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Abstract: Floating offshore wind turbines (FOWTs) may experience six degree of freedom (DoF)
movements under the influence of environmental conditions. Different combinations of platform
movements with the same amplitude and frequency may have distinct influences on the aerodynamic
characteristics of the wind turbine. In this study, a detailed, full-scale CFD model of NREL 5 MW
wind turbine is developed to investigate the specific aerodynamic and near wake characteristics under
the influence of surge, pitch, and coupled surge–pitch platform motion based on the OpenFOAM
tool box. It is clearly noted that different platform movements led to varying relative velocities of
the blade, which affected the aerodynamic performance of wind turbines such as thrust, torque,
and angle of attack (AOA). On the other hand, when the wind turbine was subjected to combined
surge–pitch motion with the same phase, the wake velocity field fluctuated greatly, and the velocity
at the center of the wake even exceeded the free flow velocity. Moreover, the platform movement
affected the gap between the shed vortices. When the wind turbine moved forward, the gap between
the vortices increased, while when the wind turbine moved backward, the gap between the vortices
decreased or even converged, resulting in vortex–vortex interaction.

Keywords: wind turbine; platform motion; near wake

1. Introduction

According to the 2022 Global Wind Energy Report [1], a new installed capacity of
nearly 94 GW was added globally in 2021. Despite its significant potential, offshore wind
power remains largely untapped as a global renewable energy resource. Globally, the total
installed capacity is 837 GW, of which only 35 GW is contributed by offshore wind turbines.
The floating offshore wind turbines represent a highly promising form of renewable energy
technology with the potential to provide clean and sustainable electricity worldwide, which
can reduce dependence on traditional fossil fuels. However, compared with fixed offshore
wind turbines, floating offshore wind turbines (FOWTs) are influenced by the motion of
the floating platform, leading to variations in aerodynamic loads and power output of the
turbines [2–5]. Moreover, the wind turbines are subjected to vibrations and stress induced
by the platform’s motion, which may result in structural fatigue and reduced lifespan of
the turbines.

FOWTs are typically affected by the influence of wind, waves, and current, causing
the floating platforms to undergo six degrees of freedom (DoFs) motion (surge, sway,
heave, roll, pitch, and yaw), affecting the relative velocity of the wind turbine blades and
thereby resulting in complex changes in aerodynamic characteristics, including an unsteady
state of the rotor, variations in wake, dynamic stall, and wind turbine–wake interaction.
Experimental and numerical methods can be used to study the aerodynamic characteristics
of wind turbines. For the experimental method, Hand et al. [6] conducted wind tunnel
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tests using the National Renewable Energy Laboratory (NREL) Phase VI wind turbine to
measure aerodynamic parameters such as thrust, power, and pressure coefficients of the
wind turbine at various operating conditions. Bartl et al. [7] used laser Doppler anemometry
to study the wake characteristics of wind turbines under different yawed inflow conditions.
The study revealed that the wake flow is asymmetric with respect to positive and negative
yaw angles, and a pair of counter-rotating vortices was observed creating a kidney-shaped
velocity deficit in all inflow conditions. Schottler et al. [8] conducted experimental research
to compare the wake characteristics of two different model wind turbines by considering the
effect of yaw misalignment. They found that the shape and width of the wake varied under
different conditions, which had a significant impact on wind turbine layout and control
strategies. Wang et al. [9] conducted wind tunnel experiments to investigate the unsteady
aerodynamic performance of blunt wind turbine airfoils influenced by boundary layer
separation and wake eddies. The results indicated that the aerodynamic performance and
boundary layer instability are influenced by various factors, including wake characteristics,
vortex shedding, and airfoil trailing edge thickness. Fontanella et al. [10] conducted
wind tunnel experiments to study the unsteady aerodynamic response of floating wind
turbines under surge motion, and the results showed that experimental data aligned with
quasi-steady theory predictions at low frequencies, but may exhibit unsteady effects at
higher frequencies.

The numerical simulation methods for floating offshore wind turbines typically in-
clude the blade element moment (BEM) method, actuator disk method (ADM), actuator
line method (ALM), free vortex method (FVM), and blade-resolved computational fluid
dynamic (CFD) method. The BEM is a fundamental theory adopted to analyze wind turbine
performance. It is based on the principle of dividing the wind turbine blades into small
sections and then analyzing the aerodynamic forces and changes in momentum on each
blade section. Using this method, the overall performance of the wind turbine, including
power extraction and disturbance to the flow, can be calculated. Dai et al. [11] proposed
an effective method for calculating aerodynamic loads on large wind turbine blades based
on the BEM theory and found that aerodynamic loads are influenced by multiple factors,
but appropriate control methods can reduce load fluctuations. Zhong et al. [12] proposed
a new tip loss correction model based on the BEM method, separately correcting the lift
coefficient and drag coefficient, thereby improving accuracy and robustness.

The FVM is based on the free vortex theory to describe the complexity of the interaction
between flow and blades in wind turbines. In the FVM, the trailing and vortices are
modeled by shed straight-line vortex filaments to simulate the interaction between the flow
and the turbine blades. It assumes that vortices are structures that conserve energy and
continuously transport and release kinetic energy in the flow. By tracking the motion and
changes of vortices, performance parameters of wind turbines, such as torque, extracted
power, and flow disturbances, can be calculated. Rodriguez and Jaworski [13] established
an aeroelastic simulation framework for wind turbines using the FVM method, successfully
simulating the performance of floating offshore wind turbines under various wave-induced
conditions, revealing significant aeroelastic interactions between blade deformation and
the rotor near-wake, particularly under rated and super-rated wave-induced motions. Jeon
et al. [14] studied the unsteady aerodynamic characteristics of FOWTs in pitch motion
based on FVM, and found that FVM can effectively predict the turbulence wake state (TWS)
and vortex ring state (VRS) of a wind turbine. Farrugia et al. [15] investigated the complex
wake characteristics under extreme wave conditions based on the FVM and found that the
average power and thrust under platform surge motion depend on the motion frequency,
amplitude of the platform, and rotor operating conditions.

The ADM and ALM treat the rotating blade region of a wind turbine as a virtual “actu-
ator disk” and “actuator line”, which can generate aerodynamic forces, simulating the effect
of actual blades on the flow. Réthoré et al. [16] reassigned the blade loads to body forces
in the computational domain based on the ADM and studied the aerodynamic and wake
characteristics of wind turbines. Micallef et al. [17] found that the ADM performed well in
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predicting wake expansion in the outboard regions close to the tip, but had poor predictive
capability over the inboard and mid-board regions, and the tip correction had almost no
effect on wake expansion prediction. Ravensbergen et al. [18] introduced a multi-fidelity
framework (ALM-VMS) for wind turbine flow modeling, which effectively replicated the
wake structure of a wind turbine and showed good agreement with experimental data,
making it suitable for analyzing an entire wind farm in complex terrain. Arabgolarcheh
et al. [19] conducted a study using the ALM method to investigate the vortex trajectories in
the wake of wind turbines during surge motion, as well as blade–vortex interactions, and
they discovered periodic variations in vortex strength.

With the improvement of computational power and the continuous development of
CFD technology, more complex wind turbine simulations can be conducted. Wu et al. [20]
developed a simulation model based on the CFD method and investigated the aerodynamic
characteristics of rotors under the influence of pitch motion. Tran et al. [21] conducted a
study on the unsteady aerodynamic characteristics of FWOT under pitch motion based on
CFD and overset grid techniques. Kyle et al. [22] investigated the propeller state and vortex
ring state of the wind turbine under surge motion and analyzed the aerodynamics under
a different state. Cai et al. [23] studied the changes in the aerodynamic characteristics of
the wind turbine in yawed inflow and observed that the interaction between the blades
and the tower could not be ignored. In addition, many fully coupled models based on
CFD methods are also widely used to analyze FOWTs’ aerodynamics, hydrodynamics, and
mooring dynamics. Tran et al. [24] established a fully coupled model to investigate the
unsteady aerodynamics, hydrodynamics, and fully coupled aero-hydrodynamics including
mooring line loads, and achieved good agreement compared to the simulation results from
FAST. Liu et al. [25] developed FOWT mesh motion technology based on OpenFOAM,
established a fully coupled model of FOWT simulation, and studied the aerodynamic
characteristics and motion response under different wind and wave conditions. Zhou
et al. [26] further studied the effects of different inflow conditions on aerodynamic load
and platform motion response based on the fully coupled model.

The FOWT may experience six DoF motion with different amplitudes and frequencies
under complicated environmental conditions [27,28]. More importantly, due to the different
type of wind turbine platform and the mooring system, a combination of different platform
movements of the FOWT may be induced, for example, the spar FOWT is more likely
to experience the combined in-phase surge–pitch motion, which will enlarge the relative
motion of the rotor caused by the platform’s movement [29,30]. Semi-submersible platforms
are more likely to experience the combined motion of half a cycle of difference between
the surge and pitch motion, which will weaken the relative motion of the rotor [31,32].
Under the influence of complex platform movement, the wind turbine rotor may experience
complex changes in aerodynamic characteristics. Guo et al. [33] studied the influence of
different platform movements on the aerodynamic characteristics of the wind turbine and
found that the relative wind speed of the rotor is the key factor affecting the thrust and
output power. Arabgolarcheh et al. investigated the changes in the near-field wake [19] and
far-field wake [34] of FOWTs under the influence of different platform movements based
on ALM, but they did not consider the coupled case of different movement combinations.

Following the above statement, it is worth investigating the changes in aerodynamic
characteristics and wake influenced by complex platform motion based on the blade-
resolved CFD method. In this study, a wind turbine simulation model was set up based
on the CFD method to study the influences of different platform movements on the wind
turbine’s aerodynamic characteristics and analyze the velocity distribution in the near
wake and the changes in the vortices in order to analyze the unsteady effects caused by the
platform movements.



Energies 2024, 17, 744 4 of 16

2. Methodology

In this investigation, the computational fluid dynamics (CFD) simulation was con-
ducted using OpenFOAM-v2012 [35] software. The Reynolds-averaged N-S equations are
shown below:

∂ui
∂xi

= 0, (1)

∂ui
∂t

+
∂

∂xj

(
ujui

)
= f i −

1
ρ

∂p
∂xi

+
∂

∂xj

[
2νsij − u,

ju
,
i

]
, (2)

where −u,
ju

,
i is the Reynolds stress tensor.

The mean strain rate tensor is given as:

sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
. (3)

The inclusion of the Reynolds stress term introduces additional variables, resulting in
an equation with unknowns. To maintain a closed equation, the Boussinesq eddy-viscosity
approximation establishes a relationship between the Reynolds stress and the mean motion
field as follows:

−u,
ju

,
i = 2νTsij −

2
3

kδij, (4)

where k is the turbulence kinetic energy and νT represents the eddy viscosity.
The k−ω SST turbulence model [36] was employed to achieve equation closure, which

combined the k − ω and k − ε models to approximate the eddy viscosity. The k − ω SST
model was transformed into a k − ω model near the wall and a k − ε model away from
the wall.

3. Model Description
3.1. Description of Wind Turbine Model

The NREL 5 MW baseline offshore wind turbine was utilized in this research to study
the load and wake characteristics. Figure 1 demonstrates the properties of the NREL 5 MW
baseline wind turbine. Parameters are presented in Table 1.
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Table 1. Properties of NREL 5 MW baseline wind turbine.

Turbine Value

Rated power (MW) 5
Rotor diameter (m) 126
Hub diameter (m) 3

Hub height (m) 90
Cut-in wind speed (m/s) 3
Rated wind speed (m/s) 11.4

Cut-out wind speed (m/s) 25
Cut-in rotor speed (rpm) 6.9
Rated rotor speed (rpm) 12.1
Rated tip speed (m/s) 80

3.2. Description of Wind Turbine Motion

The motion of the wind turbine platform is typically expressed through a sine or
cosine function when subjected to regular wave loads. The surge and pitch motion of the
platform can induce additional relative velocity of the FOWT rotor. The coupling of surge
and pitch motion in distinct phases can introduce more complex aerodynamic behaviors of
the rotor.

This study focuses on analyzing the aerodynamic characteristics of the wind turbine in
a specific motion state. Acknowledging the impracticality of accounting for all the complex
motions of the platform, it is crucial to select a platform movement that is authentic and
representative. Philippe et al. [37] conducted a study on the 6-DoF response of a 5 MW wind
turbine on a floating platform under varying wind and wave conditions. Their findings
revealed that the response amplitude operators (RAO) of the wind turbine in surge and
pitch could attain values of 5 and 3.5, respectively, at a wave period of 8.1 s. In order to
achieve the maximum possible RAO, this study employed the same wave period of 8.1 s as
utilized by Philippe et al. [37]. Additionally, the wave distributions for locations around
the British Isles [38] were referenced in this study to ensure the authenticity of surge and
pitch motion. And the significant wave height (Hsig) of 4 m, from the wave monitoring data
of reference [38], was adopted as the basis for calculating the platform response.

Wave amplitude, Awave, is defined as

Awave =
2

√
Hsig

2

8
(5)

Surge and pitch motion amplitudes at Hsig of 4 m are calculated as 7.07 m and 4.95◦,
respectively.

3.2.1. Description of Wind Turbine Surge Motion

In this study, platform surge and pitch motion are considered as types of periodic
sinusoidal motion. The surge displacement, Xs, is described as

Xs = Assin(ωst) (6)

where Xs is the surge amplitude and ωs is the surge frequency.
The surge velocity, us, can be calculated by

us =
dXs

dt
= Asωscos(ωst) (7)

The relative velocity of rotor can be described as

usrel = us + u0 = Asωscos(ωst) + u0 (8)

where u0 is the wind speed.
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3.2.2. Description of Wind Turbine Pitch Motion

The pitch displacement, θp, can be described as

θp = Apsin
(
ωpt

)
(9)

where Ap, ωp are the amplitude and frequency of platform pitch motion, respectively.
The angular velocity of the platform pitch motion can be calculated by

ωpr =
dθp

dt
= Apωpcos

(
ωpt

)
(10)

The linear velocity at the rotor’s center can be described as

upr = ωprRp = ApωpRpcos
(
ωpt

)
(11)

where Rp is the distance between the rotor center and pitch rotation center.

3.2.3. Description of Wind Turbine Coupled Surge-Pitch Motion

To precisely describe the coupled surge–pitch motion of the wind turbine within
a consistent coordinate system, it is imperative to project the velocity associated with
the surge motion onto the axial direction of the rotor. Furthermore, it is essential to
acknowledge the potential existence of a phase difference between the surge and pitch
motions, which can be attributed to variances in platform type or wave load. Building
upon the previous descriptions of the surge and pitch motion in Sections 3.2.1 and 3.2.2,
the velocity of rotor movement under the coupled surge–pitch motion can be expressed
as follows:

uc,i = us cos
(
θp
)
+ upr = Asωs cos(ωst + φs) cos

(
Ap sin

(
ωpt

))
+ ApωpRpcos

(
ωpt

)
(12)

where φs denotes the phase difference between surge and pitch motion. In order to study
the influence of different platform motions on the aerodynamic characteristics of the rotor
in detail, a total of five cases are presented in Table 2.

Table 2. Case design of platform motion.

Label Surge Amplitude
(m) Surge Period (s) Pitch Amplitude

(deg) Pitch Period (s) Surge Lags Period

surge 7.07 8.1 - - -

pitch - - 4.95 8.1 -

coupled-0
7.07 8.1 4.95 8.1

0
coupled-T/4 T/4
coupled-T/2 T/2

4. Description and Validation of Modeling Method
4.1. Description of Modeling Method

To account for the rotation of the rotor and the pitch motion of the platform, the
arbitrary mesh interface (AMI) sliding mesh technique was implemented in OpenFOAM.
In Figure 2, two cylindrical surfaces are defined as AMI sliding surfaces, allowing for
rotational movement. Moreover, a method of moving the total grid was adopted to achieve
the surge motion of FOWT in this study. The inlet and outlet velocity boundary conditions
were “fixedValue” and “inletOutlet”, respectively. The inlet pressure boundary condition
was “zeroGradient”, and the outlet pressure boundary condition was “fixedValue”, with a
zero value.
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motion; (c) rotor rotation.

For the purpose of mesh quality enhancement and computational resource optimiza-
tion, a poly-hexcore mesh was generated using Fluent meshing in this study. The polyhedral
mesh optimizes the mesh quality near the wall, and the hexahedral mesh in the region
away from the wall enhances the orthogonality of the mesh, thereby increasing the mesh
quality. The computational domain dimensions were defined as 1000 m, 400 m, and 500
m in the x-, y-, and z-directions, respectively, corresponding to the incoming flow direc-
tion, horizontal direction, and gravity direction. Grid diagrams for these directions are
presented in Figure 3. A total of 3.43 million grids were created in this simulation. Six
boundary layers were generated near the blade, and the minimum boundary layer size
was 0.004 m. A refined mesh was used behind the rotor to accurately simulate the vortices,
with a minimum refinement size of 0.5 m.
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4.2. Validation of Modelling Method

In this study, the stability of the simulation was limited by the Courant number, which
refers to the relation between the time step and the space step.

Co =
U f ∆t
|d| (13)
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where U f is the control volume velocity at the face cell, ∆t is the time step, and d is the
vector that represents the distance between its cell center and its neighboring center. In this
study, the time step was set to 0.001 s to ensure that the Courant number near the blade in
the simulation was basically less than 1, and the maximum Courant number was less than 8.
The simulation was conducted using a pimple Foam solver and performed using an AMD
7532 CPU with 64 cores, which takes 120 h for a 50 s simulation. In order to ensure the
accuracy of our calculations and analysis, a mesh convergence test was conducted to assess
the wind turbine’s thrust and power at a wind speed of 11.4 m/s. This test involved three
different mesh densities: a coarse grid, the previously described medium grid, and a fine
grid. The results of the convergence test are illustrated in Figure 4, displaying the average
thrust and power data recorded from 20 to 30 s of simulation time. Relative errors for each
mesh density are detailed in Table 3. Analysis revealed a 2.10% relative error in thrust
between the coarse and fine meshes, whereas the difference between the medium and fine
meshes was only 0.22%. Correspondingly, the power discrepancy between the coarse and
fine meshes was 2.34%, while the difference between the medium and fine meshes was a
mere 0.12%. Although the fine grid can obtain more accurate simulation results, it required
a longer simulation time. These results emphasize that the medium grid attains the desired
calculation accuracy while optimizing computational efficiency. Thus, the medium grid
was selected for the optimal balance between accuracy and computational resources for
subsequent calculations and analysis.

Energies 2024, 17, x FOR PEER REVIEW 8 of 16 
 

 

where 𝑼  is the control volume velocity at the face cell, ∆𝑡 is the time step, and 𝒅 is the 
vector that represents the distance between its cell center and its neighboring center. In 
this study, the time step was set to 0.001 s to ensure that the Courant number near the 
blade in the simulation was basically less than 1, and the maximum Courant number was 
less than 8. The simulation was conducted using a pimple Foam solver and performed 
using an AMD 7532 CPU with 64 cores, which takes 120 h for a 50 s simulation. In order 
to ensure the accuracy of our calculations and analysis, a mesh convergence test was con-
ducted to assess the wind turbine’s thrust and power at a wind speed of 11.4 m/s. This test 
involved three different mesh densities: a coarse grid, the previously described medium 
grid, and a fine grid. The results of the convergence test are illustrated in Figure 4, dis-
playing the average thrust and power data recorded from 20 to 30 s of simulation time. 
Relative errors for each mesh density are detailed in Table 3. Analysis revealed a 2.10% 
relative error in thrust between the coarse and fine meshes, whereas the difference be-
tween the medium and fine meshes was only 0.22%. Correspondingly, the power discrep-
ancy between the coarse and fine meshes was 2.34%, while the difference between the 
medium and fine meshes was a mere 0.12%. Although the fine grid can obtain more accu-
rate simulation results, it required a longer simulation time. These results emphasize that 
the medium grid attains the desired calculation accuracy while optimizing computational 
efficiency. Thus, the medium grid was selected for the optimal balance between accuracy 
and computational resources for subsequent calculations and analysis. 

  
(a) (b) 

Figure 4. Mesh convergence analysis of (a) thrust and (b) power. 

Table 3. Analysis of grid convergence of CFD models. 

Grid 
Mesh Number 

(in Million) 
Thrust (kN) 

/Relative Error 
Power (MW)/ 
Relative Error 

Simulation Time 
per Time Step (s) 

Coarse 2.24 713.96/2.10% 5.005/2.34% 3.88 
Medium 3.43 727.74/0.22% 5.119/0.12% 5.32 

Fine 4.08 729.31/0.00% 5.125/0.00% 6.54 

5. Results and Discussion 
5.1. Aerodynamic Characteristics of Rotor under Different Platform Movement 

The six-DoF motion of the FOWT platform may exert a significant influence on vari-
ous aerodynamic parameters, particularly impacting rotor thrust and power. Among the 
various platform motions, it was observed that the surge and pitch motions had the most 
pronounced effects on aerodynamic characteristics. The alterations in aerodynamic char-
acteristics of the wind turbine, as influenced by different platform motions within a single 
motion period, are presented in Figure 5. Specifically, Figure 5a,b illustrate the fluctua-
tions in aerodynamic thrust and torque corresponding to distinct platform movements, 
while Figure 5c–e provide visual representations of variations in AOA, and Figure 5f 
shows the motion velocity of the rotor center specifically in the rotor’s normal direction. 
The trends in rotor thrust variations remained notably consistent when influenced by in-
dividual surge and pitch motions. When subjected to surge motion, the highest and lowest 

Figure 4. Mesh convergence analysis of (a) thrust and (b) power.

Table 3. Analysis of grid convergence of CFD models.

Grid Mesh Number
(in Million)

Thrust (kN)
/Relative Error

Power (MW)/
Relative Error

Simulation Time
per Time Step (s)

Coarse 2.24 713.96/2.10% 5.005/2.34% 3.88
Medium 3.43 727.74/0.22% 5.119/0.12% 5.32

Fine 4.08 729.31/0.00% 5.125/0.00% 6.54

5. Results and Discussion
5.1. Aerodynamic Characteristics of Rotor under Different Platform Movement

The six-DoF motion of the FOWT platform may exert a significant influence on var-
ious aerodynamic parameters, particularly impacting rotor thrust and power. Among
the various platform motions, it was observed that the surge and pitch motions had the
most pronounced effects on aerodynamic characteristics. The alterations in aerodynamic
characteristics of the wind turbine, as influenced by different platform motions within a
single motion period, are presented in Figure 5. Specifically, Figure 5a,b illustrate the fluc-
tuations in aerodynamic thrust and torque corresponding to distinct platform movements,
while Figure 5c–e provide visual representations of variations in AOA, and Figure 5f shows
the motion velocity of the rotor center specifically in the rotor’s normal direction. The
trends in rotor thrust variations remained notably consistent when influenced by individual
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surge and pitch motions. When subjected to surge motion, the highest and lowest thrust
values were recorded as 1124.71 kN and 264.87 kN, respectively. When subjected to the
influence of pitch motion, the maximum and minimum thrust values were found to be
1133.77 kN and 156.29 kN, respectively. In the case of in-phase coupled surge–pitch motion,
a reduction in the minimum aerodynamic thrust was observed, accompanied by significant
fluctuations in the maximum thrust. These phenomena can be attributed to dynamic stall
induced by the excessive rotor motion velocity, resulting in high AOA. During the in-phase
coupled motion, the maximum and minimum thrust values were registered at 944.96 kN
and −244.87 kN, respectively. Furthermore, when dynamic stall occurred, there was a rapid
thrust reduction of approximately 220 kN within a 2/8T interval. As the surge motion
lagged, the amplitude of thrust variation exhibited a gradual reduction. Specifically, when
the surge motion lagged by T/4, maximum and minimum thrust values of 1205.36 kN
and 17.67 kN were observed, respectively. In contrast, when the surge motion exhibited a
T/2 phase lag, the maximum and minimum thrust values were recorded as 831.74 kN and
634.27 kN, respectively.
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Rotor torque exhibited a parallel pattern to that of thrust. When influenced by surge
and pitch motions, the maximum and minimum rotor torque values were 10.22 MN·m and
0.16 MN·m and 10.92 MN·m and −0.18 MN·m, respectively. In the context of in-phase
coupled surge–pitch motion, the maximum torque was observed at 5.45 MN·m, with the
minimum torque at −0.93 MN·m. Notably, dynamic stall prompted a rapid decrease of
approximately 4.9 MN·m at around 2/8 T. When the surge motion lagged by T/4, maximum
and minimum torque values of 12.53 MN·m and −0.39 MN·m were observed, respectively.
In cases where the surge motion lagged by T/2, the maximum and minimum torque values
were found to be 5.56 MN·m and 3.08 MN·m, respectively.

AOA variations at different blade cross-sections displayed consistent trends across
various operational conditions. It is noteworthy that, with increasing blade radius, the
amplitude of AOA variation gradually diminished. At the blade radius of 0.3 r, when
subjected to surge motion, the maximum and minimum AOA values were measured at
14.86◦ and −1.23◦, respectively. In the case of pitch motion alone, the maximum and
minimum AOA values were observed to be 19.94◦ and −5.29◦, respectively. In the context
of in-phase coupled surge–pitch motion, the maximum and minimum AOA values reached
30.85◦ and −12.46◦, respectively. As the surge motion lagged by T/4, the maximum and
minimum AOA values were registered as 18.76◦ and −8.43◦, respectively. When surge
motion lagged by T/2, the maximum and minimum AOA values were found to be 9.06◦

and 4.09◦, respectively.
It is noteworthy to emphasize that there exist notable disparities in rotor motion

velocity concerning distinct platform movements. The highest amplitude of rotor motion
velocity was observed when it is in phase-coupled surge–pitch motion, whereas the lowest
amplitude occurred when the surge motion exhibited a phase lag of T/2. Notably, even
when the surge motion lagged by T/4, the amplitude of rotor motion velocity surpassed
that of surge and pitch motions when considered individually. These fluctuations in rotor
motion velocity bear considerable consequences for aerodynamic loads and alterations in
AOA. The patterns observed in the curves depicted in Figure 5a–e exhibit a striking contrast
with the trends evident in the velocity changes illustrated in Figure 5f, underscoring the
direct impact of motion velocity on the aerodynamic characteristics of the rotor. As the
wind turbine moved upwind, there was a concurrent rise in the relative velocity of the
rotor, resulting in an increase in thrust, torque, and AOA. In contrast, these parameters
experienced a decline when the wind turbine underwent downwind motion. On the
whole, wind turbine aerodynamic parameter variations differ significantly under different
platform motion forms. In the cases where the wind turbine experiences in-phase coupled
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surge–pitch motion, it enlarged the rotor movement velocity, consequently amplifying the
amplitude of rotor thrust, torque, and AOA. In contrast, when the surge motion lagged
by T/2, the motions induced by platform surge and pitch tended to counterbalance one
another, resulting in a reduction in the amplitude of associated aerodynamic parameter
fluctuations. Thus, in addition to considering the amplitude and frequency of platform
motion, different platform motions also exert a noteworthy influence on aerodynamic
characteristics. The superimposition of smaller platform motions can engender substantial
aerodynamic variations.

5.2. Velocity Distribution under Different Platform Motion

The near wake field of a wind turbine may manifest diverse characteristics in response
to different platform motions. The velocity field within this wake is a pivotal aspect that
is indispensable for investigating variations in the wake itself. The presence of complex
platform motions can give rise to intricate alterations in the wake field, potentially amplify-
ing turbulence intensity and exerting an influence on wake recovery. Figure 6 illustrates
modifications in the velocity field of the rotor wake at the 1 R position, situated behind the
rotor, during various moments influenced by different platform motions. “r” represents
the distance from the rotor center to the velocity measurement point, “R” denotes the rotor
radius, and “U0” signifies the free-stream velocity maintained at 11.4 m/s. Typically, the
velocity deficit within the wake field remains around 0.6 at any specific moment, with the
wake center exhibiting a minimal velocity deficit. Exclusively influenced by surge motion,
the velocity deficit at the center of the wake demonstrates noteworthy variations at the
1/8T moment. The minimum velocity deficit recorded is 0.24, while the maximum velocity
deficit reaches 1.14. This observation implies that, during this specific moment, the velocity
at the wake center exceeds the free stream velocity. Under the exclusive influence of pitch
motion, the minimum velocity deficit at the wake center is 0.43, and the maximum velocity
deficit is 0.98. When subjected to in-phase coupled surge–pitch motion, the velocity deficit
undergoes substantial variations within the wake center region, featuring slightly elevated
deficits on the upper half of the curve compared to other conditions. Notably, as surge
motion lags, the fluctuations in velocity deficit across the entire wake region gradually di-
minish. During the 4/8T–6/8T moments, the wake velocity distribution remains relatively
consistent across all conditions; however, at the 7/8T–1T moment, significant disparities
in wake velocity distribution emerge among different conditions. As a conclusion, the
wind turbine wake sustains a velocity deficit of approximately 0.6 under the influence
of relatively minor platform motions. In the wake center region, the velocity deficit is
maintained at approximately 0.9–1.0. Nevertheless, as wind turbine platform motions
become more intricate, the wake undergoes intricate changes, characterized by pronounced
fluctuations in wake center velocity during specific moments. This phenomenon can result
in substantial velocity deficits, or even velocities surpassing the free-stream velocity.

5.3. Vortex Characteristics behind Rotor

Figure 7 illustrates the unsteady flow field behind the wind turbine rotor and tower
during various platform movements. It is noteworthy that there were distinct tip vortices
present behind the blade tip, while a multitude of intricate vortices congregated behind
the nacelle. The continuity of the tip vortex is easily disrupted due to vortex shedding
from the tower, leading to the fragmentation of the tip vortex behind the tower. The vortex
within the wind turbine wake appears to be similar under the influence of either surge
motion or pitch motion alone. During forward motion of the wind turbine, the separation
between blade tip vortices widens, whereas backward motion results in a reduction in this
gap, with the possibility of vortices intersecting. Under the influence of pitch motion at
4/8T, the interaction between the two tip vortices became apparent. When the wind turbine
underwent in-phase coupled surge–pitch motion, the wake state exhibited pronounced
instability, manifesting in the formation of a multitude of intricate vortices at the center
of the rotor and behind the tower. During forward motion, a substantial gap existed



Energies 2024, 17, 744 12 of 16

between the two blade tip vortices, while backward motion led to a heightened interaction
between the new blade tip vortex and the preceding one. Additionally, there were vortices
with lower strength dispersed in other regions behind the rotor. As the platform’s surge
motion lagged, there was a gradual reduction in wake intensity, accompanied by a gradual
clarification of the tip vortex structure.
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To delve deeper into the impacts of various platform motions on wind turbine wake
characteristics, Figure 8 depicts the near wake vortex structure under five distinct simu-
lation conditions. Generally, as the complexity of platform motion increases, the vortex
structure becomes more intricate. Specifically, when subjected to either surge motion or
pitch motion alone, the blade tip vortex largely retains its initial form. It is worth noting that,
as the wind turbine moves forward, the gap between tip vortices widens. Conversely, when
the wind turbine moves backward, the gap between tip vortices narrows or even converges,
leading to interaction between these vortices. When the wind turbine is subject to in-phase
coupled surge–pitch motion, it undergoes dynamic stall during forward motion, leading
to the emergence of numerous shedding vortices along the entire blade. Furthermore, a
significant accumulation of vortices behind the nacelle is observed, potentially contributing
to the pronounced alteration in wake center velocity depicted in Figure 6. As the surge
motion lags, the blade tip vortices behind the rotor gradually become more distinct, and
the number of vortices behind the nacelle decreases.
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6. Conclusions

In this study, a CFD simulation model of the FOWT was established to study the
aerodynamic and near wake characteristics under the influence of different platform move-
ments. The following conclusions were obtained:

(1) Different platform movements cause different rotor motion velocities, which affect
the aerodynamic characteristics of the wind turbine, such as thrust, torque, and AOA.
When the wind turbine is affected by the in-phase surge–pitch motion, the rotor load
fluctuation amplitude is the largest, even resulting in negative thrust and torque.
The amplitude of the wind turbine load change also decreases with the lag of the
surge motion. When the surge motion lags by T/2, the amplitude of wind turbine
load change is the smallest due to the counteracting effect between the surge and the
pitch motion.

(2) The wake velocity field changes dramatically under the influence of complex platform
motion. When the amplitude of the platform motion is small, the velocity of the wake
center is larger, and the velocity deficit in other regions is about 0.6. When the platform
experiences the same phase-coupled surge–pitch motion, the wake center velocity
fluctuates sharply, and the maximum velocity even exceeds the free flow velocity.

(3) When the platform moves forward, the gap between blade tip vortices increases,
and it decreases when it moves backward. When the forward motion speed of the
wind turbine is high, the blade may experience dynamic stall and a large amount of
vorticity shed along the whole blade. When the wind turbine moves backward with a
higher velocity, the distance between blade tip vortices decreases and vortices even
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cross, resulting in interactions between vortexes. Moreover, when the wind turbine is
undergoing the same phase-coupled surge–pitch motion, a large number of vortices
gather behind the nacelle and gradually decrease with the lag of the surge motion.
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