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A B S T R A C T   

The atmospheric boundary layer (ABL) inflow has significant effects on behaviors of floating offshore wind 
turbine (FOWT), especially for large-size wind turbine. In this study, numerical investigation of aerodynamics 
and wakes of a semi-submersible FOWT under ABL inflow is performed. The quasi-equilibrium ABL wind field is 
generated by large eddy simulations (LES) with sufficient simulation duration. The FOWT wakes are modeled by 
incorporating LES and actuator line model (ALM) in the computational fluid dynamics (CFD) framework, and the 
FOWT dynamic responses are simulated by FAST code. A two-way coupling procedure is employed, in which the 
wind velocity around wind turbine sampled in CFD framework and the wind turbine’s body forces and positions 
solved by FAST code are delivered to each other. The simulation case of a bottom-fixed wind turbine is performed 
to provide some comparable data. It is revealed that the power variation of FOWT is dominated by atmospheric 
turbulence, more than platform motions. The slightly enhanced out-of-plane shear force and bending moment of 
FOWT are caused by platform motions. Owing to the entrance of ambient atmospheric flow into wind turbine 
wakes, significant deflection of wakes is visualized. In addition, the wake center of FOWT is far away from hub 
height level due to pitch motion of platform, which is a potential benefit factor for downstream wind turbines. 
The spatiotemporal characteristics of turbulence intensity in FOWT wakes are complex, and the discrepancies of 
wakes between floating and bottom-fixed scenarios are not significant.   

1. Introduction 

The floating offshore wind turbine (FOWT) has become a hot topic 
over the past few decades. For the design of FOWT, accurate prediction 
of its dynamic responses (i.e., aerodynamic performance, hydrodynamic 
responses and mooring tension) is one of the challenges. However, due 
to the coupling characteristics between components of the FOWT, as 
well as the complex atmospheric inflow and extreme sea conditions, 
accurate prediction of dynamic responses of FOWT needs further in
vestigations. In order to systematically investigate the dynamic re
sponses of FOWT under realistic environment conditions, as well as to 
evaluate the design reliability, some FOWT prototypes have been 
designed and installed. For instance, the Hywind Demo 2.3 MW FOWT 
(Skaare et al., 2015), the WindFloat 2 MW FOWT (Roddier et al., 2010) 
and the 1:8 scale prototype of 6 MW FOWT called VolturnUS (Viselli 
et al., 2016), etc. Although those FOWT prototypes are operated under 

real environmental conditions and can reflect the most realistic mech
anism, it is hard and unrealistic to assess their behaviors under specified 
environment conditions. Specifically, waiting for typhoon to investigate 
the FOWT’s performance and safety under extreme sea conditions may 
cost a few years or more. In contrast to the FOWT prototypes, experi
ments of scale-down FOWT model have the ability to guarantee desired 
incident wind and wave conditions. Therefore, the scale-down experi
ments have been widely conducted to study dynamic responses of FOWT 
(Amaral et al., 2021; Gueydon et al., 2021; Li et al., 2018a). Although 
the experimental works exhibit some interesting results, the Froude and 
Reynolds number scaling laws cannot be simultaneously guaranteed 
(Otter et al., 2022). 

In recent years, with the aim of avoiding limitations of prototypes 
and model experiments, the numerical methods have been proposed to 
study dynamic responses of FOWT. Lots of analysis codes have been 
developed and employed to predict the fully-coupled aero-hydro-moor- 
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servo dynamics of FOWT, such as FAST, 3Dfloat, Bladed and HAWC2 
(Atcheson et al., 2016; Jonkman and Buhl, 2005; Nygaard et al., 2016; 
Robertson et al., 2014a). The aerodynamic force calculated by those 
codes almost all use blade element momentum (BEM) theory, which is a 
commonly used method in real-world engineering field. In order to 
pursue more accurate results, correction models are introduced into the 
BEM based on the experience of researchers (Madsen et al., 2010). 
Additionally, Matha et al. (2011) pointed out that the inflow wind 
conditions of FOWT are more sophisticated, compared to that of 
bottom-fixed wind turbine (BFWT). This indicates that the application of 
BEM method on the predictions of aerodynamic loads of FOWT needs 
further investigations (Sebastian and Lackner, 2013). 

Owing to the significant development of high-performance com
puters, computational fluid dynamics (CFD) models have been proposed 
for studying dynamic responses of FOWT. By incorporating the STAR- 
CCM + and developed in-house code, Tran et al. (Tran and Kim, 2016a) 
proposed a aero-hydrodynamic numerical framework for FOWT. The 
overset mesh technique is employed to address large movements of 
FOWT. The dynamic responses of FOWT are comprehensively validated, 
including unsteady aerodynamics, platform hydrodynamics and 
aero-hydrodynamic responses. However, it should be mentioned that 
the fully resolved CFD simulations of FOWT are computationally unaf
fordable. Troldborg et al. (2007) noted that the actuator line model 
(ALM) can reduce the computational costs by representing wind turbine 
blades with virtual actuator lines, while the desirable results are guar
anteed by solving the Navier-Stokes equations of flow field. Conse
quently, the unsteady ALM (UALM) was proposed for the aerodynamics 
of FOWT by considering an additional velocity caused by platform 
motions (Huang et al., 2019, 2021, 2022; Li et al., 2015; Huang and 
Wan, 2019a). Cheng et al. (2019) studied the dynamic characteristics of 
a semi-submersible FOWT based on the UALM method. Besides, Huang 
and Wan (2019b) explored the aero-hydrodynamic interactions of a spar 
FOWT under various platform motion modes and wind turbine states. 

As the size of FOWT increases with aim of increasing captured wind 
energy and decreasing levelized cost of energy, the effect of atmospheric 
boundary layer (ABL) with high turbulence and non-stationary 
(Porté-Agel et al., 2020) on dynamic responses of FOWT becomes 
more significant. Therefore, a realistic representation of ABL inflow is 
critical for the design of FOWT. Two turbulence models are recom
mended by the International Electrotechnical Commission (IEC) stan
dard for simulations of ABL wind field, the Mann spectral tensor model 
(Mann, 1994) and the Kaimal spectral and exponential coherence model 
(Kaimal et al., 1972), hereafter referred to as “Mann model” and “Kaimal 
model”, respectively. Li et al. (2018b) investigated the influences of ABL 
wind field generated by Kaimal model on aerodynamics of a FOWT. 
Their findings indicated that the power generation is sensitive to the ABL 
wind field. Putri et al. (2020) drew an interesting conclusion that the 
lower wind lateral coherence of Mann model results in significant in
crease of tower base side-side bending moment and tower top torsional 
moment, in comparison with that of Kaimal model. 

Large eddy simulations (LES) are employed in recent years to 
generated more realistic ABL wind fields. Compared to the LES and 
offshore measurements, generation of ABL wind fields using the Mann 
and Kaimal models exhibits a significant discrepancy for the spatio
temporal distribution of coherence (Nybø et al., 2020). Doubrawa et al. 
(2019) pointed out that the Kaimal model matches the high-fidelity LES 
wind field more closely than the Mann model at higher wind speeds, 
whereas the opposite is true at lower wind speeds. They also emphasized 
that the fatigue loads of a FOWT predicted by the two models are 
overpredicted in higher wind speed situations and underpredicted in 
lower wind speed cases. Some studies found that the fatigue life of 
mooring cables of a spar type FOWT estimated by Kaimal model is twice 
that of Mann model (Eliassen and Obhrai, 2016; Godvik, 2016). In 
addition, by applying more realistic models, the LES and a method using 
wind measurements from offshore site, the Mann model and Kaimal 
model have been proved that may lead to inaccurate predictions for the 

dynamic responses of FOWT (Nybø et al., 2022). Consequently, sys
tematic studies should be performed to further evaluate the ability of the 
two models for generating the realistic ABL wind fields (Meneveau, 
2019). 

For the studies of wind turbine subjected to ABL wind field simulated 
by LES, the relevant studies for BFWT are more common compared to 
those of FOWT. Lu and Porté-Agel (2011) investigated the wake char
acteristics of a wind turbine subjected to the ABL wind field in neutral 
state. Due to the collective effects of turbulent inflow, Coriolis force and 
rotating turbine blades, asymmetry of wind turbine wakes were 
observed. Ning and Wan (2019) studied the wake meandering effect, 
which was caused by large-scale atmospheric turbulence and has sig
nificant effects on the operation performance of downstream wind tur
bine. Similarity, Churchfield et al. (2012a) examined the influence of 
atmospheric inflow and wind turbine wakes on the dynamic responses of 
wind turbine. It is shown that the loads on wind turbine caused by at
mospheric inflow are as significant as that of upstream wind turbine 
wakes. In addition, Lee et al. (2012) noted that the effects of atmospheric 
stratification on the fatigue loads of wind turbine are significant. The 
platform motion is not considered in above studies, however, it can 
change the inflow condition of FOWT and has significant effects on wind 
turbine aerodynamics and wakes (Xu et al., 2022). The numerical results 
from Tran and Kim (2016b) showed that the gap distances among 
blade-up vortex tubes is variable due to contributions of platform surge 
motion and strong vortex-wake interactions. Huang et al. (Huang and 
Wan, 2019b) pointed out that the platform pitch motion has significant 
impacts on local relative wind speed of rotating blades, and wake 
deflection phenomenon is clearly observed in near wake region when 
platform pitch motion is considered. Zhang and Kim (2018) studied the 
aerodynamics for both FOWT and BFWT, and they found the rotor thrust 
of FOWT is increased by 7.8% compared to that of fixed scenario, 
whereas the rotor power is decreased by 10%. Johlas et al. (2019) 
investigated the wakes of a spar buoy FOWT immersed in ABL wind field 
and compared the results with those of fixed scenario. The differences in 
wake shape between floating and fixed cases are related to mean plat
form displacements, while the differences in wake turbulence are related 
to time-varying platform motion. After that, they conducted an inves
tigation for the impacts of floating platform types on FOWT wakes 
(Johlas et al., 2020). It was discovered that the wakes of FOWT are 
deflected upwards compared to fixed wind turbine wakes, and spar wake 
deflects upwards more than the semi-submersible. 

In this study, we perform numerical simulations to investigated the 
differences of wind turbine aerodynamics and wakes between FOWT 
and BFWT immersed in the ABL wind field simulated by LES. The 
precursor-successor simulation strategy is employed, in which the LES 
with sufficient simulation duration is employed to generate the quasi- 
equilibrium ABL wind field. Subsequently, the ABL wind field is intro
duced into successor stage that the wind turbine wakes and fully- 
coupled dynamics are simulated. The wind turbine wakes are modeled 
by the LES framework incorporated with the ALM, and the fully-coupled 
dynamics are solved using the FAST code. 

The remainder of this study is organized as follows. In Section 2, the 
numerical methods composing of governing equations, aerodynamic 
modeling and simulation procedure are presented. The employed FOWT 
model, the computational setup for generation of ABL wind field, 
simulation of the wind turbine and wind-wave conditions are illustrated 
in Section 3. In Section 4, the numerical validation of aerodynamic 
performance of BFWT and platform motions of FOWT are presented, as 
well as the simulated ABL wind field. We present numerical results with 
some discussions in Section 5, and the main conclusions are summarized 
in Section 6. 
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2. Numerical methods 

2.1. Governing equations 

The LES technology is adopted to solve the spatial filtered continuity 
equation, momentum equation: 
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where the overbar denotes the spatial filtered value. ui is the instanta
neous spatial filtered velocity vector in three directions (i = 1, 2, 3 
denote the streamwise (x-axis), spanwise (y-axis) and vertical (z-axis) 
directions). For the filtered momentum conservation equation, Term I is 
the gradient of modified pressure. Term II is the gradient of background 
pressure to drive fluid field move forward. Term III is the Coriolis force 
caused by earth rotation. Term IV is the divergence of deviatoric part of 
the fluid stress tensor. Note that the molecular viscous effect is not 
considered due to high Reynolds number of flow in ABL turbulence. 
Term V is the source term of body force of wind turbine, which is used to 
reflect the effects of wind turbine on flow field. More details about the 
governing equations can refer to (Churchfield et al., 2012a). 

In the LES, the turbulence structures larger than the filter scale are 
directly captured and resolved, whereas the contribution of unresolved 
turbulence structures are modeled based on a subgrid-scale (SGS) 
model. The stress τD

ij is solved by a linear relationship: 

τD
ij = − 2υSGSSij (3)  

where υSGS is the SGS viscosity and calculated by the Smagorinsky model 
(Smagorinsky, 1963) and Sij is the resolved strain-rate tensor, as shown 
in following equations: 
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where Cs is a model constant, here we set to 0.13. Δ = (ΔxΔyΔz)
1/3 is the 

filter width, Δx, Δy and Δz are the local mesh lengths in x-, y- and z- 
directions, respectively. 

2.2. Aerodynamic modelling 

The ALM is employed to model the wind turbine blades, which was 
originally proposed by Sørensen and Shen (Sorensen and Shen, 2002). 
The basic idea behind the ALM is to represent wind turbine blades using 
rotating lines with body forces of two-dimensional blade elements along 
the radial direction. The body forces are determined by blade element 
theory, and subsequently, projected to the flow field to reflect the effects 
of wind turbine. Compared to the blade-resolved modeling, the 
computational costs are reduced by the ALM, while the accuracy of 
numerical results is guaranteed by using the CFD technique for solution 
of flow field. The body force of two-dimensional blade element is 
expressed by: 

f = (L,D) =
1
2

ρU2
relcdr(CL⇀ eL + CD⇀ eD) (6)  

where L and D are the lift and drag forces, ρ denotes the air density, Urel 
is the relative inflow wind velocity, c represents the chord length of two- 
dimensional blade element, dr is the width of blade element, CL and CD 

denote the coefficients of lift and drag, which are determined by the 
local angle of attack, eL

⇀ and eD
⇀ are the unit vectors of lift and drag forces. 

Fig. 1 shows the velocity vectors of the two-dimensional blade 
element. Compared to the original ALM for aerodynamic modeling of 
BFWT, the additional velocity UM caused by platform motions is 
considered. The local attack angle α is determined by: 

α = φ − β,φ = tan− 1
(

Uz + UM,z

Ω × r + UM,θ − Uθ

)

(7)  

where φ denotes the local inflow angle, β represents the local pitch 
angle. Uz, Uθ are the axial and tangential components of inflow wind 
vector, UM,z, UM,θ are respectively the axial and tangential parts of 
additional velocity vector induced by platform motions. Ω is the rotor 
speed, r is the radial distance of the local two-dimensional blade element 
from rotor center. Once the local attack angle is determined, the body 
force is determined by the Equation (6). 

As aforementioned, the source term of body force of wind turbine is 
added into momentum equation to reflect the distributions of wind 
turbine on flow field. The Gauss kernel function is employed, with the 
aim of avoiding numerical singularity and obtaining desired results. The 
body force after smoothing is as follows: 
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where N is the number of body forces of wind turbine blades, (xi, yi, zi) is 
the position of i-th body force, di denotes the distance between body 
force and projection position, ε is the projection width, here we set ε ≈

2Δx as recommended by Troldborg (Troldborg et al., 2007), where Δx is 
the mesh scale near wind turbine blades. 

2.3. Simulation procedure 

The simulation procedure of FOWT subjected to the ABL wind field is 
illustrated in Fig. 2. Two numerical simulation stages are conducted, 
including a precursor stage for generation of ABL wind field and a suc
cessor stage for simulation of coupled behaviors of FOWT. More spe
cifically, two steps of precursor stages are utilized. Step 1 is used to 
develop the quasi-equilibrium ABL flow field based on the LES with 
sufficient simulation duration. An additional continuity simulation, 
namely Step 2, is employed to save the time histories of inflow wind 
conditions for successor stage. In the successor stage, the FOWT is 
introduced into the ABL wind field, and the wakes and fully-coupled 
behaviors are conducted. 

The generation of ABL wind field of precursor stage and the wake 
modeling of successor stage are performed in SOWFA (Churchfield et al., 
2012b), which is a LES framework developed by National Renewable 
Energy Laboratory (NREL) based on the open source CFD framework 

Fig. 1. The velocity vectors of the two-dimensional blade element.  
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OpenFOAM (Greenshields, 2015) and applied for the simulations of 
large wind farm. The fully-coupled behaviors of FOWT under ABL inflow 
and incident wave are solved by FAST v8.16 (Jonkman and Buhl, 2005), 
which is an aero-hydro-servo simulation suite composed of AeroDyn for 
aerodynamic modeling, Elastodyn for structural dynamics, HydroDyn 
for time-domain hydrodynamics, InflowWind for one-way coupling with 
turbulence flow field, MoorDyn for mooring dynamics and ServoDyn for 
wind turbine control. Note that the two-way loose coupling between the 
FAST and the ALM is developed and proposed by SOWFA. Specifically, 
the flow field is resolved by incorporating LES and ALM, in which the 
inflow wind velocities are sampled along wind turbine blades and 
delivered to FAST. The fully-coupled dynamics of FOWT are simulated 
in FAST, and the body forces and positions of wind turbine are feedback 
to the LES framework for simulation of next time step. Note that the 
momentum part of blade element momentum theory for aerodynamics 
of FOWT is replaced by the ALM in the coupling procedure. 

3. Computational set up 

3.1. Floating wind turbine model 

The semi-submersible FOWT of the Offshore Code Comparison 
Collaboration Continuation (OC4 Phase II) project (Coulling et al., 2013; 
Masciola et al., 2013; Robertson et al., 2014b) is adopted as the research 
object. The FOWT system includes the following three subsystems: the 
NREL 5 MW baseline wind turbine, the DeepCwind semi-submersible 
floating platform and the mooring system. The NREL 5 MW baseline 
wind turbine (Jonkman et al., 2009) is a conventional upwind turbine 
with three blades. The rated wind speed and rated power are 11.4 m/s 
and 5 MW, respectively. Table 1 shows the gross parameters of the wind 
turbine. In addition, a control system consisting of pitch controller and 
torque controller is incorporated to regulate the power output according 
to inflow wind speeds. Specifically, in above-rated wind speed scenarios, 
the blade pitch angle is increased by pitch controller to limit the power 
output. While in below-rated wind speed scenarios, the torque controller 
is active to maximize power generation by varying the rotor speed. 

The OC4 semi-submersible floating platform is adopted to provide 
the buoyancy and support the wind turbine. The floating platform is 
composed of three offshore columns, one main column and several 

pontoons, in which the offset columns present a triangle arrangement 
with the main column located at its center. Table 2 shows the gross 
parameters of OC4 semi-submersible floating platform. The draft of this 
floating platform is 20 m, and the top of this floating platform is 10 m 
above the sea water level (SWL). Total mass of the floating platform is 
13,473,000 kg and mass center is 13.5 m below the SWL. 

The mooring system including three mooring lines is used to limit the 
platform motions and guarantee the operational safety of FOWT system. 
The mooring lines are arranged symmetrically with 120◦ offset between 
adjacent lines. In this study, we set the mooring line 2 parallel to the 
direction of combined wind-wave, as well as aligned with the direction 
of platform surge motion. Table 3 exhibits the gross parameters of 
mooring system. The depth of anchors and fairleads are 200 m and 14 m, 
respectively. 

3.2. Precursor stage 

Differently from the stochastic turbulence generation method, such 
as TurbSim with the Mann and Kaimal models, the simulation strategy of 
precursor stage is employed, in which the LES with sufficient simulation 
duration is used to generate the ABL wind fields. The size of calculation 
domain in three directions are 3000 m, 1000 m and 1000 m, respec
tively, as shown in Fig. 3. The mesh resolution in the three directions is 
10 m, and the corresponding number of cells is 3 million. The cyclic 
boundary conditions are employed for four lateral boundaries. The top 
boundary is set to slip condition, where geostrophic wind direction is 
regarded as horizontal at this height. Note that this study is a wall- 
modeled LES, we employ the Moeng surface stress model (Moeng, 
1984) to calculate the shear stress at the surface, and surface roughness 
of 0.001 is chosen as the representative sea surface condition. At the 
initial time instant, uniform wind with speed of 11.4 m/s fills the whole 
computational domain (including four vertical boundaries), and the 
wind direction is 270◦ corresponding to west wind inflow. The simula
tion time of precursor stage is 18000s, with the purpose of developing 
quasi-equilibrium ABL wind field, and the time step is 0.2s. Besides, in 
order to generate the time histories of inflow boundary for simulation of 
successor stage, an additional continuity simulation of 1000s is 
performed. 

3.3. Successor stage 

The aim of successor stage is to simulate the FOWT under combined 
ABL wind field generated in the precursor stage and incident waves. 
Note again that the wake modeling of FOWT is based on the combination 
of the LES and the ALM considering platform motions, while the dy
namic responses are simulated by FAST code. The computational 
domain and resolution of background mesh are identical to that of the 
precursor stage, more specifically, 3000m × 1000m × 1000m and 10m ×

10m × 10m in x-, y- and z-axis directions, respectively. The wind turbine 
is located downstream 800 m of the inflow boundary, as shown by the 
black solid line in Fig. 4. A two-level mesh refinement with hexahedral 
area is conducted, with the aim of capturing flow details of wind turbine 
wakes accurately. The size of first-level mesh refinement domain in x-, y- 
and z-axis directions are 13D, 4D and 3D, respectively, where D denotes 
the rotor diameter of 126 m. For the hexahedral domain of first-level 

Fig. 2. The simulation procedure of FOWT subjected to the ABL wind field.  

Table 1 
The gross parameters of the NREL 5 MW wind turbine.  

Term Value 

Rated power 5 MW 
Rotor orientation Upwind 
Blade number 3 
Rotor, hub diameter 126 m, 3 m 
Hub height 90 m 
Cut-in, rated, cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s 
Cut-in, rated rotor speed 6.9 rpm, 12.1 rpm  

Table 2 
The gross properties of OC4 semi-submersible floating platform.  

Term Value 

Draft 20 m 
Elevation of platform top 10 m 
Elevation of offset columns 12 m 
Platform mass 13,473,000 kg 
Displacement 13,986.8 m3 
Centre of mass (0 m, 0 m, 13.5 m)  
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mesh refinement, the wind turbine is positioned 3D from the upstream 
boundary. With respect to the second-level mesh refinement, the hex
ahedral domain is reduced by 2D, 1D and 1D in three directions, 
respectively. Mesh resolution around the wind turbine is 2.5m × 2.5m ×
2.5 m, and the mesh number is 12 million. 

The boundary conditions of successor stage are also identical to those 
of precursor stage, except the upstream and downstream boundaries. 
Specifically, the upstream boundary is modified to mapping condition of 
time histories, with the purpose of using atmospheric wind data saved in 
the precursor stage. The downstream boundary is modified to zero 

gradient condition to prevent the turbine wakes to cyclically enter up
stream boundary. The simulation time of successor stage is 1000s, which 
is consistent with the additional simulation time of precursor stage for 
generation of time histories of boundary conditions. When the FOWT is 
introduced to ABL wind field, the time step is reduced to 0.02s to satisfy 
the CFL convergence condition. We exclude the first 300s data for the 
analysis of results to eliminate transient effects of wind turbine startup. 

We employ the aero-hydro-servo simulation code FAST for the sim
ulations of OC4 semi-submersible FOWT. Note again that the velocities 
of wind turbine are resolved and sampled by the LES framework, 
therefore, the momentum part of blade element momentum theory in 
AeroDyn is replaced by the ALM and InflowWind module is inactive. The 
simulation time in FAST is 1000s, whereas the time step is 0.005s, 
indicating four steps of FAST simulation are available in a time step of 
LES framework. 

3.4. Inflow conditions 

The inflow conditions of combined wind and wave simulations are 
illustrated in Table 4. The atmospheric turbulence inflow with wind 
speed of 11.4 m/s at hub height is employed as the inflow wind condi
tion, which is generated using the LES with sufficient simulation dura
tion in precursor stage. The wave condition is Stokes first-order regular 
wave with wave height and wave period being 7.58 m and 12.1s, 
respectively. It is noted that the LES incorporated with ALM is used to 
resolve the flow field. After that, the LES framework samples the wind 
velocities on turbine blades and delivers them to the FAST for fully- 
coupled dynamic responses. Subsequently, the positions and body 
forces of wind turbine are updated and fed back to the LES framework 
for simulation of next time step. We also conduct a baseline case with 
fixed platform degrees to study the effects of platform motions on 
aerodynamics and wakes of the FOWT. 

4. Numerical validations 

4.1. Dynamic responses of wind turbine 

In order to validate the reliability and accuracy of the numerical 
framework used in present work, the aerodynamic performance of 
BFWT and hydrodynamic responses of FOWT are compared with other 
numerical methods. Fig. 5 illustrates the rotor power and rotor thrust of 
BFWT with different steady wind speeds, it is concluded that the aero
dynamic performance of BFWT is accurately predicted in this work, 
compared to the results of Cheng et al. (2019) and FAST engineering 
code. Fig. 6 shows the surge motion and pitch motion of FOWT with 
different numerical methods. Note that the steady wind speed is 11 m/s 
as consistent with Tran et al. (Tran and Kim, 2016a), while the incident 
wave is the same as in Table 4. The surge motion and pitch motion of 
FOWT simulated by present work show a good agreement with those of 
Tran et al. (Tran and Kim, 2016a) and FAST engineering code, although 
some small differences are observed. Consequently, the numerical 
framework used in this work has the ability to accurately predict the 
aerodynamics and wakes of FOWT. 

4.2. Simulated ABL wind field 

To ensure the dynamic responses of FOWT subjected to ABL wind 

Table 3 
The gross parameters of the mooring system.  

Term Value 

Depth to anchor, fairlead 200 m, 14 m 
Radius to anchor, fairlead 853.7 m, 40.868 m 
Length, diameter of mooring line 835.5 m, 0.0766 m 
Equivalent line mass density, extensional stiffness 113.35 kg/m, 753.6 MN  

Fig. 3. The computational domain and boundary conditions of the precur
sor stage. 

Fig. 4. The computational domain and mesh refinement of the successor stage: 
(a) xy plane and (b) xz plane. 

Table 4 
The inflow conditions of the cases.  

Case Wind Wave Platform 
motions 

Fixed Atmospheric inflow:11.4 
m/s at hub height 

Stokes first-order regular 
wave: H = 7.58 m, T =
12.1s 

Fixed 
Floating Released  
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field are correctly evaluated, it is important to validate the character
istics of ABL wind field generated by the LES. Fig. 7 shows the time- 
averaged vertical profiles of wind velocity, wind direction and turbu
lence intensity with three components. The wind shear is reproduced 
due to the roughness of sea surface, and the time-averaged wind speed at 
hub height is well matched with the rated wind velocity of 11.4 m/s. 
What’s more, the simulated profile of wind speed shows the desired 
logarithmic law. Due to the fact that Coriolis force caused by earth 
rotation is take into consideration, the wind direction deflects to right 
with height, which is not reproduced by the stochastic turbulence model 
(Doubrawa et al., 2019). Three components of turbulence intensity are 
presented, in which the turbulence intensity at hub height in x-, y- and 
z-axis directions are 4.68%, 3.27% and 1.45%, respectively. 

Fig. 8 presents the time histories of three components of wind ve
locity sampled at a point located at hub level. It is shown that the ve
locities of three components vary drastically throughout the time 
domain, and the amplitude of oscillations is over 2 m/s. In addition, the 
power spectrums of velocity fluctuations in the hub height plane are 

exhibited. The power spectrums show a good agreement with the − 5/3 
slope (Pope, 2000), indicating that the energy cascade from large scales 
to small scales are well reproduced by the LES (Churchfield et al., 
2012a). 

5. Numerical results 

5.1. Floating platform motions 

The discrepancies of aerodynamic responses and wake characteris
tics between the FOWT and the BFWT are attributed to the motion of 
floating platform. Therefore, Fig. 9 shows the platform motions of the 
FOWT. As it is shown, the time-averaged sway and roll are − 0.005 m 
and 0.23◦, with small amplitude variations. In addition, the mean value 
and amplitude of yaw are − 0.02◦ and 1.3◦, respectively. It is believed 
that the influences of the above three platform motions on aerodynamic 
responses and wake characteristics are negligible. The platform surge 
exhibits changes with smaller but irregular amplitude, whereas this 

Fig. 5. Aerodynamic performance of BFWT with different numerical methods: (a) rotor power; (b) rotor thrust.  

Fig. 6. Platform motions of FOWT with different numerical methods: (a) surge; (b) pitch.  

Fig. 7. The time-averaged vertical profiles of the generated quasi-equilibrium ABL wind field: (a) wind velocity; (b) wind direction; (c) turbulence intensity. Three 
dashed lines denote the top, middle and bottom of rotor area, respectively. 
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irregular variation is not evident for the heave. However, if a lighter 
floating platform is employed, i.e., the spar buoy platform, the platform 
heave may exhibit irregular variation due to the contribution of vertical 
component of aerodynamic thrust. The mean value of the pitch motion is 
3.1◦, in addition, the periodic variation caused by regular wave and the 
irregular variation due to aerodynamic thrust are observed. 

5.2. Power generation 

The aerodynamic power outputs of the FOWT and BFWT are illus
trated in Fig. 10. The variation of aerodynamic power is caused due to 
the turbulence structures inside ABL wind field. In addition, the low 
power output lasting more than 50s is clearly observed. The variation of 
aerodynamic power of FOWT is exacerbated due to the platform motions 
excited by incident wave, compared to that of the BFWT. In order to 
provide a quantitative insight, Table 5 shows the statistics of aero
dynamic power of the two wind turbines, including the values of 
maximum, minimum, mean, root mean square and standard deviation. 
The mean aerodynamic power of FOWT is 5.17 MW, which is almost 
identical to the BFWT of 5.20 MW. Because of the effects of platform 
motions, the maximum and standard deviation of aerodynamic power of 
the FOWT are higher compared to that of the BFWT, while the minimum 
is decreased. However, the variation of aerodynamic power induced by 
platform motions (reflected by discrepancy of the power output between 
the two scenarios) is not sufficient compared to that of the atmospheric 
turbulence (reflected by the power output of BFWT). Consequently, it 
can be concluded that compared to platform motions, the variation of 
power output of the FOWT under the specified wind-wave in this paper 

is more dominated by atmospheric turbulence. 
Two time instants from Fig. 10 are selected to further explore the 

potential reasons for the variation of aerodynamic power. The first 
moment is 18330s for analysis of relative higher aerodynamic power, 
and the second moment is 19000s for relative lower aerodynamic power 
scenario. It is noted that the selected moments for wind turbine simu
lations are 330s and 700s, due to the fact that first 18000s is used to 
generate the quasi-equilibrium ABL wind field. Fig. 11 illustrates the 
contours of instantaneous streamwise velocity in hub height plane for 
the two selected moments. Only the velocity contours of the FOWT are 
presented, whereas those of the BFWT are not exhibited due to the 
similar characteristics. The large-scale turbulence structures with high 
velocity, the wind turbine wakes with low velocity, the wake 
meandering and the wake recovery are clearly visualized. In addition, it 
is found the inflow wind velocity on rotor plane at 18330s is higher than 
that at 18700s, which is responsible for the higher aerodynamic power. 

5.3. Structure responses 

In this section, the yaw moment of wind turbine rotor, the blade-root 
out-of-plane shear force and bending moment of one blade are exam
ined. The yaw moment denotes bending moment about the yaw axis of 
nacelle. The blade-root out-of-plane shear force denotes shear force at 
blade root caused by aerodynamic force exerted on wind turbine blade, 
and the out-of-plane bending moment is caused by shear force distrib
uted along the blade. More detailed definitions about these three 
quantities can be obtained in (Jonkman and Buhl, 2005). The yaw 
moment is analyzed to have a possible insight and reference for the yaw 

Fig. 8. The three components of the wind velocity: (a) time histories sampled at a point located at the hub height; (b) power spectrums of the velocity fluctuations in 
the hub height plane. 
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control of the FOWT subjected to ABL wind field. Besides, the blade-root 
out-of-plane shear force and bending moment are investigated due to the 
fact that the blade root is a key position of the connection between hub 

and blade, in which the structure fatigue and failure are significantly 
suffered. 

Fig. 12 illustrates the yaw moment of the FOWT and the BFWT. The 
complex variation on yaw moment is observed, which can also be 
attributed to the complex atmospheric inflows. More specifically, the 
variation of yaw moment in time domain is dramatic, and its value at 
18830s is significant. Compared to the BFWT, the yaw moment of the 
FOWT presents a slightly enhanced amplitude. However, the enhanced 
amplitude is insignificant compared with the hugely variations induced 
by atmospheric turbulence. Table 6 illustrates the statistics of yaw 
moment for the floating and bottom-fixed scenarios. The amplitudes of 
the floating and bottom-fixed scenarios are 3617 kN m and 3304 kN m, 
respectively. The increased amplitude due to platform motions is 331 

Fig. 9. The platform motions for the FOWT. The red dotted line represents the time-averaged value.  

Fig. 10. The aerodynamic power of the FOWT and the BFWT. Two black dotted 
lines denote the moments of relative higher and lower aerodynamic power, 
corresponding to the simulation time of 18330s and 19000s (330s and 1000s of 
wind turbine simulations). 

Table 5 
The statistics of aerodynamic power for the two wind turbines.  

Case Aerodynamic power (MW) 

Max Min Mean Rms Std 

Floating 5.91 4.13 5.17 5.18 0.31 
Fixed 5.86 4.32 5.20 5.20 0.26  
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kN m, which is insignificant compared to the amplitude of yaw moment 
of BFWT. In addition to amplitude, the distinctions of root mean square 
and standard deviation between the two scenarios are also not evident. 
Therefore, in the implementation of active yaw control on floating wind 
farms to maximize power generation, more efforts should be dedicated 
on the significant yaw moment caused by atmospheric turbulence rather 
than the slightly increased values due to platform motions. 

Fig. 13 shows the power spectrum of yaw moment for the FOWT and 
the BFWT. The peak of blade-passage frequency fb is the most visible, 
which is three times of rotor revolution frequency. The multi-scale 
turbulent structures exist in the atmosphere, where the turbulence 
scales vary from the order of mm to km (Stull, 1988). Consequently, the 
force exerted on wind turbine blades has a wide frequency range, 
leading to the visible peaks of harmonics multiple of blade-passage 
frequency fb. Besides, it is shown that the amplitudes are decreased 
with increasing frequency. Compared to the BFWT, the yaw moment 

spectrum of the FOWT exhibits the peak of incident wave frequency fw. 
However, the amplitude of this frequency peak is not significant, 
reflecting the minor effects of platform motions on yaw moment. 

The time histories of out-of-plane shear force and bending moment 
for one blade are illustrated in Fig. 14. The out-of-plane shear force of 
the BFWT shows a complex characteristic due to the contributions of 
wind shear and atmospheric turbulence. Because of the increased hori
zontal component of blade gravity attributed to platform pitch motion, 
the enhanced tend for floating scenario is visualized. Since the out-of- 
plane bending moment is caused by shear force, the similar conclusion 
is concluded. Moving towards the quantitative analysis of out-of-plane 
shear force and bending moment, as presented in Table 7. The 
enhanced mean value of out-of-plane shear force caused by platform 
motions is 10.7 kN, which is insufficient compared to the mean value of 
the bottom-fixed scenario and consistent with the above analysis of yaw 
moment. However, a distinction from the yaw moment is that the 
increased standard deviation of floating scenario is more notable 
compared to that of bottom-fixed one. The same conclusion can be 
addressed for the analysis of out-of-plane bending moment. 

Fig. 15 shows the corresponding power spectrums of the above two 
quantities for the FOWT and the BFWT. The peak of rotor revolution 
frequency fr is visible, reflecting the asymmetry of vertical load distri
bution due to the wind shear and turbulence in atmospher. Consistent 
with the spectrums of the yaw moment, the peaks of harmonics of rotor 
revolution frequency fr are visible and its amplitudes decrease with 
increasing frequency. Additionally, the peak of incident wave frequency 
fw for the FOWT is observed compared to the bottom-fixed case, which 
indicates that the loads on rotor root are highly related to the platform 
motions excited by incident waves. The peaks of two additional fre
quencies on the both sides of rotor revolution frequency fr, 0.12 Hz and 
0.28 Hz are evident. The two frequencies were also found on the normal 
force at the section of 0.8 times rotor radius of the blade (Wang et al., 
2021). Note that the rotor revolution frequency fr is approximately 0.21 
Hz at the rated wind speed, and a decreased rotor revolution frequency 
is available at below rated wind speed. Therefore, in order to avoid the 
fatigue loads and failure of the blade root caused by the frequency 
resonance between the rotor revolution frequency and the two addi
tional frequencies, additional considerations of rotor revolution fre
quency under operational conditions must be included. 

5.4. Wake velocity 

Due to the wind energy extracted from the wind field, the turbine 
wakes show decreased wind speed and increased turbulence intensity. 
Figs. 16 and 17 show the contours of time-averaged streamwise velocity 
of horizontal and vertical planes for the FOWT and the BFWT, with the 
purpose of providing a visual insight of wind turbine wakes. For the 
velocity contours of horizontal plane, the wake width increases as the 
wake travels downstream. The velocity deficit in turbine wakes is still 

Fig. 11. The contours of instantaneous streamwise velocity in hub height plane 
for the FOWT: (a) 18330s and (b) 18700s. 

Fig. 12. The yaw moment of the FOWT and the BFWT.  

Table 6 
The statistics of yaw moment for the two wind turbines.  

Case Yaw moment (kN⋅m) 

Max Min Mean Rms Std 

Floating 2021 − 1596 − 78 539 534 
Fixed 1802 − 1502 − 123 530 516  

Fig. 13. The power spectrum of yaw moment for the FOWT and the BFWT. The 
fw and fb are incident wave frequency and blade-passage frequency, respec
tively, and y-axis denotes the power spectrum density. 
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evident even at 10D, which means that the downstream wind turbines 
are inevitably sited in the wakes of upstream wind turbines, particularly 
when the wind direction is aligned with wind farm layout. There are no 
noticeable visualizable differences between the floating and bottom- 
fixed scenarios. For the velocity contours in vertical plane, as shown 
in Fig. 17, the region influenced by wind turbine wakes and the growth 
of wake height are visualized. The wake recovery of the floating scenario 
is a little faster than that of the bottom-fixed scenario, as reflected after 
8D. Besides, the wake center of the FOWT is slightly higher, which can 
be attributed to platform static pitch. 

The wind turbine wakes can be divided into near-wake and far-wake 
based on the downstream distance from the wind turbine, and a typical 
length of near-wake region is 2–4 rotor diameters (Vermeer et al., 2003). 
When the wind turbine is modeled by the ALM, the flow details in 
near-wake region are not well captured compared to that of the 
blade-resolved modeling. Therefore, Abkar and Porté-Agel (2015) pre
sented the velocity deficit of wind turbine wakes from the downstream 

distance 4D to 20D with an interval of 4D, which is typically the 
far-wake region. Following the above idea, this study presents the hor
izontal and vertical profiles of wake velocity deficit of the two wind 
turbines from downstream distance of 4D to a closer far-wake distance of 
9D, but with a smaller distance interval of 1D, as shown in Figs. 18 and 
19. Due to the interaction between the wind turbine wakes and the 
ambient atmospheric wind field, the velocity recovery of turbine wakes 
is observed when the wake travels downstream. For the hub level plane, 
the asymmetric profile of velocity deficit is visible because of the 
complexity of atmospheric turbulence inflows. 

Small differences of wake deficit between the floating and bottom- 
fixed scenarios are observed both in horizontal and vertical profiles. 
For the horizontal profile, the velocity deficit of the FOWT at down
stream distance of 4D is more severe than that of the BFWT. However, 
this conclusion is reversed when the downstream distance is increased to 
8D. For the vertical profile of wake deficit, the height of wake center 
(here approximately the position of maximum velocity deficit) of the 
FOWT is higher than that of the BFWT, which is consistent with the 
above analysis of time-averaged velocity contours. Therefore, the wake 
center is gradually far away from the hub height level when the wakes 
travel downstream. A more quantitative analysis of the wake center for 
the two wind turbines is introduced in the following section. 

5.5. Wake center 

To supply a quantitative insight for the analysis of wake center po
sition, we calculate the time-averaged wake center with the Gauss fitting 
function, and the results are shown in Fig. 20. It can be seen that the 
wake center in the horizontal plane deflects to the left when the view is 
aligned with streamwise direction. Differences of wake center position 
in the horizontal plane between the FOWT and the BFWT are not 
evident. However, differences in vertical plane are more visible, 

Fig. 14. The structure responses of blade root for floating and bottom-fixed scenarios: (a) out-of-plane shear force; (b) out-of-plane bending moment.  

Table 7 
The statistics of out-of-plane shear force and bending moment for the two wind 
turbines, including the values of maximum, minimum, mean and standard 
deviation.  

Case Out-of-plane shear force (kN) 

Max Min Mean Rms Std 

Floating 322.3 221.8 270.9 271.5 17.33 
Fixed 303.0 215.8 260.2 260.6 14.25 

Case Out-of-plane bending moment (kN⋅m) 

Max Min Mean Rms Std 

Floating 11330 7204 9556 9580 668 
Fixed 10920 7545 9318 9337 594  

Fig. 15. The power spectrums of blade root structure responses for the FOWT and the BFWT: (a) out-of-plane shear force; (b) out-of-plane bending moment. The fw 

and fr denote incident wave frequency and rotor revolution frequency, respectively. 
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particularly for the far wake region such as 10D downstream distance. 
Specifically, the wake center height of the bottom-fixed scenario is 
approximately 0.8D, 0.1D higher than the hub height level. The wake 
center height of the floating scenario is approximately 0.9D, which is 
beneficial for the aerodynamic performance of downstream wind tur
bines because the wakes are driven far away from the hub height level 
due to the platform static pitch. Consequently, if the vertical staggered 
arrangement by changing tower height of floating wind farm is per
formed to improve the annual power generation, the wake deflection 
caused by the platform static pitch needs an additional consideration. 

In addition to the time-averaged wake centers, we also present the 
instantaneous wake center of vertical plane at 5D and 7D downstream 
distances for the two wind turbines, as illustrated in Fig. 21. Note that 
the wake center position in the horizontal plane is not shown here 
because of the minor differences between the two wind turbines. 
Consistently with the analysis above, the wake center of the floating 
scenario is slightly higher than that of the bottom-fixed scenario. Be
sides, we can clearly observe that the wake center position changes over 
time, which is referred to the effect of wake meandering. The difference 

between bottom-fixed and floating is enhanced with increasing down
stream distance. Consequently, the downstream wind turbines may be 
affected by the partial wakes of upstream wind turbines, leading to 
increased fatigue loads of downstream wind turbines. 

In order to understand the upward motion of wake center, two 
typical time instants are selected, one is 18410s for 5D downstream 
distance from wind turbine and another is 18440s for 7D downstream 
distance. Fig. 22 shows the instantaneous contours of streamwise ve
locity for the two specified moments. Note that the contours for the 
bottom-fixed scenario are not presented because it is not possible to 
distinguish any difference with respect to the FOWT case by simple vi
sual inspection. At 18410s, the wake expansion is evidently visible at 5D 
due to the breakdown of the wakes approximately at 3D. The outside 
atmospheric flow can easily enter the wind turbine wakes as shown at 
18440s at 7D downstream distance. Consequently, the large deflection 
of wake center highly depends on the mixing of the turbine wakes with 
the external atmospheric turbulence. 

5.6. Turbulence intensity 

Another important factor for wind turbine wakes is turbulence in
tensity, which is highly responsible for fatigue loads of downwind tur
bines (Rosen and Sheinman, 1996). We define the turbulence intensity 

TI =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1/3(I2x + I2

y + I2
x)

√
, where Ix, Iy and Iz are the three components of 

turbulence intensity. Some previous efforts have demonstrated that the 
time-averaged turbulence intensity (averaged in the last 700s) for the 
FOWT wakes is almost identical to that of the BFWT. Hence, the 
time-averaged plots of turbulence intensity are not shown here. The 
alternatives are instantaneous turbulence intensity of last time instant 
(19000s) at the horizontal hub plane and the vertical plane through 
rotor center. As illustrated in Fig. 23, the turbulence intensity is signif
icantly enhanced in the wind turbine wakes. The turbulence intensity at 
downstream 1D is significant, indicating that the shear layer between 
turbine wakes and the outer atmosphere is quickly breakdown. In 
Fig. 24, the turbulence intensity in wind turbine wakes from down
stream distance of 1D to 7D is significant, which can induce fatigue loads 
on downstream wind turbines. After the downstream wake distance of 
7D, the turbulent intensity gradually decreases. Some subtle distinctions 
are visualized if we observe carefully the instantaneous contours of 
turbulence intensity both in horizontal and vertical planes for the two 
scenarios, for instance, at the positions around the rotor plane, down
stream distances of 3D and 7D. However, those distinctions are insig
nificant because of the complex features of turbulence intensity in wind 
turbine wakes. Therefore, the effects of floating platform motions on the 
turbulence intensity in wakes are limited when the wind turbine is 
subjected to the atmospheric turbulence. 

One distinctive characteristic of atmospheric turbulence is the large- 
scale turbulence, as shown in Fig. 24, which has significant effects on 
wind turbine wakes. The instantaneous turbulence intensity between 
various computational moments (not shown here) have demonstrated 
distinct differences. Therefore, in order to examine the potential in
fluences of large-scale atmospheric turbulence on wind turbine wakes, 
we present the instantaneous contours of turbulence intensity of a ver
tical plane located at downstream distance of 7D, a typical spacing be
tween adjacent wind turbines insides wind farms, as shown in Fig. 25. 
The selected moments for the instantaneous contours are from 18500s to 
18900s with an interval of 50s. As expected, the turbulence intensity in 
wind turbine wakes is significantly enhanced. At 18500s, the maximum 
value of turbulence intensity occurs at the upper right of the rotor, 
whereas changes to upper left are visible at 18600s. The spatiotemporal 
variation of wind turbine wakes is complicated, and this is caused by the 
motions of large-scale turbulence, also called the wake meandering. The 
wakes in rotor sweep region of downstream wind turbine are also 
complex. Therefore, the systematic studies of FOWT wakes and its ef
fects on downstream wind turbines particularly for the fatigue loads and 

Fig. 16. The contours of time-averaged streamwise velocity of hub height 
plane for the two wind turbines: (a) the FOWT; (b) the BFWT. 

Fig. 17. The contours of time-averaged streamwise velocity of vertical plane 
through rotor center for the two wind turbines: (a) the FOWT; (b) the BFWT. 
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the structure failure are recommended. 

6. Conclusions 

In this study, we conduct the numerical investigation of a FOWT 
immersed in ABL wind field to investigate the effects of platform mo
tions on aerodynamic responses and wake characteristics. The NREL 5 
MW baseline wind turbine mounted on OC4 phase II semi-submersible 
floating platform is adopted as the simulation model. The quasi- 
equilibrium ABL wind field is generated by the LES with sufficient 
simulation duration in precursor stage. The wind turbine wakes and 
fully-coupled dynamics are simulated in successor stage, in which the 
ALM is employed to simulate wind turbine aerodynamics and the 

potential theory is adopted to solve hydrodynamic forces. Besides, a 
baseline case of bottom-fixed scenario is also performed for comparison. 

The properties of generated ABL wind field are firstly examined, in 
which the desired wind profile and the − 5/3 slope for spectrums of 
velocity fluctuations are reproduced. Then the numerical results of 
aerodynamic responses are analyzed, including power generation and 
structure responses. The power variation of FOWT is found to be 
dominated by ABL wind field, more than platform motions. For the 
structure responses, the effects of platform motions on yaw moment are 
negligible. The out-of-plane shear force and bending moment of FOWT 
are slightly enhanced due to platform motions, besides, the peaks of 
incident wave frequency and two additional frequencies of 0.12 Hz and 
0.28 Hz are clearly visible on the power spectrums. Therefore, 

Fig. 18. The normalized wake velocity deficit ΔU/Uhub of hub height horizontal plane for the floating and bottom-fixed scenarios: (a) x = 4D; (b) x = 5D; (c) x =

6D; (d) x = 7D; (e) x = 8D; (f) x = 9D. Three black dotted lines denote left-tip, rotor center and right-tip, respectively. 

Fig. 19. The normalized wake velocity deficit ΔU/Uhub of vertical plane through rotor center for the floating and bottom-fixed scenarios: (a) x = 4D; (b) x = 5D; (c) 
x = 6D; (d) x = 7D; (e) x = 8D; (f) x = 9D. Three black dotted lines denote up-tip, rotor center and down-tip, respectively. 
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additional considerations of rotor revolution frequency under opera
tional conditions are required for the design of FOWT to avoid structure 
failure on the blade root, because the frequency resonance occurs if the 
rotor revolution frequency determined by wind speed is close to 0.12 Hz. 

The differences of wake deficit between the floating and the bottom- 
fixed scenarios are small. However ,the time-averaged wake center of 
floating scenario is far away from the hub height level because of pitch 
motion of platform, which is a potential benefit for downstream wind 
turbines. The variation of wake center is complex around the hub height 
with time, and significant deflection of wake center is observed due to 

the entrance of external atmospheric flow into wind turbine wakes. The 
spatiotemporal distributions of turbulence intensity in turbine wakes are 
so complicated that it is a challenge for the operation of downstream 
wind turbines. In addition, visually significant differences between the 
two scenarios are not observed. 

Due to the hydrodynamic responses of OC4 semi-submersible FOWT 

Fig. 20. The time-averaged wake center for the floating and bottom-fixed scenarios: (a) horizontal plane of hub height; (b) vertical plane through rotor center. The 
Gauss fitting function is used to determine the wake center, and the black dotted lines denote the rotor center. 

Fig. 21. The instantaneous wake center of vertical plane at different downstream distances for the two wind turbines: (a) downstream distance of 5D; (b) down
stream distance of 7D. The horizontal and vertical black dotted lines denote the rotor center and the selected analysis moments (18410s and 18440s for the two 
subplots), respectively. 

Fig. 22. The instantaneous contours of streamwise velocity of the FOWT for the 
two specified moments: (a) 18410s for downstream distance of 5D; (b) 18440s 
for downstream distance of 7D. 

Fig. 23. The instantaneous contours of turbulence intensity of hub height plane 
for the two wind turbines: (a) the floating scenario; (b) the bottom- 
fixed scenario. 
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under the specified incident wave conditions in this paper are small, 
deviations of aerodynamic responses and wake characteristics between 
the floating and the bottom-fixed scenarios are insignificant. In further 
studies, different wind-wave conditions especially extreme marine 
conditions and different types of floating platforms (i.e., OC3 spar buoy 
platform) will be conducted to systematically investigate the aero
dynamic responses and wake characteristics of the FOWT under ABL 
inflow. Besides, atmospheric stratification has a significant effect on 
wind turbine dynamics and wakes. Therefore, the investigations for the 
FOWT subjected to the stable and convective atmospheric stratifications 
are also recommended. 
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