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A B S T R A C T   

The influence of atmospheric turbulence inflow on coupled dynamic behaviors and wakes of floating offshore 
wind turbine (FOWT) is pronounced, especially as blade size increases. In this study, we explore the effects of 
atmospheric inflow on aero-hydrodynamics and wake characteristics of a spar-type FOWT. A well-validated in- 
house computational fluid dynamic (CFD) solver, FOWT-UALM-SJTU, is utilized to conduct the numerical 
simulations. To generate the realistic atmospheric inflow condition, the large eddy simulation (LES) with long- 
duration is employed. Two other cases involving uniform inflow and shear inflow are conducted to provide some 
comparable results. Compared to uniform inflow and shear inflow, the power and thrust of FOWT under at-
mospheric inflow display greater instability, with their power spectrums exhibiting higher intensity in high 
frequency region. The variation of yaw moment in atmospheric scenario is significantly drastic, leading to a 
remarkable response in platform yaw motion. Notably, the dominant frequency in this scenario is the blade 
passage frequency, as opposed to the incident wave frequency observed in the uniform and shear scenarios. The 
atmospheric inflow promotes the manifestation of wake breakdown and wake meandering, resulting in the faster 
wake recovery of FOWT. Besides, the meandering in the far wake is more significant compared to uniform and 
shear scenarios. The absence of vortex rings in atmospheric scenario is observed, along with the presence of more 
complex and smaller vortices in far wake. Our findings highlight the remarkable impacts of atmospheric inflow 
on dynamic responses and wake evolution of FOWT, and it is recommended that the atmospheric inflow be taken 
into account when assessing wake interactions between multiple FOWTs.   

1. Introduction 

The floating offshore wind turbine (FOWT) is a feasible solution for 
harvesting the rich and high-quality wind resources in deep sea (Xu 
et al., 2022). With the development of offshore wind energy, the design 
and construction of FOWT has become an attractive topic. The FOWT is 
a highly integrated system composed of wind turbine, floating platform 
and mooring system. Due the combined wind-wave-current conditions, 
the aero-hydrodynamics of FOWT exhibit remarkable coupling charac-
teristics (Tran and Kim, 2016; Huang et al., 2023a). To support the 
design of FOWT and guarantee its safe operation, the accurate predic-
tion of the dynamic behaviors of FOWT is a critical thing. Three research 
methods are usually employed, the prototype, scale-down experiment 
and numerical simulation (Otter et al., 2022; Chen et al., 2020). Among 
those research methods, the cost of numerical simulation of FOWT is 
cheapest and has received increasing attention with the help of 

high-performance computer. 
Considering the complex coupled aero-hydrodynamics of FOWT, 

many researchers simplified the platform motion to a prescribed motion 
to investigate the unsteady aerodynamics of wind turbine. In terms of 
six-degree-of-freedom (6DoF) motions of floating platform, the pre-
scribed surge motion and pitch motion are suggested due to their sig-
nificant effects on angle of attack of turbine blades. Mancini et al. (2020) 
studied the unsteady aerodynamic responses of FOWT under pitch mo-
tion. The results from different numerical models were firstly validated 
against experiments, and subsequently, they conducted a conclusion 
that the unsteady responses were dominated by first surge harmonic. 
Dong and Viré (2022) investigated the aerodynamics of FOWT experi-
encing various working states in a full cycle of pitch motion. The vortex 
ring state is demonstrated to be the most unstable by evaluating the 
aerodynamic load. Huang and Wan (2019) pointed out that the impacts 
of pitch motion on relative wind speed of blades were more pronounced 
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compared to surge motion, although the both could alter the local angle 
of attack. What’s more, they observed the wake deflection in near wake 
when considering pitch motion. Through their study of the aero-
dynamics and wakes of FOWT in presence of pitch motion, Fu et al. 
(2023) highlighted that the pitch motion significantly affects power, 
thrust and wake characteristics of wind turbine. 

In addition to the individual 6DoF motion, some researches have also 
considered multiple platform motions and studied their effects on wind 
turbine aerodynamics and wakes, which represent a more realistic sce-
nario. Chen et al. (2021) importantly noted that the power of FOWT is 
reduced with combined surge-pitch motion, reflecting the negative ef-
fects of sophisticated platform motions on power generation of FOWT. 
Lee and Lee (2019) investigated the wakes of FOWT with different 
supporting platforms and multiple platform motions. Their findings 
revealed the strong effects of platform motions on wake evolution, and 
thus resulting in the quick breakdown of wake vortices. Arabgolarcheh 
et al. (2023) analyzed the middle-to-far wake of FOWT considering 
multiple platform motions. It was found that the rotational motions of 
platform can induce non-axisymmetric helical wake and benefit the 
wake meandering. 

Although the prescribed platform motions present the interesting 
and valuable results for unsteady aerodynamics and wakes, the strong 
interference between wind turbine and floating platform is not consid-
ered. It is necessary to take into account the fully coupled aero- 
hydrodynamics because the FOWT is subjected to combined wind- 
wave loads. Zhang and Kim (2018) performed the aero-hydrodynamic 
analysis for a semi-submersible FOWT. They found that, in compari-
son to onshore wind turbine, the FOWT exhibited a 7.8% increase in 
thrust but a 10% decrease in power. Building upon the coupled 
aero-hydrodynamics of FOWT, Feng et al. (2023) also incorporated the 
pitch motion of blade into their analysis. Their findings revealed that the 
pitch motion of blade resulted in a decrease in aerodynamic loads while 
amplifying the response amplitude of the platform. In order to reduce 
the computational cost in simulations of FOWT, Cheng et al. (2019) 
proposed a solver called FOWT-UALM-SJTU, which combines the 
actuator line model (ALM) with their in-house two-phase computational 
fluid dynamics (CFD) solver, naoe-FOAM-SJTU. The latter was origi-
nally developed for hydrodynamics of marine structures in various sea 
states. The unsteady aerodynamics of FOWT were implemented by 
incorporating an additional velocity resulting from platform motions 
into the conventional ALM. The ability of FOWT-UALM-SJTU for pre-
dicting aero-hydrodynamic responses of FOWT was comprehensively 
validated. Subsequently, Huang et al. (2023b) employed the 
FOWT-UALM-SJTU solver to explore the wake interaction between two 
FOWTs. Various layouts, including tandem and offset configurations, 
were examined, and a detailed analysis of the dynamic responses and 
wake characteristics of FOWTs was conducted. 

The previous studies related to numerical investigations of FOWT did 
not consider the complex atmospheric boundary layer (ABL) inflow 
(Johlas et al., 2019, 2020), instead, they relied on uniform or shear in-
flows. When utilizing the atmospheric inflow, some conclusions drawn 
from simplified inflows may change. The results from Kleine et al. 
(2022) presented the large flow structures in wind turbine wakes with 
different motion modes, even as far downstream as six diameters from 
the wind turbine. However, they emphasized the need for cautious 
consideration of this conclusion when transitioning the inflow wind 
from uniform inflow to atmospheric inflow, as these flow structures can 
be modified and dissipated by free-stream turbulence. With the 
increasing size of wind turbine to harvest more wind energy and 
decrease operation costs, the influence of atmospheric turbulence inflow 
on its aerodynamic performance and wake characteristics becomes 
increasingly significant (Porté-Agel et al., 2020; Lu and Porté-Agel, 
2011; Hansen et al., 2012; Abkar and Porté-Agel, 2015). Li et al. (2018) 
investigated the effects of atmospheric inflows on aerodynamic perfor-
mance of a FOWT, conducting that the power generation of FOWT is 
highly sensitive to atmospheric turbulence inflow. Similarly, Xu et al. 

(2023a) highlighted that the power variation of a semi-submersible 
FOWT was primarily determined by turbulence in atmospheric inflow, 
rather than the platform motions. In addition to studying dynamic re-
sponses, Zhou et al. (2022) also explored the impacts of inflow wind 
condition on wake characteristics of FOWT. Their results revealed that a 
quicker wake diffusion was observed in atmospheric scenario compared 
to time-independent inflow wind. However, due to the limitation of 
expensive computational costs, the difference of wake evolution in far 
wake under different wind inflows conditions was not presented. 

In this study, a numerical study on the effects of atmospheric inflow 
on aero-hydrodynamics and wake characteristics of FOWT is conducted. 
The well-validated in-house CFD solver, FOWT-UALM-SJTU, is utilized 
to predict the coupled aero-hydrodynamics and wakes of FOWT. This 
solver employs the ALM incorporated with an additional velocity from 
platform motions to capture unsteady aerodynamics of FOWT. In com-
parison to blade-resolved method, this approach reduces the burden of 
expensive computational costs, allowing us to investigate the wake 
evolution in far wake. What’s more, the wake interaction between muti- 
FOWTs can also be studied with acceptable computational cost, which is 
very helpful for the power prediction of a large floating wind farm. We 
employ the large eddy simulation (LES) with long-duration simulation 
to generate the atmospheric inflow condition. Two additional wind in-
flows, uniform inflow and shear inflow, are used to provide some 
comparable results. The results in aerodynamic performance, platform 
motions, as well as wake characteristics are compared and analyzed in 
detail. 

The remainder of this study is organized as follows. In Section 2, the 
numerical methods involve governing equations, modeling of aero-
dynamics, hydrodynamics and mooring system, as well as generation of 
atmospheric inflow are presented. Validations of simulated atmospheric 
inflow and wake modeling are exhibited in Section 3. Section 4 shows 
the simulation details, including the FOWT model and computational 
setup. In Section 5, the mesh convergence study is conducted, subse-
quently, the results in aerodynamics, hydrodynamics and wakes among 
three wind conditions are compared and analyzed. Some conclusions are 
drawn in Section 6. 

2. Numerical methods 

2.1. Governing equations 

Three-dimensional Navier-Stokes equations are used to simulate the 
fully coupled aero-hydrodynamics and wakes of FOWT, in which the 
fluid is considered to be viscous and incompressible. The continuity and 
momentum equations are as follows: 

∇ • U = 0 (1)  

∂(ρU)

∂t
+∇ • (ρUU) = − ∇pd − g • x∇ρ +∇ •

(
μeff∇U

)
+ fσ + fs + fε (2)  

where, U is velocity of flow fluid; ρ denotes density of two-phase fluid; 
pd = p − ρgx is dynamic pressure by subtracting the static pressure from 
total pressure; g is gravity acceleration; x is Cartesian coordinate vector; 
μeff = μ + μt is effective viscosity, where μ and μt are molecular and eddy 
viscosities, respectively; fσ denotes a source term of tension force of free 
surface, which is active only near the air-water interface; fs is a source 
term of wave absorption and active in domain of wave absorption; fε is a 
source term of body force of wind turbine aerodynamic loads, which can 
be determined by ALM. 

The Reynolds-averaged Navier–Stokes (RANS) model is a common 
practice for fully coupled aero-hydrodynamics of FOWT. However, the 
far wake evolution of FOWT is also an interest in the present study. 
Consequently, the Delayed Detached Eddy Simulation (DDES) method 
(Spalart et al., 2006) is utilized to closure the above momentum equa-
tion. The DDES model combines the advantages of RANS and LES. This 

S. Xu et al.                                                                                                                                                                                                                                       



Ocean Engineering 300 (2024) 117498

3

mode reduces the requirement for mesh resolution near the wall and 
also guarantee the numerical accuracy in the wake region (Chen et al., 
2022). Compared to the conventional DES model, a shielding function is 
introduced into the DDES model to avoid the early switch to the LES 
mode within boundary layer. More descriptions of this DDES model can 
refer to this literature (Spalart et al., 2006). 

The current simulations are performed using the finite volume 
method (FVM). The temporal term is discretized with Euler scheme. The 
convective and diffusive terms are discretized with second order upwind 
and central differencing schemes, respectively. The PIMPLE algorithm, a 
hybrid of PISO and SIMPLE, is implemented to handle the pressure- 
velocity coupling, utilizing three outer-corrector loops and two inner- 
corrector loops. 

2.2. Aerodynamic modeling 

The wind turbine aerodynamics are modeled and simulated by the 
ALM. Compared to high-fidelity blade-resolved method, the computa-
tional cost is affordable without resolving the boundary layer of blade 
surface and numerical accuracy is guaranteed by resolving Navier- 
Stokes governing equations of flow field (Troldborg et al., 2007). 
Consequently, the ALM has been widely used in numerical studies of 
wind turbine, especially for far wakes (Wang et al., 2023; Li et al., 2022). 
The idea behind ALM is to represent the wind turbine blades by virtual 
lines with a series of actuator points distributed radially. The aero-
dynamic forces of actuator points are calculated based on the blade 
element theory, in which the relative wind speed and angle of attack at 
blade section are required. Then the aerodynamic forces of actuator 
points are projected into flow field to reflect the effect of wind turbine on 
flow field, and a smooth function is suggested in this process to avoid the 
numerical singularity in simulation procedure. 

Compared to the conventional ALM, an additional wind speed 
induced by platform motions is considered and employed for aero-
dynamics of FOWT. Fig. 1 shows the velocity vectors at a blade section. 
The relative wind speed Urel at the blade section is determined by: 

Urel = Uθ − Ωr + Uz + UM (3)  

where, Uθ, Uz are the tangential and axial components of inflow wind 
speed; Ω is the rotor speed of wind turbine; r is the radius from blade 
section to rotor center; UM is the additional wind speed induced by 
platform motions. 

The angle of attack α is calculated by: 

α = φ − β (4)  

where, φ is the inflow angle at blade section; β is the pitch angle of blade. 
According to the velocity vectors in Fig. 1, the inflow angle φ is 

expressed as: 

φ = tan− 1
(

Uz + UM,z

Ωr + UM,θ − Uθ

)

(5)  

where, UM,θ, UM,z are tangential and axial components of additional 
wind speed, respectively. Once the relative wind speed Urel and angle of 
attack α are obtained, the aerodynamic forces of actuator points can be 
expressed by: 

f = (L,D) =
1
2

ρU2
relcdr(CL⇀ eL + CD⇀ eD) (6)  

where, ρ is the air density; c is the chord length; dr is the width of blade 
section; CL, CD are the coefficients of lift and drag, which are determined 
by attack of angle α; eL

⇀ , eD
⇀ are the unit vectors of lift and drag, 

respectively. 
By integrating the aerodynamic forces of all blade sections of blades, 

the aerodynamic loads (i.e., rotor thrust, rotor torque) are obtained. As 
aforementioned, the aerodynamic forces of actuator points need to be 
projected into flow field to represent the effect of wind turbine on flow 
field and reproduce wind turbine wakes. To avoid the numerical sin-
gularity, the aerodynamic forces need to be smoothed in this projection 
process and the Gauss kernel function is used. The aerodynamic forces of 
actuator points after smoothing are introduced into momentum equa-
tion as a source term and can be expressed as: 

fε = f ⊗ ηε =
∑N

i=1
fi(xi, yi, zi, t)

1
ε3π3

2
exp

[

−

(
di

ε

)2
]

(7)  

where, N is the number of blade sections of wind turbine blades; (xi, yi,

zi) is the coordinate of i-th actuator point; di is the distance from actuator 
point to projection point; ε is the projection width, ε ≈ 2Δx is recom-
mended by Troldborg (Troldborg et al., 2007), where Δx is the mesh size 
near wind turbine. In addition to wind turbine blades, nacelle and tower 
are also considered and modeled by ALM. 

2.3. Hydrodynamic modeling 

The hydrodynamics of FOWT is predicted by a two-phase CFD solver 
naoe-FOAM-SJTU, which is a solver developed on the basis of Open-
FOAM for the hydrodynamics of floating structures (with mooring 
lines). By integrating the ALM of wind turbine aerodynamics into this 
solver, the fully coupled aero-hydrodynamics of FOWT is able to predict, 
namely FOWT-UALM-SJTU. The ability of naoe-FOAM-SJTU to accu-
rately predict hydrodynamic responses of floating structures subjected 
to various complicated environments has been comprehensively verified 
(Cao et al., 2013; Cao and Wan, 2014; Shen et al., 2012a; Wang et al., 
2019; Zhao and Wan, 2015). The naoe-FOAM-SJTU is composed of 
several modules, including a numerical tank for wave generation and 
absorption, a 6DoF motion module for hydrodynamic responses of 
floating structures, and a mooring system for limitation of displacements 
of floating structures. The incompressible Navier-Stokes equations are 
solved in this solver, which are discretized by FVM. A dynamic mesh 
technique is utilized to handle the motions of floating structures (Shen 
et al., 2012b). In order to capture the free surface, the volume of fluid 
(VOF) method with bounded compression technique is used. The VOF 
transport equation is as follows: 

∂α
∂t

+∇ •
( (

U − Ug
)
α
)
+∇ • (Ur(1 − α)α) = 0 (8)  

where, U is the velocity of flow field; Ug is the velocity of grid nodes; α is 
the volume fraction representing the relative proportion of fluid in each 
cell, which is defined as: 

Fig. 1. Velocity vectors at a blade section.  
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⎧
⎪⎪⎨

⎪⎪⎩

α = 0 air

α = 1 water

0 < α < 1 interface

(9) 

The fluid density ρ and dynamic viscosity μ can be described as: 

ρ = αρl + (1 − α)ρg (10)  

μ = αμl + (1 − α)μg (11)  

where, the subscripts l and g refer to the liquid and gas, respectively. 
For the 6DoF motion module, the 6DoF equations of floating plat-

form are solved to predict its hydrodynamic responses. The external 
loads, i.e., the wind loads, wave loads and mooring loads are considered 
in the 6DoF equations. Two coordinate systems are used, one is earth- 
fixed coordinate system and the other is body-fixed coordinate system, 
as shown in Fig. 2. The motion equations are solved in body-fixed co-
ordinate system while the forces are calculated in earth-fixed coordinate 

system. Therefore, a transformation of data between these two coordi-
nate systems is required. For the dynamic responses of FOWT under 
combined wind-wave condition, the aerodynamic loads of wind turbine 
will be transferred to floating platform through tower, and the motions 
of floating platform are altered. In order to account for the impacts of 
wind turbine on motions of floating platform, aerodynamic loads of 
wind turbine predicted by ALM is integrated into the force equations of 
floating platform. More specifically, the aerodynamic forces and mo-
ments are imposed on the gravity center of floating platform. Note that 
the added velocity on wind turbine induced by platform motions is 
considered in calculations of aerodynamic loads, and it can be expressed 
by: 

Umotion,i = [J](Uc + ωc × (xi − xc)) (13)  

where, [J] is a transformation matrix from body-fixed coordinate to 
earth-fixed coordinate; Uc and ωc are the translational velocity and 
angular velocity of rotating center; xc is the location of rotating center. 

Fig. 2. Two coordinate systems of floating platform.  

Fig. 3. Force analysis on one segment of mooring cables.  
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2.4. Mooring system modeling 

The piecewise extrapolating method (PEM) is employed to calculate 
the forces of mooring cables, which is a quasi-static method that the 
mooring cables are divided into many segments. According to static 
analysis of one of segments in Fig. 3, the static equations of this segment 
are established: 
{

Tx,i+1 − Tx,i − Fids • cos φi+1 − Dids • sin φi+1 = ρgAΔz′ • cos φi+1

Tz,i+1 − Tz,i − Fids • sin φi+1 + Dids • cos φi+1 − widl = ρgAΔz′ • sin φi+1

(9)  

where, T is mooring force; φ is an angle between mooring force and its 
horizontal component; F and D are tangential and normal forces of fluid 
on mooring cables, respectively; dl and ds are lengths of this segment 
before and after stretching; w is wet weight of this segment in water; ρ is 
fluid density; g is gravitational acceleration; A is cross sectional area of 
this segment; Δz′ is vertical distance between two nodes of segment. The 
forces of fluid on mooring cables can be calculated by Morison equa-
tions, and the forces and shapes of mooring cables are determined by 
integrating boundary conditions of mooring cables. 

2.5. Atmospheric turbulence inflow modeling 

The atmospheric inflow wind condition is simulated and generated 
by LES with sufficient simulation duration in SOWFA simulation 
framework (Fleming et al., 2014), which is a LES framework proposed 

by National Renewable Energy Laboratory (NREL) and developed on the 
basis of OpenFOAM. Compared to the turbulence wind model, the 
generated atmospheric inflow wind condition is more physical and 
realistic, as this wind condition is simulated by LES with sufficient 
duration. In the previous studies for bottom-fixed wind turbines 
immersed in ABL wind field, the SOWFA simulation framework has been 
widely verified and applied (Chanprasert et al., 2022; Churchfield et al., 
2012; Ning and Wan, 2019; Yang et al., 2022). In a hexahedron 
computational domain without wind turbines, cyclic boundary condi-
tion is applied on four vertical boundaries to allow flow field exiting 
from downstream enters upstream. With the help of sufficient simula-
tion duration, the steady wind at initial time instant reaches 
quasi-equilibrium atmospheric turbulence wind. The desired wind speed 
at specific level (i.e., hub level of wind turbine) is guaranteed by 
adjusting the background pressure gradient. It is noticeable that the 
molecular viscosity is not considered due to the characteristic of high 
Reynolds number in atmospheric wind field. Details of governing 
equations in SOWFA framework for simulation of atmospheric inflow 
can be found in literature (Churchfield et al., 2012). 

Once the wind field reaches quasi-equilibrium, the temporospatial 
data on upstream plane are saved as atmospheric inflow wind condition 
for simulation of FOWT, as shown in Fig. 4. In FOWT-UALM-SJTU 
framework, the fully coupled wind turbine aerodynamics, floating 
platform hydrodynamics and mooring system dynamics are simulated 
under combined wind-wave condition. Note that this procedure is only 
used for FOWT under atmospheric inflow wind condition, uniform and 
shear wind inflows are directly specified on the upstream boundary of 
computational domain containing FOWT. 

3. Validation and verification 

3.1. Generation of atmospheric inflow wind condition 

Fig. 5 shows the computational domain and boundary conditions of 
simulation of atmospheric wind field. The length, width and height of 
computational domain are 3 km, 1 km and 1 km, respectively. The cyclic 
boundary is applied for four vertical boundaries, which means the data 
on downstream boundary is circularly transmitted to upstream bound-
ary. The geostrophic wind at the level of top boundary is considered 
horizontal, consequently, slip boundary condition is used on top 
boundary. For the bottom boundary, the Schuman wall model (Schu-
mann, 1975) is applied to calculate the surface shear stress, and the 
representative sea surface of roughness length of 0.001 is used. Our 
previous efforts suggested that the vertical scale of mesh near bottom 
boundary needs to be smaller to avoid the undesirable wave height 
when the generated atmospheric inflow is used for the two-phase 
simulation of FOWT. Therefore, the linear expansion of vertical scale 
of mesh from bottom to top is employed, although the application of 
surface shear stress model allows uniform spacing of mesh in the height 

Fig. 4. Procedure of simulated atmospheric inflow wind condition for FOWT.  

Fig. 5. Computational domain and boundary conditions for generation of at-
mospheric wind field. 
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direction of the computational domain (Chanprasert et al., 2022). The 
mesh resolution along x- and y-axes are both 10m, while the linear 
expansion is used along z-axis, resulting in a vertical resolution of 0.24m 
near bottom of the mesh. The multiscale turbulence structures exist in 
atmospheric wind field, and the largest scale and smallest scale are of the 
order of km and mm, respectively. There is no doubt that larger 
computational domain and higher mesh resolution are more conducive 
to capturing multiscale turbulence structures, the computational cost is 
expensive and unaffordable for our current work. What’s more, the 
similar computational domain and mesh resolution are employed by 
previous studies (Churchfield et al., 2012; Ning and Wan, 2019) and 
have been proven sufficient capturing turbulence structures in atmo-
spheric wind field. 

At the initial time instant, the steady wind with wind speed of 11.4 
m/s fills the computational domain. The simulation time and time step 
are 18000s and 0.2s, note that this simulation time is sufficient to drive 
the steady wind to reach quasi-equilibrium atmospheric wind field. 
After the simulation of 18000s is completed, an additional 300s of 
continue simulation is conducted and data of each time step on upstream 
boundary are saved as atmospheric inflow wind condition for the two- 
phase simulation of FOWT. The time step is reduced to 0.02s to obtain 
temporally high-resolution data. 

The last 300s data on upstream boundary is saved as atmospheric 
inflow wind condition of FOWT, consequently, validation of this simu-
lated wind condition is necessary. Fig. 6 shows time-averaged wind 
speed profile and turbulence intensity profile of the atmospheric wind 
field. The speed profile is normalized by rated wind speed of 11.4 m/s. 
The wind speed at hub level is well consistent with rated wind speed of 
11.4 m/s, and the characteristic of wind shear due to friction of sea 
surface is produced. What’s more, the simulated wind speed profile 

matches logarithmic law very well, especially for the level below hub 
height. The logarithmic law is also used in this work as the shear wind 
inflow condition, its expression is as follows: 

u(z)=
u∗

κ
ln
(

z
z0

)

(10)  

where, u(z) is time-averaged wind speed over a plane at height of z; κ =

0.4 is von Karman constant; z0 = 0.001 is roughness length. To match 
the desired wind speed of 11.4 m/s at hub level, the friction velocity is 
determined as 0.398. 

The turbulence intensity presented in Fig. 6b is defined by: 

TI(z) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(u(z, t) − u(z))2
√

u(z)
(11)  

where, the overbar denotes time average; u(z, t) is wind speed at time 
instant t over the z level plane. As expected, the turbulence intensity of 
this atmospheric wind field decreases with increase of height. The tur-
bulence intensities at rotor top, center and bottom are 8.10%, 9.14% and 
10.93%, respectively, resulting in a difference of 2.83% over the height 
range of wind turbine rotor. 

Fig. 7 presents the power spectrum density (PSD) of wind speed 
fluctuations at hub level. The spectrums of wind speed components 
decrease with increasing frequency, indicating that the large-scale tur-
bulence structures in low-frequency region contains stronger turbulence 
energy. In the transition region from high frequency to low frequency (i. 
e., 0.2Hz-0.4Hz), the spectrums of fluctuations of three wind speed 
components illustrates a consistent with − 5/3 slope, suggesting that the 
energy cascade from large-scale turbulence structures to small-scale 
turbulence structures in atmospheric wind field are well reproduced 
by the LES. 

3.2. Wake modeling of FOWT 

The coupled aero-hydro-moor performance of FOWT excited by 
incident wind-wave conditions is a complex issue. The ability of in- 
house solver FOWT-UALM-SJTU to accurately predict aero-hydro- 
moor responses of FOWT was comprehensively validated by Cheng 
et al. (2019) by sequentially comparing unsteady aerodynamics of wind 
turbine, free decay of floating platform and hydrodynamics of floating 
platform under regular wave with results predicted by other numerical 
methods. After that, this solver was employed for studies of 
aero-hydrodynamics of FOWT and wake interactions between two 
FOWTs (Huang and Wan, 2019; Huang et al., 2023b). Due to the 
investigation of wake characteristics of FOWT is an interest in present 

Fig. 6. Time-averaged profiles of the simulated ABL wind field: (a) wind speed; (b) turbulence intensity. Three black dashed lines denote heights of rotor top, center 
and bottom. 

Fig. 7. Power spectrum of wind speed fluctuations at hub level.  
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work, the validation of this solver for modeling wind turbine wakes is 
performed. 

The NREL 5 MW wind turbine is utilized as the wind model, and for 
simplicity, only the wind turbine blades are considered and modeled. 
The inflow wind condition is uniform inflow with wind speed of 11.4 m/ 
s, and the corresponding rotor speed is 12.1rpm. Note that the grid, time 
step and simulation time in our solver are the same as those of SOWFA. 
Fig. 8 shows the time-averaged streamwise velocity contours in hub 
level plane predicted by in-house solver FOWT-UALM-SJTU and 
SOWFA. The significantly decreased velocity behind wind turbine is 
observed, and a long-distance high-speed airflow belt appears at hub 
center due to the absence of hub and nacelle. It seems that the wake 
deficit predicted by FOWT-UALM-SJTU is weaker compared to that of 
SOWFA. 

In order to make a quantitative comparison, Fig. 9 presents the wake 
deficit at different downstream distances. The velocity deficit is deter-
mined by: 

Vd =
U0 − Uw

U0
(12)  

where, U0 is the freestream velocity; Uw is the mean streamwise velocity 
in the wake. The velocity deficit exhibits a bimodal distribution in both 

CFD frameworks, and the location of maximum velocity deficit is shifted 
from near the blade tip to the hub center with increasing downstream 
distances. The wake deficit is still strong even at downstream 5D because 
of the limited contribution of uniform wind inflow to wake recovery of 
wind turbine. Consistent with above analysis in velocity contours, the 
wake deficit in in-house solver FOWT-UALM-SJTU is slightly weaker. 
Overall, the wake deficit predicted by in-house solver FOWT-UALM- 
SJTU shows a good agreement with that of SOWFA. In addition, the 
wake width increases when wake travels downstream, which is referred 
to wake expansion. Note that in here, the wake boundary is approxi-
mately determined when wake deficit reaches 0. The wake width pre-
dicted by in-house solver FOWT-UALM-SJTU is in line with that of 
SOWFA. Consequently, the ability of in-house solver FOWT-UALM-SJTU 
for predicting wake characteristics of wind turbine is sufficient. 

4. Simulation details 

4.1. FOWT model 

A spar buoy FOWT is utilized as the research object in this work, 
which is composed of a NREL 5 MW wind turbine, a OC3 Hywind spar 
platform and a mooring system. The NREL 5 MW wind turbine is a 
conventional upwind three-blade wind turbine, and its rated power and 
rated wind speed are 5 MW and 11.4 m/s, respectively. Although rotor 
torque controller and blade pitch controller are equipped with this wind 
turbine, the control of wind turbine is not the interest of our work and is 
not considered. Therefore, rotor speed of FOWT is a constant in process 
of numerical simulations and determined by initial wind speed at hub 
level. Due to the NREL 5 MW wind turbine is representative, detailed 
definitions of this wind turbine are not presented here but can be found 
in reference (Jonkman et al., 2009). 

The OC3 Hywind spar platform is employed to carry the wind tur-
bine. Note that the structure of this floating platform is uncomplicated, 
but high requirement of water depth of its positioned sea area is needed 

Fig. 8. Time-averaged streamwise velocity contours in hub level plane predicted by: (a) in-house solver FOWT-UALM-SJTU; (b) SOWFA.  

Fig. 9. Wake deficit at different downstream distances.  
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(draft and water depth of OC3 Hywind spar platform are 120m and 
320m). Three mooring cables with 120◦ adjacent angle are connected on 
the floating platform to limit hydrodynamic responses of FOWT and 
guarantee its safe operation. More detailed parameters of OC3 Hywind 
spar platform and mooring system can refer to literatures (Jonkman, 
2010; Jonkman and Musial, 2010). 

4.2. Computational setup 

The two-phase CFD simulation of FOWT subjected to wind-wave 
condition is computationally expensive, although the wind turbine is 
modeled by ALM. Determination of computational domain depends on 
how to save computational cost within reasonable accuracy of results. As 
illustrate in Fig. 10, a cuboid domain is utilized for coupled aero- 
hydrodynamic simulation of FOWT, in which its three dimensions are 
1512m (x-axis), 384m (y-axis) and 504m (z-axis), respectively. It is 
noteworthy that width and height of the computational domain are the 
same as those of Huang and Wan (2019), whereas the length in this work 
is longer with aim of capturing and analyzing wakes of FOWT. The 
FOWT is located at downstream 150m (appropriate one wave length λ =
156m) from inlet boundary. In order to save computational cost, depth 
of water-phase is set to 224m (70% of actual water depth d = 320m). 
The height of air-phase is 280m (about 2.2D, D = 126m is rotor diam-
eter) and is sufficient for development and expansion of wind turbine 
wakes. To absorb wave reflection, a rectangular sponge layer with 
length of 200m is used at upstream of outlet boundary. 

The sizes of background mesh in x- and y-axes directions are both 
8m, while its size along z-axis is linearly variable to capture free surface 
and restrict total grid number, as shown in Fig. 11. The vertical size of 
background mesh near free surface is 2m, and it linearly expands up to 
20m at top and bottom boundaries. To identify and capture free surface, 
as well as capture development and evolution of wind turbine wakes, 

two-level mesh refinement is adopted for domain of free surface and 
wind turbine wakes. What’s more, the grids around floating platform are 
also refined. According to related references (Huang and Wan, 2019; Xu 
et al., 2023a, 2023b; Ning and Wan, 2019), mesh resolution in this work 
is sufficient to guarantee the accuracy of numerical results and capture 
the wake characteristics of wind turbine. As a result, the total grid 
number is 11.8 million. 

For the boundary conditions, combined incident wind-wave is 
imposed at inlet boundary. The normal zero gradient condition is 
applied on outlet boundary. The free-slip condition is utilized for top 
boundary, and also for bottom boundary due to the fact that the bottom 
of computational domain is not actual seabed. What’s more, the sym-
metrical condition is used on left and right boundaries, and no-slip 
condition is adopted on surface of floating platform. 

To study the effects of inflow winds on dynamic responses and wake 
characteristics of FOWT, three inflow wind conditions are used: uniform 
inflow, shear inflow and atmospheric inflow simulated by LES. Note that 
logarithmic law is utilized for shear wind, and the friction velocity is 
determined by matching mean wind speed profile of atmospheric inflow 
(see Fig. 6a and Equation (10)). The wind speed at hub level is 11.4 m/s 
for these three inflow winds, and the corresponding rotor speed is 
12.1rpm. The incident wave in this work refer to Zhao et al. (Zhao and 
Wan, 2015), in which first-order Stokes wave with wave height of 3.66m 
and wave period of 9.7s is selected. The direction of combined 
wind-wave is positively aligned with the x-axis, and also parallel to di-
rection of surge motion of platform. 

The time step Δt = 0.01s is selected in simulation of FOWT as sug-
gested by Huang et al. (2019), they emphasized that this time step is 
suitable for CFD simulation of OC3 Hywind spar platform and provides 
sufficient assurance for the convergence of aerodynamic loads. The 
simulation time is 30 wave periods based on a comprehensive consid-
eration of stability of results and computational cost. The coupled 

Fig. 10. Computational domain of the FOWT: (a) xz plane; (b) yz plane.  

Fig. 11. Mesh generation of computational domain of FOWT: (a) xz plane; (b) yz plane.  
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aero-hydrodynamic simulations of FOWT are conducted on 
high-performance computing platform of Computational Marine Hy-
drodynamics Lab (CMHL) at Shanghai Jiao Tong University. The pro-
cessors of each node are 2 × Intel Xeon Gold 5120 (14 Cores, 2.20Ghz) 
with 128 GB memory. Five nodes are used for each case and the CPU 
time is 363h. 

5. Results and discussions 

5.1. Mesh convergence study 

The mesh convergence study is first conducted to assess the influence 
of mesh resolution on numerical results. Three different mesh resolu-
tions, namely coarse, middle and fine are utilized. The mesh resolutions 
near wind turbine are 2

̅̅̅
2

√
m× 2

̅̅̅
2

√
m× 2

̅̅̅
2

√
m, 2m × 2m × 2m and 

̅̅̅
2

√
m×

̅̅̅
2

√
m×

̅̅̅
2

√
m, respectively. In order to save the computational 

costs, the wake region of FOWT is not refined. The total mesh number of 
the three cases are 1.99 million, 4.47 million and 10 million. The wind 
inflow is uniform wind with wind speed of 11.4 m/s, and the incident 
wave, simulation time and time step are consistent with the description 

in Section Computational setup. Fig. 12 shows the power and thrust of 
FOWT under three different mesh resolutions, and a quantitative com-
parison is summarized in Table 1. Compared to the results of fine case, 
the power and thrust of coarse case show a small discrepancy. With the 
mesh resolution near wind turbine increases to 2m× 2m× 2m, the 
power and thrust of FOWT exhibits a negligible difference. Conse-
quently, in order to comprehensively consider numerical accuracy and 
computational costs, the mesh generation of middle case is employed for 
the fully coupled aero-hydrodynamics and wakes of FOWT. 

5.2. Aerodynamic performance 

The aerodynamic performance of FOWT including power and thrust 
under three wind inflows is firstly examined, as shown in Fig. 13. It is 
noticeable that the time is normalized by wave period T = 9.7s, and last 
10 wave periods of time histories are presented. There is no doubt that 
aerodynamic performance of FOWT is significantly influenced by plat-
form motions, which called unsteady aerodynamics. Thus, time histories 
of power and thrust show a periodic variation with incident wave for all 
inflow wind conditions. The shear of shear wind inflow is not strong due 
to the low roughness length on sea surface, specifically, difference of 
wind speed between rotor-top and rotor-bottom is 1.7 m/s (15% of wind 
speed at hub level). Consequently, the significant difference of 

Fig. 12. Aerodynamic performance of FOWT under different mesh resolutions: (a) power; (b) thrust.  

Table 1 
Statistics of aerodynamic power and thrust for different mesh resolutions, 
including values of maximum, minimum, mean.  

Case Mesh resolution near wind 
turbine 

Power (MW) 

Max Min Mean 

coarse 2
̅̅̅
2

√
m× 2

̅̅̅
2

√
m× 2

̅̅̅
2

√
m 6.84 

(6.88%) 
4.09 
(7.63%) 

5.44 
(6.67%) 

middle 2m× 2m× 2m 6.46 
(0.94%) 

3.94 
(3.68%) 

5.18 
(1.57%) 

fine ̅̅̅
2

√
m×

̅̅̅
2

√
m×

̅̅̅
2

√
m 6.40 3.80 5.10  

Case Mesh resolution near wind 
turbine 

Thrust (kN) 

Max Min Mean 

coarse 2
̅̅̅
2

√
m× 2

̅̅̅
2

√
m× 2

̅̅̅
2

√
m 765 (2.54%) 611 

(2.17%) 
692 
(2.06%) 

middle 2m× 2m× 2m 746 
(− 0.13%) 

602 
(0.69%) 

678 (0%) 

fine ̅̅̅
2

√
m×

̅̅̅
2

√
m×

̅̅̅
2

√
m 747 598 678  

Fig. 13. Aerodynamic performance of FOWT under three wind inflows: (a) power; (b) thrust.  

Table 2 
Statistics of aerodynamic power and thrust for different inflow wind conditions, 
including values of maximum, minimum, mean, root mean square and standard 
deviation.  

Case Power (MW) 

Max Min Mean Rms Std 

uniform 6.46 3.94 5.18 5.23 0.76 
shear 6.39 3.86 5.10 5.16 0.76 
atmospheric 6.67 3.61 5.07 5.13 0.77  

Case Thrust (kN) 

Max Min Mean Rms Std 

uniform 746 602 678 679 44 
shear 743 598 674 675 44 
atmospheric 761 579 672 673 46  
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aerodynamic performance between uniform inflow and shear inflow is 
not observed. Due to the tower is considered and modeled by ALM, some 
minor decreases in time histories of uniform inflow and shear inflow 
called tower effects are visible if we take a closer look. Power and thrust 
of FOWT in atmospheric inflow scenario are more unstable, obviously, 

Fig. 14. Power spectrum of aerodynamic performance of FOWT under three wind inflows: (a) power; (b) thrust.  

Fig. 15. Spatiotemporal distribution of angle of attack under three wind inflows: (a) uniform; (b) shear and (c) atmospheric.  

Fig. 16. Yaw moment of FOWT under three wind inflows.  

Table 3 
Statistics of yaw moment for different inflow wind conditions, including values 
of maximum, minimum, mean, root mean square and standard deviation.  

Case Yaw moment (kN⋅m) 

Max Min Mean Rms Std 

uniform 686 267 458 466 88 
shear 662 202 430 438 87 
atmospheric 1271 − 569 463 581 351  
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this can be attributed to turbulence in atmospheric wind inflow. 
The statistics of power and thrust composed of values of maximum, 

minimum, mean, root mean square and standard deviation are sum-
marized in Table 2. A minor difference in power output for the three 
wind inflows is observed. It is noticeable that maximum of power is 
enhanced while minimum of power is suppressed when the FOWT under 

atmospheric inflow. The variation amplitude of power of atmospheric 
inflow is 3.06 MW, which is intensely greater than 2.52 MW of uniform 
inflow and 2.53 MW of shear inflow. The standard deviation of power 
under these inflow conditions is almost identical, revealing that the 
power output mainly depends on platforms motions, then followed by 
inflow wind conditions. However, this conclusion should be carefully 
treated if milder sea conditions and floating platform with better hy-
drodynamic performance are utilized. The same conclusion can be 
addressed for the analysis of thrust output. 

The PSD of above two quantities is illustrated in Fig. 14. As depicted 
in Fig. 13, aerodynamic performance of FOWT exhibits unsteady feature 
due to inflow wind conditions of wind turbine are changed by wave- 
excited platform motions. Therefore, for these inflow wind conditions, 
the peak of incident wave frequency fw is significant. The natural fre-
quency of pitch fpitch is also visible, indicating that the impacts of plat-
form pitch motion on aerodynamic performance are notable. In 
addition, the peaks of rotor revolution frequency fr and its harmonics are 
evident. In high frequency region, the difference in power spectrum 
among these inflow wind conditions is obvious. Compared to uniform 
and shear inflows, the PSD of atmospheric inflow is more intense when 
the frequency is greater than 0.3Hz, suggesting that more energy exist in 
high frequency region because of high-frequency small-scale turbulence 
structures in atmospheric inflow. Consequently, fatigue load of FOWT 

Fig. 17. Power spectrum of yaw moment of FOWT under three wind inflows.  

Fig. 18. Platform motions of FOWT under three wind inflows.  
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under atmospheric inflow maybe severe and more efforts on it are 
suggested. 

5.3. Angle of attack 

The discrepancies of aerodynamic performance among the three 
inflow wind conditions are attributed to the change of angle of attack, as 
illustrated in Fig. 15. It is found that the angle of attack of FOWT sub-
jected to uniform inflow shows a remarkable periodic variation, which 
may be resulted from platform motions. Hence, to pursue better aero-
dynamic performance, the unsteady change of the angle of attack needs 
to be considered in blade design of FOWT. The limited difference be-
tween uniform inflow and shear inflow is observed. In addition to the 
periodic variation similar to that of uniform inflow, the angle of attack of 
atmospheric inflow also presents a more unstable trend. The decreased 
angle of attack is clear at the middle of blade, and the increased angle of 
attack is evident near the blade root. This observation suggests that the 
spatiotemporal variation of angle of attack in atmospheric scenario is 
more drastic and brings greater challenges to blade design of FOWT. 

5.4. Yaw moment 

In terms of aerodynamic responses, the yaw moment of FOWT is also 
presented and analyzed, as shown in Fig. 16. For the uniform and shear 
inflows, the yaw moment of FOWT shows a periodic variation with 
incident wave. What’s more, in an incident wave period, the periodic 
variation of yaw moment with smaller period corresponding to blade 
passage is also observed. It is noteworthy that the period of blade pas-
sage is one-third of period of rotor revolution, since the NREL 5 MW 
wind turbine with three blades is selected as the computational model. 
The variation of yaw moment in shear scenario is more pronounced 
compared to that in uniform scenario, which can be attributed to the 
presence of shear characteristic in shear inflow. Different from uniform 
and shear inflows, the yaw moment in atmospheric scenario is signifi-
cantly sophisticated and its periodic variation with incident wave is not 
observed. For uniform and shear inflows, the yaw moment varies around 
500 kN m, while it changes from − 500 kN m to over 1000 kN m for 
atmospheric inflow. 

The quantitative analysis of yaw moment is summarized in Table 3. 
Consistent with above analysis for aerodynamic power and thrust, the 

Fig. 19. Time-averaged streamwise velocity contours in hub level plane for different inflow wind conditions: (a) uniform; (b) shear and (c) atmospheric.  
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difference of yaw moment between uniform and shear inflows is small 
due to the insignificant shear feature in shear wind inflow. The varying 
amplitude of yaw moment in uniform and shear scenarios are 419 kN m 
and 460 kN m, while this value is amplified to 1840 kN m in atmospheric 
scenario. What’s more, the standard deviation of yaw moment under 
atmospheric inflow is 351 kN m, about four times those under uniform 
and shear inflows. Transverse asymmetry of inflow wind velocity on 
rotor rotation plane in atmospheric inflow is responsible for the more 
notable and unstable output of yaw moment. Hence, for the FOWT under 
atmospheric inflow, the significant yaw moment caused by atmospheric 
turbulence needs more attention. 

The analysis of frequency domain of yaw moment is presented in 
Fig. 17. In contrast to aerodynamic power and thrust, the peak of natural 
frequency of pitch fpitch for these wind inflows is not evident, reflecting 
the limited influence of platform pitch motion on yaw moment. For 
uniform and shear inflows, the most prominent peak frequency is inci-
dent wave frequency fw, whereas it changes to blade passage frequency 
fb in atmospheric scenario. Due to the lateral symmetry of inflow wind, 
the yaw moment of FOWT in uniform and shear scenarios is dominated 
by incident wave. This conclusion is changed for atmospheric inflow 
that the yaw moment of FOWT is dominated by disordered turbulent 

structures in atmospheric wind field. In high frequency region (i.e., 
harmonics of blade passage frequency fb), the PSD of yaw moment under 
atmospheric inflow is stronger, which is consistent with analysis of 
aerodynamic performance and suggests that the aerodynamic responses 
caused by high-frequency small-scale turbulence structures are non-
negligible and need more attention. 

5.5. Platform motions 

The platform motions of FOWT are depicted in Fig. 18 to analyze the 
impacts of inflow wind conditions on hydrodynamic responses. Note 
that the incident wave conditions are the same for the three cases, 
specifically, regular wave with wave height of 3.66m and wave period of 
9.7s. Due to the minor discrepancy of aerodynamic responses between 
uniform inflow and shear inflow, no significant difference of platform 
motions between the two wind inflows is observed. In addition to a small 
wave-frequency motion, the platform surge motion also exhibits a 
remarkable long-drift motion caused by aerodynamic thrust exerted on 
wind turbine. Among these wind inflows, the platform surge motion 
exhibits a similar trend, with a minor difference noticeable for atmo-
spheric inflow due to the presence of unstable aerodynamic thrust. The 

Fig. 20. Time-averaged velocity contours in vertical plane through rotor center for different inflow wind conditions: (a) uniform; (b) shear and (c) atmospheric.  
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hydrodynamic responses of sway and heave for the three wind inflows 
are small, and thus, their differences for these wind conditions are 
negligible. Although the varying amplitude of platform roll motion in 
uniform and shear scenarios is minor, it amplifies to over 3◦ in atmo-
spheric scenario. Similarly, the variation of platform pitch motion for 
atmospheric inflow is slightly enhanced compared to that for uniform 
and shear inflows. The significant difference of hydrodynamic responses 
for these wind inflows is observed in platform yaw motion. According to 
the above analysis of yaw moment, its response is significantly intense in 
atmospheric scenario owing to transverse asymmetry of inflow wind 
velocity on rotor rotation plane. Consequently, for atmospheric inflow, 
the amplitude of platform yaw motion exceeds 6◦. The atmospheric 
inflow presents notable effects on rotation of floating platform and may 
lead to apparent wake deflection, particularly for far wake. This 
conclusion warrants careful consideration in the development of 
floating wind farms, particularly considering the significant effects that 
the wakes of upstream wind turbines have on the operation of down-
stream wind turbines. 

5.6. Wake velocity 

Fig. 19 presents the time-averaged (averaged by simulation time of 
last 10 wave periods) streamwise velocity contours in hub level plane for 
three inflow wind conditions. To the best of author’s knowledge, many 
studies on the wake of FOWT focus on near-middle wake region of 
downstream distance 3D-5D due to the expensive computational cost 
(Arabgolarcheh et al., 2023; Zhou et al., 2022). However, in this work, 
the wake velocity in far wake region up to downstream distance 9D is 
visualized to better investigate wake development and evolution. As 
expected, the significant decreased velocity behind wind turbine is 
visible. For the uniform inflow, the decreased velocity is clear even at 
downstream distance 9D, indicating the limited wake recovery. In the 
shear scenario, the velocity in wind turbine wake exhibits a similar 
feature compared to the uniform inflow, except that the wake recovery is 
slightly faster behind downstream distance 6D. The wake velocity under 
atmospheric inflow is remarkably different compared to above two 
inflow situations. The faster wake recovery is observed, specifically, the 
decreased velocity at downstream distance 6D is not obvious, which is 
beneficial for a downstream wind turbine to increase its power. Besides, 

the wake is expansive in near wake region, and at downstream distance 
4D, wake meandering is visualized. 

Fig. 20 depicts the time-averaged streamwise velocity contours in 
vertical plane through rotor center for three inflow wind conditions. Due 
to the surge motion of floating platform, the wind turbine rotor is 
located downstream of initial position x/D = 0. The top of spar platform 
is 10m above the still water level, therefore, there is a small raised low- 
speed region below wind turbine because of its resistance to flow field. 
The inclination of wind turbine rotor is clearly observed, resulting from 
a combination of its 5◦ tilt and pitch motion of floating platform. Sub-
sequently, this inclination leads to vertical deflection of wake. Although 
the pitch angles of floating platform among three wind conditions are 
nearly identical, the vertical deflections of wake under uniform and 
shear inflows are more pronounced compared to atmospheric inflow. 
One possible reason is that the impact of vertical component of velocity 
on wake deflection is suppressed due to the strong interaction between 
wake of FOWT and ambient atmosphere. In the cases of shear inflow and 
atmospheric inflow, the wind shear, which involves an increase in wind 
speed with height, leads to the lower velocity below rotor center in near 
wake region as compared to the higher velocity above rotor center. The 
decreased wake velocity in atmospheric scenario is not apparent beyond 
a downstream distance of 6D. This observation corresponds with the 
analysis presented in Fig. 19, which indicates a faster wake recovery 
under atmospheric inflow. 

To provide a quantitative insight for wake recovery, the velocity 
deficits in hub level plane and vertical plane through rotor center are 
depicted in Fig. 21. It is noteworthy that the freestream velocity varies 
with height due to the wind shear in shear and atmospheric inflows. In 
terms of hub level plane, the difference of velocity deficit between 
uniform inflow and shear inflow is minor until downstream 6D. The 
velocity deficit in uniform scenario is slightly stronger, indicating that 
the wind shear can promote wake recovery to some extent. The profiles 
of the above two wind inflows exhibit bimodal distribution in near wake 
and unimodal distribution in far wake, and the transitional position is 
approximately downstream 6D. However, for the atmospheric inflow, 
this transitional position ahead to downstream 3D. Besides, the inter-
esting observation of wake expansion in near wake is also demonstrated 
by velocity deficit, in which the width of its profile is wider compared to 
uniform and shear inflows. 

Fig. 21. Velocity deficit of FOWT wake in: (a) hub level plane; (b) vertical plane through rotor center.  
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The similar conclusions can also be drawn from the velocity deficit in 
vertical plane through rotor center, as shown in Fig. 21b. For instance, 
minor difference between uniform inflow and shear inflow, earlier 
transitional position from bimodal to unimodal and faster wake recovery 
in atmospheric scenario. Consequently, the power of downstream FOWT 
will be significantly underestimated if uniform inflow or shear inflow 
are utilized. The velocity deficit near free surface is pronounced, espe-
cially for uniform inflow. This significant velocity deficit is caused by 
wind-wave interaction, rather than the wind turbine. 

Fig. 22 shows the instantaneous streamwise velocity contours in hub 
level plane for three inflow wind conditions, in which the time instant is 
30th wave period (end of simulation time). The wake of FOWT under 
uniform inflow is stable until the downstream 2D. When the wake 
further travels downstream, it becomes unstable and slight wake 
meandering occurs between downstream 2D and 4D. After downstream 
4D, the wake breaks and the significant wake meandering is visible. 
Consequently, external airflow with higher velocity may enters the wake 
of FOWT, as illustrated at downstream 6.5D and 8D. There is minor 

difference of the instantaneous wake in hub level plane between shear 
inflow and uniform inflow. However, the wake of FOWT in atmospheric 
scenario is more unstable. The wake breakdown and wake meandering 
appear at downstream 2D, and the wake meandering is more significant 
in far wake. This observation suggests that the atmospheric inflow has 
noticeable effect on wake meandering of FOWT. 

Similarly, Fig. 23 shows the instantaneous velocity contours in ver-
tical plane through rotor center at the same time instant. The upper 
wake under uniform inflow remains stable, and no wake breaking is 
observed during wake evolution. For the lower wake, the broken wake is 
induced by the high-speed airflow between blade-tip and free surface, 
and thus, leading to faster velocity recovery in lower far wake. The low- 
speed air masses in middle wake are obvious, which may be attributed to 
the reciprocating pitch motion due to wave loads. Those low-speed air 
masses are also apparent in the wake in shear scenario, but not apparent 
in atmospheric scenario. The difference of wake between uniform inflow 
and shear inflow is minor except the high-speed airflow between blade- 
tip and free surface in uniform scenario. Nonetheless, the wake in 

Fig. 22. Instantaneous streamwise velocity contours in hub level plane at time instant of 30th wave periods for different inflow wind conditions: (a) uniform; (b) 
shear and (c) atmospheric. 
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atmospheric scenario is significantly different. Apart from the earlier 
wake breaking, more pronounced wake meandering and faster velocity 
recovery, the wake expansion at downstream 5D is visualized. 

5.7. Wake center 

Compared with the vertical wake meandering in vertical plane 
through rotor center, the lateral wake meandering in hub level plane is 
significant due to the absence of limitation of free surface, even for the 
uniform inflow and shear inflow. Therefore, the lateral wake center at 
time instant of 30th wave period is shown in Fig. 24, aiming to provide a 
quantitative insight on wake meandering. The wake center is deter-
mined by applying the Gauss fitting function to velocity deficit profile. It 
is found that the wake center in uniform scenario remains stable until 
downstream 5D, then becomes unstable as the wake travels further 
downstream and the remarkable wake meandering occurs. The wake 
center in shear scenario exhibits slightly rightward deflection when 
observed from a downstream perspective. The reason is that the low- 
speed flow enters the right wake, while the high-speed flow enters the 
left wake because of the rotation of vortex structures. For the 

Fig. 23. Instantaneous velocity contours in vertical plane through rotor center at time instant of 30th wave period for different inflow wind conditions: (a) uniform; 
(b) shear and (c) atmospheric. 

Fig. 24. Lateral wake center in hub level plane at time instant of 30th wave 
period for different inflow wind conditions. 
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Fig. 25. Vortex structures of FOWT for different inflow wind conditions: (a) uniform; (b) shear and (c) atmospheric.  
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atmospheric inflow, the wake center is unstable even at downstream 1D. 
Furthermore, the lateral amplitude of wake meandering is approxi-
mately twice that observed in the cases of uniform inflow and shear 
inflow. 

5.8. Vortex structures 

Fig. 25 depicts the vortex structures of FOWT for three different wind 
inflows. The vortex structures are identified by Q-criterion iso-surface 
(Q = 0.008) and colored by velocity. Observing the case of uniform 
inflow, the spiral-shaped blade-tip vortices are clear in near wake. Those 
blade-tip vortices break quickly, generating individual vortex rings. 
Unlike the blade-tip vortices, the blade-root vortices evolve downstream 
in a more stable manner and interact with the blade-tip vortices in far 
wake. The vortices induced by tower are also evident. What’s more, the 
vortex shedding from the top of floating platform shows a strong 
interaction with the vortex rings. In the far wake, the vortex structures 
are sophisticated due to the collective interactions among blade-tip 
vortices, blade-root vortices and platform-induced vortices. In compar-
ison to uniform inflow, the vortex structures under shear inflow exhibit 
minor distinctions, apart from enhanced shear near free surface. How-
ever, the vortex structures in atmospheric scenario show a significant 
discrepancy compared with both uniform inflow and shear inflow. Due 
to the atmospheric inflow is turbulent, some vortices upstream the 
FOWT are apparent. Those vortices strongly interact with wind turbine 
vortices, and subsequently, resulting in the faster breakdown of blade- 
tip vortices. In the further wake, there is an absence of vortex rings, as 
typically seen in cases of uniform inflow and shear inflow. Instead, the 
wake presents the large-scale fragmented vortices. In the far wake, more 
complex and smaller vortices become apparent. A conclusion can be 
drawn that the atmospheric inflow imparts a heightened level of 
complexity to the vortex structures of FOWT. This observation needs to 
be carefully considered and treated when assessing the wake effects 
between multiple FOWTs. 

6. Conclusions 

In this study, we numerically investigate the effects of atmospheric 
turbulence inflow on aero-hydrodynamics and wake characteristics of 
FOWT. The numerical simulations are performed using our well- 
validated in-house solver, FOWT-UALM-SJTU. To generate the real-
istic atmospheric inflow, the LES with long-duration simulation is 
employed. 

Compared to uniform inflow and shear inflow, the power of FOWT 
under atmospheric inflow is more unstable. The PSD of power exhibits 
higher intensity in high frequency region due to high-frequency small- 
scale turbulence structures in atmospheric inflow. A similar observation 
holds for the analysis of thrust. The variation of yaw moment in atmo-
spheric scenario is significantly drastic. Consequently, the dominant 
frequency of PSD of yaw moment is blade passage frequency fb, rather 
than the incident wave frequency fw observed in uniform and shear 
scenarios, indicating that the yaw moment is dominated by disordered 
turbulent structures. The significant variation of yaw moment in atmo-
spheric scenario leads to the remarkable response of platform yaw mo-
tion, with its amplitude exceeding 6◦. 

The wake recovery in atmospheric scenario is faster. Specifically, the 
transition from bimodal distribution to unimodal distribution in velocity 
deficit profile occurs at downstream 3D, whereas in the uniform and 
shear inflow scenarios, this transition occurs at approximately down-
stream 6D. The wake breakdown and significant wake meandering in 
atmospheric scenario occurs earlier, with even more significant wake 
meandering observed in far wake. This observation is further confirmed 
through quantitative analysis of wake center. The vortices in freestream 
atmospheric inflow interact with wind turbine vortices, resulting in the 
accelerated breakdown of blade-tip vortices. In the far wake, the 
absence of vortex rings in atmospheric scenario is observed, along with 

the presence of more complex and smaller vortices. 
Our results show the significant effects of atmospheric inflow on 

wake characteristics of FOWT. To provide valuable insights into floating 
wind farms, it is imperative and meaningful to explore the operation 
performance of downstream FOWTs in wakes of upstream FOWTs sub-
jected to atmospheric inflow. Various configurations, such as tandem 
and offset layouts, are recommended. Furthermore, it is advisable to 
conduct studies that examine the influence of different thermal stabil-
ities on the wake characteristics of FOWTs. 
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