOWT. A number of
controllers with different control strategies have been designed to avoid structural resonance [38,39]
and reduce platform pitching [40,41]. A periodic state space controller using individual blade
pitching was developed to improve the power output [42]. In addition, the coupling effects between
the blade-pitch-angle-control and platform motions were also investigated [43]. However, it is
challengeable for the controller to balance the performance of fatigue loads, platform motion and
aerodynamic loads. The optimal control strategy of the FOWT under wind-wave loads is still under
investigation. One of the reasons is that the subtle coupling effects between the wind turbine
aerodynamics and the platform motions are still unclear.

Above all, the previous studies mainly focus on the influence of prescribed platform motions on
the aerodynamic performance and the impacts of simplified aerodynamic forces on the
hydrodynamic responses. Limited researches concentrate on the coupled dynamic interactions
between the wind turbine and the floating platform, and the influence of interference effects between
single DOF platform motion and unsteady aerodynamic loads on coupled performance of the FOWT
are still unclear and remain to be further studied. The present work aims to reveal the interaction
mechanism between the aerodynamic loads and different DOF platform motions. Unlike the former
researches where the wind turbine aerodynamics are coupled with all the 6DOF platform motions,
the interference effects between the aerodynamic loads and different single DOF platform motions
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are respectively investigated in this paper. A validated two-phase CFD solver FOWT-UALM-S]JTU
based on the open source platform OpenFOAM is utilized to perform coupled aero-hydrodynamic
simulations of a spar-type FOWT under combined wind-wave excitation. Based on the simulation
results, the unsteady aerodynamic performance with specific DOF platform motion, the platform
motion responses under combined wind-wave conditions and the wake field characteristics are all
analyzed in detail. Several conclusions can be drawn from the discussions.

2. Numerical Methods

2.1. Inducing 6 DOF Platform Motions into ALM

The ALM [44] can effectively achieve the aerodynamic calculations with affordable
computational resources and acceptable accuracy. The real wind turbine blades are replaced with
virtual actuator lines and further discretized into a series of actuator points withstanding body forces
in the ALM, so the blade geometry layer is not required to be solved and computational resources
can be greatly reduced. Moreover, the aerodynamic forces are calculated according to the local
relative wind speed at the blade section and two-dimensional airfoil profile data obtained from
experiments. Then the body forces smeared by a regularization kernel function are introduced into
the moment equations to reproduce the turbulent wake flow.

The original ALM cannot be directly applied to predict the aerodynamic performance of the
FOWT because of the 6DOF motions of floating support platform. As illustrated in Figure 1, 6DOF
motions induced by the combined wind-wave loads will introduce an additional velocity for the
rotating blades, which further intensify the interactions between the rotating blades and its wake. In
the present work, some modifications are made into the initial ALM to take the influence of platform
motions on the rotating blades into consideration. This is accomplished by introducing the additional
velocity into the calculation of local relative wind speed, knows as unsteady actuator line model
(UALM) [16]. In order to clearly describe the modified ALM, three different coordinate systems
including the earth-fixed coordinate system, the platform-fixed coordinate system and the blade-
aligned coordinate system are defined firstly, shown in Figure 1. It should be noted that each blade
has its own blade-aligned coordinate system. In this coordinate system, direction 0 is along the
principle axis of main shaft, and direction 2 is the spanwise direction. The vector in direction 1 is the
cross product of vectors in the directions of 2 and 0. The velocities, positions and forces in these three
coordinate systems can be transformed into each other through transformation matrices.
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Figure 1. Coordinate systems for coupled analysis of the FOWT [45].
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The displacements and rotations of floating platform in earth-fixed system are defined as n =
M1,M2) = (x4, %2, %3, 9, 6,), standing for motions of surge, sway, heave, roll, pitch and yaw,
respectively. Then the additional velocity Uy induced by the dynamic motions of floating platform
can be determined by the following equation:

Uni = 11+ 02(% — Xc) M

where x; and x, are the positions of the ith actuator point and the rotating center in earth-fixed
coordinate system, respectively. It needs to be reminded that Uy should be projected into the blade-
aligned coordinate system before it is introduced into the calculation of local relative wind speed:

UM:.IOZ'U{VI 2)

where Jo is the transformed matrix defined from the earth-fixed coordinate system to the blade-
aligned coordinate system. Uy donates the additional velocity vector induced by platform motions
in the blade-aligned coordinate system.

Furthermore, different velocity components at the blade section in the blade-aligned coordinate
system are presented in Figure 2. The local relative wind speed U, experienced by the rotating
blades is calculated according this equation:

Uil = Uin,l —0-r+ Uin,O - Uy 3)

where Uy, and Ui, are the velocity components of incoming wind speed in the blade-aligned
coordinate system. 2 represents the rotating speed of wind turbine. r is the distance of the blade
section to the blade root. It is observed that local relative wind speed experienced by the rotating
blades will decrease with increasing additional velocity.

Flap-wise ke Out-of-plane

. " i 1
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/J‘: ”,,-—”’— |8',a’ In-plane
T 2 (Direction 1)
==z T"f —RXT Uy —Uny

Figure 2. Velocity components at cross-sectional airfoil element defined in the blade-aligned
coordinate system.

After obtaining the local relative wind speed, the calculation procedure for body forces acting
on the actuator point is the same with that of conventional ALM. The local attack angle « is defined
as:

a=¢—06 (4)

where ¢ and 0, represent the inflow angle and the local twist angle, respectively. In addition, the
inflow angle ¢ can be obtained:

Uo Uino — Umypo
¢ =arc an( 1) arc an( - " U (%)

where U, and U; represent the axial speed (along direction 0) and tangential speed (along direction
1) experienced by the rotating blades, respectively. Uy, and Uy, are the velocity components of
Uy in direction 0 and direction 1, respectively. According to the look-up table between the local
attack angle and two-dimensional airfoil data, the lift and drag coefficients can be determined. Then
the body forces are computed by the following equation:

1 2
f=UD)= Eplurell c(Cre, + Cpep) (6)
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[Urell = /(Up)? + (Uy)? @)

where L and D are the lift force and drag force acting on the blade element, respectively. ¢ represents
the chord length; C, and Cp are the lift and drag coefficients corrected for three-dimensional effects,
respectively. e; and e;, denote the unit vectors of lift and drag forces, respectively.

The calculated body forces are integrated to obtain the aerodynamic loads including the thrust
and torque. The rotor power can be acquired by multiplying the rotating speed and the torque. To
avoid singular behavior, the body forces need to be convoluted with a regularization kernel function
before they are added into the moment equations as the source term:

fe=f®n. 8)

1 d\?
ne(d) = 55z exp [— (;) ] )

herein d is the distance between the measured point in flow field and the actuator point. € is a
constant parameter, which was previously studied by Serensen et al. [46]. The body forces reflected
to flow field are finally expressed as:

N
1 d\?
fetay2,0) = Z £ Gy 7 ) e [— 5) ] (10)

2.2. Considering Aerodynamic Forces in Platform Motions

A two-phase CFD solver naoe-FOAM-SJTU based on the OpenFOAM was previously developed
to investigate the hydrodynamics of marine structures under various complicated conditions [47—49].
The volume of fluid (VOF) method with bounded compression technique is utilized to capture the
free surface, and a moving-mesh technique is employed to handle the structure motions [50]. The
framework diagram of naoe-FOAM-S]TU solver is illustrated in Figure 3. This solver is applied for
the hydrodynamic calculations of FOWT system in the current work. Duo to the interactions between
the wind turbine and the floating platform, the aerodynamic loads will transmit to the floating
platform via tower and alter its hydrodynamic responses. Therefore, the aerodynamic loads should
be taken into consideration in the predictions for motion responses of floating platform.

| naoe-FOAM-SJTU |
[

! ! 1
|OpenFOAM interface| | 6DoF module | |Numerical Wave Tank|
T bll Deformi Wl Wl Wl
urbulence eforming ave ave ave
| FVM| |RANS| |VOF| | Model | | mesh Maker | | Damping | | Probe |
Velocity Sponge | | Wave |
Inlet BC Layer Gauge

Figure 3. The framework diagram of naoe-FOAM-SJTU solver.

To account for the influence of aerodynamic loads on the platform motion predictions, the
aerodynamic forces calculated by the modified ALM are introduced into the 6DOF motion equations
as time-dependent forces and moments. As shown in Figure 4, the aerodynamic forces (F,er,) and
moments (M,,,) are imposed on the center of the gravity of the floating platform.
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Figure 4. Wind and wave loads acting on the FOWT system.

2.3. Coupled Aero-hydrodynamic Modelling for FOWT

In the present work, three-dimensional Reynolds-averaged Navier-Stocks equations with k-w
SST turbulence model are applied to solve the transient, incompressible and viscous Newtonian fluid.
Considering that the flow velocity of air phase is low, the air compressibility is neglected. The water
and air are both regarded as incompressible fluids, which can be described by the same governing
equations:

V-u=0 (11)

a(pU
(gt d iy (p(U=Ug)U ==Vpg—g - x9p + V- (e VU) + (VU) - Viterr + fo + fs + fe (12)

where U represents the velocity field; U, donates the velocity of mesh points; p is the mixture
density of water and air; p; is the dynamic pressure excluding the hydrostatic pressure; g is the
gravity of acceleration vector; s = p(v +v,) is the effective dynamic viscosity, in which v and v,
are kinematic viscosity and eddy viscosity, respectively; f, is the surface tension term in two phases
model and takes effect only on the liquid free surface; f; is a source term and takes effect only in the
sponge layer in order to absorb the wave reflection; f, represents the source term introduced from
the modified ALM.

The FOWT-UALM-S]TU solver, which is composed of the modified ALM and in-house code
naoe-FOAM-SJTU, is applied for full-scale CFD simulations of the FOWT system under combined
wind-wave loads in the present work. The unsteady aerodynamic characteristics of the wind turbine
are obtained by the UALM, and the hydrodynamic responses of the floating platform with mooring
system are predicted by the naoe-FOAM-SJTU. As mentioned above, the interference effects between
the wind turbine and the floating platform are taken into consideration in this coupled CFD analysis
tool. Figure 5 shows the calculation procedure about how to predict the coupled aero-hydrodynamics
performance of the FOWTs. It should be noted that a wake coupling approach is selected to achieve
the interactions between the wind turbine and the floating platform. The additional velocity Uy
considered in the UALM module is induced by the 6DOF motions of the floating platform calculated
from the last time-step. Then the smeared body forces are added into moment equations as the source
term f. and are introduced into the 6DOF motion equations to take the aerodynamic loads into
account. In addition, the state of wind turbine such as the position of actuator point is also updated
according to the motion responses at the last time-step.
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Figure 5. Calculation procedure of coupled simulation for the FOWT.
3. Simulation Conditions

3.1. FOWT Model

A spar-type FOWT composed of the NREL 5-MW baseline wind turbine, the OC3-Hywind spar
platform and a mooring system is chosen as the research object in the present work, and the schematic
diagram of the FOWT system is shown in Figure 6. The NREL 5-MW baseline wind turbine is an
upwind horizontal-axis wind turbine with three slender blades, which is a typical representative of
the utility-scale sea-based turbines. The gross parameters of the wind turbine are summarized in
Table 1, and detailed specifications can refer to Reference [51,52]. It should be noted that only the
blades of the wind turbine are modelled and assumed as rigid structures in order to simply the
simulations. Besides, the pre-cone angle and the shaft title of the wind turbine are both taken into
consideration.

The spar-buoy concept platform OC3-Hywind is selected to support the NREL 5-MW wind
turbine. To limit the motion responses of floating support platform and further decrease the impact
on the wind turbine aerodynamics, the platform is moored by a mooring system with three catenary
lines. As presented in Figure 7, the mooring lines are evenly arranged around the platform. It is
noticeable that the hydrodynamic damping is not taken into consideration in the simulation of
mooring system. Main parameters of the floating support platform and the mooring system are
shown in Table 2 and Table 3. More detailed information can be found in Reference [25,53].

Table 1. NREL-5MW wind turbine gross parameters.

Item Value
Rating 5 MW
Rotor orientation, Configuration Upwind, 3 Blades
Rotor, Hub diameter 126 m, 3 m
Hub height 90 m
Cut-in, Rated, Cut-out wind Speed 3m/s, 11.4 m/s, 25 m/s

Cut-in, Rated Rotor speed 6.9 rpm, 12.1 rpm
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Overhang, Shaft-tilt, Pre-cone angle 5m, 5°,2.5°

Table 2. OC3-Hywind spar platform main properties.

Item Value
Depth to platform base below SWL (Total Draft) 120 m
Elevation to platform top (Tower base) above SWL 10 m
Depth to top of taper below SWL 4m
Depth to bottom of taper below SWL 12m
Platform diameter above/below taper 6.5m,94m
Table 3. Mooring system properties.
Item Value
Number of mooring lines 3
Angle between adjacent lines 120°
Depth to anchors below SWL (water depth) 320m
Depth to fairleads below SWL 70.0m
Radius to anchors from platform centerline 853.87 m
52m

Radius to fairleads from platform centerline

Nacelle

Tower

Wave

Water depth: 320m
Draft: 120m

Anchor Point

Mo
/_ Oing Ling

-

Figure 6. The NREL 5-MW wind turbine mounted on OC3-Hywind spar.

Wind Platform

Mooring line
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Figure 7. Mooring lines arrangement.

3.2. Computation Set Up

Although the rotor blades are simplified into virtual actuator line based on the modified ALM,
the full-scale CFD simulations for the FOWT system by solving the RANS equations are still time-
consuming. The main consideration for determining the size of computational domain is how to
reduce the computation loads within acceptable calculation accuracy. A cuboid-shaped domain with
the dimensions of 544 m (x) x 384 m (y) X 504 m (z) is created for coupled aero-hydrodynamic
simulations of the spar-type FOWT system. Figure 8 shows the general arrangement of FOWT system
in computational domain. The lengths in the negative and positive x-directions are 160 m (about one
wave length 4=156 m) and 384 m (about three times of the rotor diameter D = 126 m), respectively.
The depth of water phase in the negative z-direction is set to 224 m (70% of the real water depth d =
320 m) for the purpose of reducing computation. Considering the expansion of turbine wake, the air
phase extends to 280 m (about 2.2D) along the positive z-direction. The rotor center of NREL 5-MW
wind turbine is located at the height of Ho=90 m. The OC3-Hywind spar is placed at the origin of
earth-fixed coordinate system. The mooring line #1 is arranged to along the positive x-direction. In
addition, a rectangular sponge layer with the length of 100 m located before the outlet boundary is
adopt to absorb the wave reflection.

As shown in Figure 9, there are different mesh resolutions in the computational domain. For the
background mesh, the grid sizes in x-direction and y-direction are both 8 m, while the sizes of
background cell in negative and positive z-directions both linear change in order to limit the total
grid number. The vertical size of background mesh (Region I) near water surface is 2 m, and it
expands up to 20 m at top and bottom boundaries. Two refined mesh regions (Region II) are
generated to capture the wake development behavior and the wave propagation. The grid size of
refined mesh is only one fourth of the background mesh size. Besides, the grids near the spar platform
are also refined. Thus, the total grid number of the computational domain is 3.5 million.

_J Shear wind Top I Top
|
| |
B Wind Turbine | Wind Turbine
|, I
2.2D | o 22D
! T Sidewall 1 /\ Sidewall 2
H : Sponge
0 | layer w .
] ave surrace
Inlet -3 —/;ﬁ— ————————— R e e — ]
> Spar platform : 100m Spar platform
1st order 1 Draft: 120m
wave :
0.7d| |— | 0.7d| L— — |
S Mooring line
Mooring line | —
| | [
z | ! z
1.5D I 1.5D
A Bottom 3D | Bottom

Figure 8. Overall view of the computational domain.
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Figure 9. Computational domain mesh. (a) vertical section; (b) cross section.

To achieve combined wind-wave incident condition, the uniform wind and 1st order Stokes
wave is imposed at the inlet boundary for the air phase and water phase, respectively. The normal
zero gradient condition is employed for the outlet boundary. Considering the bottom of
computational domain is not the real water bottom, the free-slip condition is utilized in both the top
and bottom boundaries. Besides, the symmetrical condition is applied to side planes of computational
domain, and the platform surface is set to no-slip condition.

The wind and wave conditions in the present simulations refer to Jonkman and Musial [25]. The
1st order Stokes wave with a typical wave period of T =10 s and a relative high wave height of H=6
m is selected to be the incident wave. The rated wind speed of U, =11.4 m/s is adopted. Considering
the characteristic of height-dependent wind speed [54], exponential model [55,56] is applied to
describe the wind shear phenomenon. The magnitude of the incident wind speed U, at the height of
z is defined by the following equation:

7z >0.143 (13)

N
where H, =90 m is the hub height of the wind turbine. The turbine rotor rotates at the rated angular
velocity £2=12.1 rpm in order to achieve the optimal tip speed ratio A = 7. It needs to be reminded
that the optimal control strategy of the FOWT is still under investigation. Therefore, neither the blade-
pitch control nor the rotational speed control are considered in the present work. The blade-pitch
angle is set to zero, and the rotor speed is kept at the rated value during the simulations. The wind
and wave directions are both assumed to parallel to the positive-x direction, which is consistent with
the direction of surge motion. As presented in our previous work [57], the sway and roll motions of
the spar-type FOWT in a collinear wind-wave environment are small. Therefore, only the surge,
heave, pitch and yaw motions are respectively considered in the present work, shown in Table 4.

Table 4. Load case parameters.

Case Name Platform Motion Mode Wind Turbine State
fixed fixed Rotating
surge surge Rotating
heave heave Rotating
pitch pitch Rotating
yaw yaw Rotating

parked surge, heave, pitch, yaw Parked
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coupled surge, heave, pitch, yaw Rotating

4. Results and Discussions

In this section, coupled aero-hydrodynamic responses of the FOWT with various DOF platform
motions (surge, heave, pitch and yaw) and different wind turbine states (parked and rotating) under
combined wind-waved loads are compared and analyzed to study the interference effects between
the unsteady aerodynamic characteristics and the platform motion responses.

4.1. Grid Convergence Test

The convergence test of grid quality is firstly conducted to determine the appropriate grid size.
Three sets of grids with different mesh resolutions are generated to perform coupled aero-
hydrodynamic simulations for the FOWT with fixed platform. It is noted that both the 6DOF motions
of floating platform and the rotation movement of wind turbine need to be taken into consideration
for the determination of time-step size. Based on the previous experience [23], a time-step of At =
0.01 s is suitable for the CFD simulations of the OC3-Hywind spar platform. The rotor blades rotate
0.726 degree at rated angular speed within this time step, which is much smaller than the reference
value in the previous study about the NREL 5-MW wind turbine [26]. It indicates that this time-step
size is small enough to meet the convergence requirement of aerodynamic loads calculation.
Therefore, the same time-step size of 0.01 s is selected in the present work.

The aerodynamic loads including rotor power and thrust are compared for different gird
densities, presented in Figure 10. It is shown that the aerodynamic loads have reached a steady state
after about 20 s. The magnitudes of aerodynamic loads are nearly constants, for the impacts of
platform motions are not taken into account. The mean values of rotor power and thrust averaged
from 40 s to 50 s are listed in Table 5, which are presented in percentage difference over the data from
the fine mesh. Comparison results show that the difference for aerodynamic loads between different
mesh resolutions significantly decreases with the increase of grid density. The difference for the rotor
power between the medium mesh and fine mesh is below 1.3%, and it decreases to 0.4% for the thrust,
indicating that the results are insensitive to the grid number. Thus, the medium mesh is selected for
the later coupled aero-hydrodynamic simulations to reduce calculation time with acceptable
computation accuracy.
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Figure 10. Time history curves of aerodynamic loads with different mesh resolutions. (a) rotor power;
(b) thrust.
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Table 5. Mean values of the aerodynamic loads averaged from 40 s~50 s.

13 of 31

Grid Total Grid Number Rotor Power Thrust
(million) (MW) (kN)
Coarse mesh 1.33 5.73 (9.2%) 747 (4.5%)
Medium mesh 3.50 5.31 (1.3%) 720 (0.4%)
Fine mesh 9.70 5.24 (-) 715 (-)

4.2. Additional Velocity Induced by the Platform Motions

The platform motions have impacts on the aerodynamic loads in two aspects. On one hand, the
magnitude of local relative wind speed experienced by the rotating blades varies with additional
velocity vector induced by the platform motions. On the other hand, the velocity components of local

relative wind speed in the blade-aligned coordinate system also change with the position of floating
platform, leading to the variation of local attack angle. Both the change of local relative wind speed
and local attack angle will cause the variation of lift and drag forces acting on the rotor blades and

eventually change the aerodynamic performance [8].

As presented in Figure 11, the additional velocity Uy can be divided into several velocity
components induced by different DOF platform motions. Us and Uy represent the additional
velocities induced by surge motion and heave motion, respectively. Up and Uy donate the velocity

components induced by pitch motion and yaw motion, respectively.
Uy = Us + Uy + Up + Uy
Us = Ugyrge
Un = Uneave
Up = wp * (X; — X¢)

Uy = wy " (x; — x;)

(14)
(15)
(16)
(17)
(18)

where Ugge and upeqy. represent the surge velocity and heave velocity, respectively. wp and wy

are pitch angular velocity and yaw angular velocity, respectively. Then the velocity competent of

these additional velocities in direction 0 (x;) can be expressed as:
Umo = Uso + Upo + Upp + Uy
Uso = Us - cos(ap — B)
Unyo = Uy - sin(ap — B)
Upo = Up - cos(ap — B —y)

Uyo = Uy cos(ap — f)

(19)
(20)
2D
(22)

(23)

where ap is the pre-cone angle. § represents the angle caused by the shaft tilt. y is determined by
the relative position between the ith actuator point x; and the rotating center x., which varies
periodically due to the rotation of rotor blades. It is noted the magnitude of Uy, cannot be neglected
compared with incoming wind speed component Uj, o. According to Equation (5) and Equation (7),
Ump plays an important role in the calculation of local attack angle and local relative wind speed.

However, the projection of Uy in direction 1 (y,) is much smaller than the tangential velocity Qr.

Thus, it shows minor effects on the local attack angle and the local relative wind speed.
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(a) (b)

Figure 11. The additional velocity components induced by platform motions. (a) vertical plane; (b)
horizontal plane.

Moreover, the velocity components of incoming wind speed Uj, in blade-aligned coordinate
system also change with the position of rotating blades. Uj,, and Uj,; represent the velocity
components of incoming wind speed in direction 0 (x;) and direction 1 (y,), respectively, which are
defined by the following equation:

Uin,O = |Uin| - cos < Uy, x5 > (24)
Uin,l = |Uip| - cos < Uy, y, > (25)

The vector angles between U;, and direction vectors (x,, y,) are significantly affected by pitch
motion and yaw motion. As shown in Figure 11, 6, and 8y are platform pitch angle and platform
yaw angle, respectively, which can be obtained by the integration of angular velocity with time.

t
0p = f wpdt (26)
0

t
0, = f wydt 27)
0

Above all, the velocity components at the blade section are significantly altered by the motion
responses of the floating platform, leading to the variation of local relative wind speed and local
attack angle. These changes finally result in the highly unsteady aerodynamic characteristics of the
FOWT system.

4.3. Unsteady Aerodynamic Performance under Specific Platform Motion

As introduced above, the platform motions alter the aerodynamic performance of FOWT by
affecting local relative wind speed and local attack angle. A typical blade section of blade #1 at 0.8r (r
is the blade radius) from the blade root is selected herein to explore the impacts of different DOF
platform motions on the aerodynamic characteristics of wind turbine.
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Figure 12a shows the comparison of time-dependent axial speed (U,) experienced by the selected
blade section for fixed case and surge case. The axial speeds in two cases both periodically vary with
time, while the variation periods are different. It is found that the instantaneous axial speed in fixed
case varies with the same period of the rotation of turbine blades, about 5 s, which is almost half of
the incident wave period. Two factors that high-dependent wind speed and the structure
characteristic of wind turbine both result in this periodical change of the axial speed in fixed case,
which are ignored in the previous coupled dynamic analyses of the FOWT [11-13,26,27]. As
presented in Equation (13), the exponential model is used to define the incoming wind speed. The
magnitude of the wind speed along the height is plotted in Figure 13. Obviously, the incoming wind
speed is related to vertical position of rotating blades. Due to the large diameter of NREL 5-MW wind
turbine, the magnitude of incoming wind speed at the selected blade section varies from 10.1 m/s to
12.1 m/s during the rotational motion of blades. Furthermore, the velocity component of the incoming
wind speed in direction 0 (U, o) also varies with the same frequency as the rotational motion because
of the pro-cone angle and the shaft tilt. The axial speeds of the selected blade section are compared
for uniform wind condition and shear wind condition to explore the impacts of the pro-cone angle
and the shaft-tilt of wind turbine, shown in Figure 15. The fluctuating range of axial speed under
uniform wind condition is about 0.3 m/s, much smaller than that under shear wind condition. It
indicates that the axial speed experienced by the rotating blade is more greatly affected by the height-
dependent incoming wind speed.
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Figure 12. Comparisons of velocity components experienced by the blade section at 0.8r for fixed case
and surge case. (a) axial velocity; (b) tangential velocity.
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Figure 13. Wind speed distribution along the height.

The platform surge responses including the displacement and velocity in surge case are
illustrated in Figure 14. Affected by the platform surge motion, the variation period of the axial speed
at the selected blade section is almost equal to the incident wave period of 10 s. As mentioned above,
the additional velocity induced by platform motion also contributes to this periodical change of axial
speed. Therefore, the axial speed in surge case is dependent on both the height-dependent incoming
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wind speed and the surge velocity. When the platform surge velocity is greater than zero (To= 208.5
s~212.7 s), the platform surge motion direction is consistent with the direction of the incoming wind
speed [13]. Thus, the axial speed experienced by the rotating blades in fixed case is smaller than that
in fixed case. Conversely, the axial speed become larger when the platform surge velocity is less than
zero (T1=212.7 s~218.5 s). It is noted that axial speed in surge case is about 0.6 m/s larger than that in
fixed case when the incoming wind speed and surge velocity both reach to the valley values (T =215.7
s), suggesting that the influence of surge velocity on axial speed is considerable. The tangential speeds
(Uy) at the selected blade section are also compared between the fixed case and surge case, as shown
in Figure 12b. There are minor differences between the tangential speeds in fixed case and surge case.
Moreover, the tangential speeds under uniform wind condition and shear wind condition are
presented in Figure 15b. It appears that the periodical variation of tangential speed in surge case is
mainly caused by the pro-cone angle and the shaft tilt instead of the height-dependent incoming wind
speed. As shown in Figure 16a,b, the platform surge motion has little influence on the local relative
wind speed experienced by the rotating blade. However, the local attack angle is obviously affected
by the additional velocity induced by the platform surge responses. It is seen that the local attack
angle and axial speed have the same variation trend and period. Therefore, it is the local attack angle
instead of the local relative wind speed is dominantly influenced by the surge motion, and a similar
conclusion can be found in Wen et al. [8]. The change of local attack angle eventually leads to the
variation of aerodynamic forces acting on rotor blades with a result of fluctuating rotor power and
thrust. Figure 17a,b present the aerodynamic loads obtained by integrating the body forces along
spanwise direction. It is shown that the aerodynamic loads in fixed case are almost unchanged over
time, while the aerodynamic loads including rotor power and thrust in surge case vary periodically
with different fluctuating ranges. The variation ranges of the rotor power and the thrust in surge case
are 15% and 8% of the average values, respectively.
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Figure 14. Platform surge responses in surge case.
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Figure 15. Comparisons of velocity components experienced by the blade section at 0.8r under shear
wind and uniform wind. (a) axial speed; (b) tangential speed.
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Figure 16. Time-history curves of the local attack angle and the local relative wind speed experienced

by the blade section at 0.8 in fixed case and surge case. (a) local attack angle; (b) local relative wind

speed.
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Figure 17. Comparisons of aerodynamic loads for fixed case and surge case. (a) rotor power; (b) thrust.

To illustrate the influence of platform pitch responses under combined wind-wave loads on the
unsteady aerodynamic characteristics, the axial speed and tangential speed at the blade section are
presented in Figure 18a,b. According to Equations (24) and (25), the velocity components of incoming
wind speed in blade-aligned coordinated system are significantly affected by the platform pitch
angle. The additional speed induced by platform pitch angular velocity also alters the axial speed
and tangential speed. Moreover, the height-dependent incoming wind speed shows considerable
effects on the axial speed from the above analysis. Therefore, the variation of the relative wind speed
is the result of the comprehensive efforts of height-dependent incoming wind, platform pitch angle
and pitch angular velocity. It is shown in Figure 18a that the axial speed in pitch case gradually
increases to the peak value during T2 (210.6 s~213.8 s). In this period, the incoming wind speed firstly
varies from the minimum to the maximum and then decreases. The pitch angular velocity shown in
Figure 19 changes from the positive to the negative, contributing to the increase of the axial speed.
However, the axial speed and incoming wind speed both decrease to valley value at the same time
(T=215.8s), indicating the additional velocity induced by platform pitch motion has limited influence
on the axial speed experienced by the rotating blade. Then the axial speed increases to the peak value
again (T = 217.0 s) with the increase of the incoming wind speed. It is obviously seen that the peak
value of axial speed at T = 217.0 s is much smaller than that at T = 213.8 s, resulting from the
comparative small platform pitch angle and pitch angular velocity. The axial speed reduces to the
valley value when the incoming wind speed decreases to the minimum during T3 (217.0 s~220.6 s).
Due to the increased platform pitch angle and pitch angular velocity, the minimum value of the axial
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speed at T = 220.6 s is much smaller compared with that at T = 215.8 s. It can be concluded that the
large platform pitch angle amplifies the variation range of the axial speed. The axial speed in pitch
case is dominated by the platform pitch angle instead of additional velocity induced by platform
pitch angular velocity. As shown in Figure 18b, the tangential speed varies with the same frequency
as rotational motion of the blade. The variation of platform pitch angle alters the direction of
tangential speed and further amplifies the fluctuating range of tangential speed. It is noted that there
exists a difference between two adjacent valley values, marked out by AV,. This means that the
additional velocity induced by platform pitch motion also has small effects on the tangential velocity.
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Figure 18. Comparisons of speed components experienced by the blade section at 0.8r for fixed case,
pitch case and coupled case. (a) axial speed; (b) tangential speed.
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Figure 19. Platform pitch responses in pitch case.

Due to the fact that the magnitude of tangential speed is much larger than that of axial speed,
the local attack angle has the same variation trend of the axial speed according to Equations (4) and
(5), as shown in Figure 20a. In addition, the profile of local relative wind speed experienced by
rotating blades presented in Figure 20b is similar to that of tangential velocity, which can also be
concluded from Equation (7). Both the local relative wind speed and the local attack angle fluctuate
significantly due to the platform pitch responses [9], resulting in the periodical variation of
aerodynamic loads shown in Figure 21a,b. The fluctuating ranges of rotor power and thrust in pitch
case are almost as large as those in coupled case.
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Figure 21. Comparisons of aerodynamic loads for fixed case, pitch case and coupled case. (a) rotor

power; (b) thrust.

Comparisons for the local relative wind speed and the local attack angle at the blade section in
fixed case, heave case and yaw case are achieved in Figure 22. It appears that both platform heave
motion and platform yaw motion under the given wind-wave condition have marginal effects on the
aerodynamic characteristics. The aerodynamic loads in heave case and yaw case also show little
discrepancy with those in fixed case, presented in Figure 23. Although the magnitude and the
direction of local relative wind speed experienced by the rotating blades both significantly vary with
the platform yaw angle, the platform yaw responses in the present collinear wind-wave condition
are too small to have considerable effects on the aerodynamic performance. As Figure 24 shows, the
average yaw angle is only about 1 degree. Besides, the platform heave responses with time have been
presented in Figure 25. As the direction of heave motion almost parallels to the rotor plane, the
influence of platform heave responses on the aerodynamic characteristics including local relative
wind speed and local attack angle can nearly be neglected.
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Figure 25. Platform heave displacement and heave velocity in heave case.

The aerodynamic loads obtained from different simulation cases are summarized in Table 6 and
plotted with bar chart in Figure 26. The mean values of rotor power under different DOF platform
motions are all close to the average power output under fixed platform, and the similar condition
also occurs for the average thrust. Platform motions in the present wind-wave condition show minor
impacts on the average aerodynamic loads. It is interesting to find that the mean aerodynamic loads
of the spar-type FOWT with platform pitching motion are lower (about 5%) than those in fixed
condition, which is different from the conclusion that the mean power output increases when the
wind turbine experiences pitching motion in Wen et al. [9]. This is mainly caused by different average
platform pitch angles. In the present simulation, interference effects between aerodynamic loads and
platform motion are considered, resulting a larger average platform pitch angle, while it is set to zero
in Wen et al. [9]. The fluctuating amplitudes of the aerodynamic loads under different DOF platform
motions change greatly, shown in Table 6. The rotor power under platform pitch motion varies from
3.31 MW to 6.96 MW, about 72% of the mean value, which is quite close to variation range of power
output in coupled case. The fluctuating range of the rotor power under platform surge motion is 0.85
MW and nearly 15% of the average value, much smaller than that in coupled case. Moreover, the
variation ranges of the thrust under different conditions are smaller than that in coupled case. The
thrust experiencing platform pitch motion has a variation range of 240 kN, about 34% of the mean
value. This percentage decreases to 7% in platform surging condition. It appears that the rotor power
is much more sensitive to the platform motion responses compared with the thrust. Obviously, the
fluctuating ranges of the aerodynamic loads under 6DOF platform motions are not a simple
summation of those under single DOF platform motion. The effects of different DOF motions on the
aerodynamic loads are coupled, and the relationship between the platform motions and the
aerodynamic loads is rather complex and nonlinear. Platform pitch responses including pitch angle
and pitch angular velocity show the most significant impacts on the variation ranges of aerodynamic
loads, and the surge velocity also has considerable effects on the fluctuating amplitudes of rotor
power and thrust. Besides, the yaw motion and heave motion in the given wind-wave condition are
both found to have little effects on aerodynamic loads when the incoming wind speed is parallel to
the rotating axis of the wind turbine.
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Figure 26. Comparisons of maximum and minimum values of the aerodynamic loads under different
DOF platform motions. (a) rotor power; (b) thrust.

Table 6. Summary of the time-averaged (200 s~240 s) aerodynamic loads in different simulation cases.

Rotor Power (MW) Thrust (kN)
Max Min Mean Amp. Max Min Mean Amp.
fixed 5363 5276 5324 0.087 7238 7181 7213 57
surge 5.896 5.045 5491 0.851 7569 7032 731.8 537
heave 5361 5284 5322 0.077 7237 7186 7211 5.1
pitch 6956 3.313 5072 3.643 8171 5771 699.1 240
yaw 5360 5273 5321 0.087 7235 7178 7209 57
coupled 6.961 3309 5151 3.652 8174 5772 7051 2402

Cases

4.4. Platform Motion Responses under Combined Wind-wave Loads

The hydrodynamic responses of the OC3-Hywind spar platform under wind and wave loads
have been investigated in our previous work [23], and the average platform motions are found to be
dominated by the aerodynamic loads. Herein, the motion responses of the floating support platform
under combined wind-wave loads are discussed to further understand the impacts of aerodynamic
forces on the hydrodynamic performance of the spar-type FOWT. The dynamic motion responses in
different cases are also compared and analyzed to explore the coupling phenomena between different
DOF platform motions.

Time history curves of platform surge motion with different wind turbine states and platform
motion modes are presented in Figure 27a. The platform surge responses, which are composed of a
significant long-drift motion and a minor wave-frequency motion, have the same movement
tendency in different cases. It is noted that the maximum value and mean value of the platform surge
displacement in surge case are both larger than those in coupled case, resulting from the bigger axial
force Fx. As analyzed above, the average aerodynamic loads in coupled case are smaller because of
the platform pitch responses. This leads to the decrease of axial force Fx acting on the floating
platform, shown in Figure 28a. In addition, the significant long-drift motion in different cases is
mainly induced by the aerodynamic thrust, while the small wave-frequency motion is caused by the
periodically varying hydrodynamic loads.
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Figure 28. Comparisons of the aerodynamic and hydrodynamic loads acting on the floating platform.
(a) axial force along x axis; (b) bending moment about y axis; (c) axial force along z axis; (d) bending
moment about z axis.

The comparison of platform pitch responses in fixed case, pitch case and coupled case is shown
in Figure 27b. The fluctuating ranges of the platform pitch angle in different cases show a minor
difference within 0.2 degree. However, the discrepancy between the average platform pitch angles in
different cases is considerable. The mean values of platform pitch angle in coupled case and pitch
case are 4.1 degree and 4.3 degree, respectively, while it decreases to about zero degree in parked
case. According to the previous study [28], the fluctuating amplitudes of platform motions depend
on the hydrodynamic loads, while the average values of motion responses are dominated by the
aerodynamic loads. The pitching moment components presented in Figure 28b fully illustrates this
conclusion. The pitching moment induced by the wave loads has a larger variation amplitude and a
smaller mean value compared with that caused by the wind loads. It is interesting to find that the
mean value of platform pitch angle in pitch case is about 0.2 degree larger than that in coupled case,
and the similar condition also occurs for the platform surge displacement. It indicates that the motion
responses in coupled case may decrease due to the coupling between different DOF platform
motions. This coupling effect is enhanced in the FOWT system due to aerodynamic forces.

Significant discrepancies in the platform heave motion among fixed case, heave case and
coupled case can be seen in Figure 27c. Due to the platform pitch motion in coupled case, the rotor
plane is not exactly vertical to sea level all the time. Therefore, the aerodynamic thrust has a
component along z axis, as Figure 28c shows. This vertical force periodically varies with time and
makes the mean draft of floating platform in coupled case greater than that in parked case. Thus, the
mean value of heave motion is about 0.16 m less than that in parked case. Furthermore, the
hydrodynamic forces change with the draft of the floating platform, leading to the larger fluctuating
range of the heave displacement. The fluctuating amplitudes of platform heave displacements in
coupled case and parked case are 1.57 m and 0.67 m, respectively, indicating a 43% difference
between them. Although the pitch motion is not considered in heave case, the aerodynamic thrust
also have a minor competent along vertical direction due to the shaft tilt of the wind turbine.
Therefore, the mean value of platform heave displacement in heave case is somewhat smaller
compared with that in parked case. It can be concluded that the heave responses of FOWT system
are significant affected by the coupling between the heave motion and the pitch motion.

It is noted that the incoming wind speed in the present simulations is along the x axis, which is
nearly vertical to the rotor plane. The aerodynamic forces distributed on the rotor plane are uniform
and are almost symmetrical to the xz plane. Thus, the yawing moment caused by the aerodynamic
forces is small, as shown in Figure 28d. Moreover, this moment induced by the hydrodynamic loads
is also comparatively small because of the circular waterplane of the OC3-Hywind spar platform.
Therefore, the time-dependent platform yaw angles in park case, yaw case and coupled case all have
minor mean value and fluctuating range. Figure 27d shows the platform yaw angles in different
conditions, which are all in the range of —0.2~1.4 degree. It can be found that the mean platform yaw
angle increases with the yawing moment, while the yawing moments resulting from the aerodynamic
forces and hydrodynamic forces are both relatively small in current collinear wind-wave condition.

4.5. Interactions between the Platform Motion and the Rotating Blades in Wake Field

To further investigate the interactions between the platform motions and the rotating blades, the
wake field characteristics including the instantaneous flow velocity and vorticity in the near wake
region are extracted from the simulation results and analyzed in detail. Figure 29 shows the
instantaneous flow velocity in different simulation cases. The wind velocity curves in horizontal
plane at the hub height z=90 m and vertical plane at y =0 m are both illustrated. As seen in the Figure
29a, the magnitude of wind velocity sharply decreases when the incoming wind passes through the
rotor plane. It is noted that the velocity deficit in the near wake region behind the wind turbine is not
fully symmetrical to the xz plane in all simulation cases. This means that aerodynamic loads
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distributed on the rotor plane are asymmetrical, which contributes to the yawing moment acting on
the FOWT. Moreover, the loss of velocity in near wake region in pitch case and coupled case is found
to be obviously greater than that in other cases, indicating that the platform pitch motion leads to
more serious velocity deficit phenomenon [26]. Other platform motions, such as surge motion, heave
motion and yaw motion, all have little impacts on the velocity in the near wake field. In addition, the
wake deflection is clearly observed in the near wake region in pitch case and coupled case, while this
phenomenon is not captured in other cases. It appears that the platform pitch motion may accelerate
the wake deflection progress and make it occurs in the near wake region. The distribution of wake
flow velocity at the central vertical plane shown in Figure 29b also proves this point. It is seen that
the wake obviously moves up in pitch case and coupled case.
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(b)

Figure 29. Comparisons of instantaneous flow velocity (T =240 s) in wake field for different cases. (D
=126 m is the rotor diameter; Ho= 90 m is the hub height; r = 63 m is the rotor radius). (a) horizontal
plane (z = 90 m); (b) vertical plane (y = 0 m).

The instantaneous vorticity in the hub height horizontal plane and the central vertical plane is
presented in Figure 30. The tip and root vorticities behind the rotating blades can be clearly observed,
as shown in Figure 30a. By comparing the development of wake behavior in the hub height horizontal
plane under different DOF platform motions, the width of turbine wake is found to become larger
when the platform pitch motion is considered. This width also increases with the increasing distance
from the wind turbine, which means that the downstream FOWTs may be influenced by the wake
flow. Moreover, the platform pitch motion is found to be the most significant factor that leads to
misdistribution of wake field, which further deteriorates the inflow condition for the downstream
FOWTs and increase the instability of flow field [26]. Figure 30b shows the instantaneous vorticities
distribution in the central plane. The tip vortices generated from the rotating blades move about four
times of the distance between the adjacent vortex rings along the flow direction before they are
merged in the wake field. Due to the periodical platform pitch motion, the direction of vortex
shedding varies with the platform pitch angle, resulting the increased wake width and turbulence
intensity. Other single DOF platform motions including the surge, heave and yaw all have little
impacts on the wake flow.
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Figure 30. Comparisons of instantaneous vorticities (T =240 s) in the wake field for different cases (D
=126 m is the rotor diameter; Ho= 90 m is the hub height; r = 63 m is the rotor radius). (a) horizontal
plane (z = 90 m); (b) vertical plane (y = 0 m).

5. Conclusions

In this study, the coupled aero-hydrodynamic performance of a spar-type FOWT composed of
the NREL 5-MW wind turbine and the OC3-Hywind spar platform is investigated by the validated
CFD analysis tool FOWT-UALM-SJTU. The coupled dynamic responses of the FOWT with various
DOF platform motions (surge, heave, pitch and yaw) and different wind turbine states (parked and
rotating) are analyzed to explore the interference effects between the wind turbine and the floating
platform. The dynamic responses of local relative wind speed and local attack angle at the blade
section and wind-wave loads acting on the platform are discussed in detail to reveal the interaction
mechanism between the aerodynamic loads and different DOF platform motions. Several conclusions
for the spar-type FOWT can be drawn from the simulation results and analyses.

(1) Both the platform pitch angular velocity and the platform pitch angle have considerable effects
on the local relative wind speed and the local attack angle experienced by the rotating blades.
The platform surge velocity significantly alters the local attack angle instead of the local relative
wind speed. Besides, the height-dependent wind speed, the shaft-title and the pro-cone angle of
wind turbine all contribute to the variation of the local attack angle.
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(2) The fluctuating range of the aerodynamic loads with platform pitching motion is almost five
times that with platform surging motion under the same operating wind-wave condition. The
platform yaw motion in collinear wind-wave environment is too small to have significant effects
on the aerodynamic loads, and the influence of the platform heave motion can nearly be
neglected.

(3) Compared with the thrust, the rotor power is shown to be much more sensitive to the platform
motions. The percentage of the variation amplitude with respect to the mean value of the rotor
power is about two times that of the thrust. Moreover, the mean power output is reduced due
to the large platform pitch angle when the shaft-tilt and the prone-cone angle are considered.

(4) Affected by the aerodynamic forces derived from the wind turbine, the mean surge displacement
and average platform pitch angle both significantly increase. A small increase in the platform
yaw motion is also found due to the increased yawing moment induced by the asymmetrical
distribution of aerodynamic loads. The platform heave displacement decreases because of the
vertical aerodynamic force component.

(5) The motion responses of the FOWT with coupled platform motions are smaller than those with
single DOF platform motion, except for the heave motion. The platform heave displacement in
coupled condition is much larger than that with single DOF motion, resulting from the greater
aerodynamic force component along the vertical direction. The coupling effects between the
platform motions along different DOFs are obviously amplified by the aerodynamic loads.

(6) The wake deflection phenomenon is clearly observed in the near wake region when platform
pitch motion is considered. The dynamic pitch motion of the floating platform also contributes
to the severe wake velocity deficit. Meanwhile, the periodical variation of the platform pitch
angle enlarges the wake width and turbulence intensity. Other DOF platform motions including
the surge, heave and yaw all have little influence on the wake flow.

The present results and conclusions will help to the further understand the interaction
mechanism between the floating platform and the wind turbine and contribute to the development
of advanced dynamic controller of the FOWT system. Nevertheless, it is noted that the winds and
waves in realistic environment are not always collinear and much more complex than those in the
simulations. The blade-pitch controller and rotor-speed regulator are important when the FOWT is
in operation, while they are not considered in the present work. Therefore, more numerical
simulations will be conducted to further study the coupled aero-hydrodynamic characteristics of the
FOWT system with various control strategies under irregular waves and random winds in the future.
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