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ABSTRACT

This study employs large eddy simulation (LES) to investigate the effects
of platform pitch offset and pitch motion of a floating offshore wind
turbine (FOWT) on wake characteristics, and an analytical wake model
is developed accordingly. The results indicate that a platform pitch offset
induces a systematic upward shift of the wake centerline in the vertical
direction, and a more pronounced vertical wake deflection is observed
with increasing offset angle. The velocity deficit profiles exhibit an
approximately double-peaked feature in the near wake and gradually
transition to a single-peaked Gaussian-like distribution with downstream
distance; in the far wake, good agreement with a Gaussian distribution is
achieved. Based on momentum conservation and a two-dimensional
Gaussian velocity distribution assumption, a vertical component of the
rotor-induced force associated with an effective inclination angle is
incorporated, and an expression for vertical wake deflection is derived.
A wind-shear correction is further introduced, leading to an analytical
wake model applicable to FOWTs. Validation against LES results
demonstrates that the proposed model captures the vertical wake
deflection induced by the platform pitch offset and provides accurate
predictions of far-wake velocity deficit profiles, offering useful guidance
for floating wind farm applications.

KEY WORDS: Large eddy simulation; Actuator line model; FOWT;
Analytical wake model; Wake deflection.

INTRODUCTION

In recent years, offshore wind energy has experienced rapid development
worldwide. To exploit abundant wind resources in far offshore regions,
increasing attention has been directed toward floating offshore wind
turbine (FOWT) technology (Bhattacharya and Nikitas, 2025). Under
complex marine environmental conditions, FOWTs undergo six-degree-
of-freedom (6-DOF) motions, which further influence their aerodynamic
performance and wake characteristics. Wake characteristics play a
crucial role in determining overall wind farm efficiency and operational
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safety (Wang et al., 2024). Therefore, the development of wake modeling
for FOWTs is essential for wind farm design and performance
assessment.

At present, studies on FOWT wakes mainly rely on wind tunnel
experiments, numerical simulations, and analytical wake models. Fan
and Liu (2025) investigated the wake characteristics of an FOWT under
coupled surge and pitch motions at different inflow turbulence intensities
using wind tunnel experiments, and reported that coupled motions
enhanced mesoscale energy and promoted lateral wake expansion.
Messmer et al. (2025) conducted wind tunnel experiments to examine
the wake characteristics of an FOWT under surge and sway motions, and
showed that large-scale coherent structures accelerated wake recovery
through mechanisms such as enhanced Reynolds stress gradients. Wind
tunnel experiments can provide highly reliable data; however, their high
cost and limited data volume restrict their applicability. In contrast,
numerical simulation approaches, particularly computational fluid
dynamics (CFD) methods, can provide comprehensive flow field
information and are widely adopted in FOWT wake studies.

Cai et al. (2024) investigated the aerodynamic characteristics of an
FOWT under combined surge and pitch motions using CFD, in which
the wind turbine was modeled with fully resolved blade geometry. The
results indicated that large motion amplitudes could trigger dynamic stall
and lead to pronounced load fluctuations. Although fully resolved blade-
geometry modeling enables detailed resolution of near-blade flow
structures, simultaneously resolving blade-scale flow features and far
wake regions substantially increases mesh size and computational cost.
The actuator line model (ALM) represents wind turbine blades using
distributed actuator points, where aerodynamic forces are imposed on the
flow field as body forces, significantly reducing computational expense.
As aresult, ALM is more commonly employed in FOWT wake modeling.
Xu et al. (2023) investigated FOWT wake characteristics under
atmospheric boundary layer (ABL) inflow conditions using ALM, and
reported that platform pitch induced vertical wake center deflection. Li
et al. (2024) studied the wake characteristics of an FOWT under surge
motion for different inflow conditions and found that surge-induced
periodic coherent structures could accelerate wake recovery. Liu et al.
(2025) examined the effects of coupled surge-pitch motions on FOWT
wake characteristics under ABL inflow conditions. Dynamic mode



decomposition showed that dominant wake modes are primarily
governed by inflow turbulence, while motion-induced modes exhibit
relatively low energy, although low-frequency motions are more
effective in exciting pronounced responses. Although CFD methods can
provide high-fidelity flow field data, their computational cost remains
prohibitive for engineering applications such as wind farm layout
optimization and power production assessment. In such cases, analytical
wake models are more suitable, as they provide very high computational
efficiency while maintaining an acceptable level of accuracy for
engineering applications.

Most existing analytical wake models have been developed for fixed-
bottom wind turbines (FBWTs), including the widely used Jensen model
(Jensen, 1983), the Gaussian wake model (Bastankhah and Porté-Agel,
2014), and various extensions based on these formulations (Wang et al.,
2024). However, the 6-DOF motions of FOWTs alter wake structures
and velocity distributions, indicating the necessity of developing
analytical wake models specifically tailored for FOWTs. Zhang et al.
(2024a) proposed an analytical wake model for FOWTs by introducing
corrections related to platform position and yaw conditions. Zhang et al.
(2024b) developed an analytical wake model for FOWTs under pitch
motion, in which the influence of pitch motion on the inflow velocity
was considered. Li et al. (2025) proposed a dynamic analytical wake
model applicable to FOWTs under surge, heave, and pitch motions.
Despite these efforts, the influence of platform pitch offset on vertical
wake deflection has received relatively limited attention in existing
analytical wake models. Therefore, the effects of pitch motion on FOWT
wake characteristics under ABL inflow conditions are investigated using
LES in the present study. Based on the LES results, an analytical wake
model is proposed to account for vertical wake deflection induced by the
platform pitch offset. The proposed model is validated against LES
simulations, and the results demonstrate that it can reasonably predict
both the vertical wake center deflection and the associated velocity
deficit induced by the platform pitch offset.

NUMERICAL SIMULATION
Large Eddy Simulation

The turbulence modeling approach adopted in the present study is large
eddy simulation (LES). LES is widely used in wind turbine wake
simulations because unsteady flow features can be captured with good
fidelity. The fundamental idea of LES is to separate large-scale and
small-scale turbulent motions through spatial filtering. The large-scale
motions are resolved directly, whereas the effects of the unresolved
small-scale motions are represented using a subgrid-scale model. The
filtered incompressible continuity and momentum equations are written
as follows:
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where, the overbar indicates the spatially resolved quantities; ¢ is time;
u is the wind velocity; p, represents the reference air density; r,.f.’ is
the deviatoric component of the wind stress tensor; F, is the force
exerted by the wind turbine; g is the gravitational acceleration; & is
the alternating unit tensor; f is the Coriolis parameter; and p is the
modified pressure. The stress r,,]‘,’ is computed based on the Smagorinsky

subgrid-scale model (Smagorinsky, 1963), with the Smagorinsky
constant set to 0.13.
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Actuator Line Model

The actuator line model (ALM) is an actuator-type approach that is
widely employed in wind turbine simulations (Sofensen and Shen, 2002).
The basic concept of ALM is to discretize wind turbine blades into a
series of actuator points, where the aerodynamic forces at each actuator
point are calculated using blade element theory. The aerodynamic forces
acting on the actuator points are then distributed to the flow field in the
form of body forces, thereby representing the interaction between the
wind turbine and the surrounding flow. The volumetric force applied at
each actuator point is expressed as follows:

1 r r
f=(W,D)= EpUi,cdr(CLe,_ +Cpep) 3)

where, L and D are the lift and drag forces, respectively; U, is the

relative wind speed; c¢ is the chord length; dr is the width of the blade
element; C, and C,, are the lift and drag coefficients, respectively; éL
and éD are the unit vectors of lift and drag, respectively.

To simulate FOWTs, an additional velocity component induced by
platform motion is incorporated into the calculation of the relative wind
speed. Fig. 1 illustrates the velocity vectors acting on the blade element.
Here, U,, represents the additional velocity induced by platform motion;

U is the inflow wind speed, and the subscripts & and Z denote the
tangential and axial components, respectively. The local attack angle «
is defined as:

Uu,+U
a=g-yp=tan’| LML
Qr+U,,-U,
where, ¢ is the local inflow angle; y is the local pitch angle, Q is the

rotor speed. After the local attack angle is obtained, the lift and drag
coefficients are interpolated from the design airfoil data. To avoid
numerical singularities when applying wind turbine body forces to the
flow field, a smoothing treatment is required. The Gaussian kernel
function is employed to distribute the volumetric forces, thereby
ensuring numerical stability of the simulations.
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Fig. 1. Velocity vectors acting on the blade element
Numerical Setup

An open-source solver, SOWFA (Simulator for Wind Farm
Applications), developed by the National Renewable Energy Laboratory
(NREL) based on OpenFOAM, is employed in the present study.
SOWFA is capable of simulating FBWTs and can be coupled with FAST
to simulate FOWTs (Churchfield et al., 2012). In this work, a prescribed
6-DOF forced-motion module is implemented on top of the original
SOWFA framework to represent FOWT motions. The solver has been



well validated in previous studies (Churchfield et al., 2012; Liu et al.,
2025). The wind turbine is modeled using the NREL 5SMW reference
turbine (Jonkman et al., 2009), with a rotor diameter of 126 m and a hub
height of 90 m. The rated wind speed is 11.4 m/s, and the rated rotor
speed is 12.1 rpm. The operating conditions considered in this study are
set to the rated state.

The numerical simulations are conducted in two stages: a precursor
simulation and a wind turbine simulation. In the precursor stage, an ABL
inflow is generated using the precursor approach. The computational
domain is a rectangular box of 3000 m x 1000 m x 1000 m, as shown in
Fig. 2. A uniform grid spacing of 10 m is applied in all three directions.
Cyclic boundary conditions are imposed in the horizontal directions, a
slip boundary condition is specified at the top boundary, and the Moeng
wall (Moeng, 1984) boundary condition is applied at the bottom
boundary. The inflow wind is aligned with the positive x-direction, and
the wind speed at hub height is 11.4 m/s. To obtain a quasi-equilibrium
ABL, the precursor simulation is run for 18,000 s with a time step of 0.2
s. An additional 1,000 s simulation is then performed to provide inflow
data for the wind turbine simulation stage. In the generated ABL, the
power-law wind shear exponent is 0.105, and the streamwise turbulence
intensity at hub height is 6.02%.

1000 m

Fig. 2. The computational domain

In the wind turbine simulation stage, the coupled interaction between the
FOWT and the ABL flow is modeled. The computational domain and
the initial mesh are the same as those adopted in the precursor simulation.
The inlet boundary condition is time-dependent and imposed through a
mapping method using flow fields extracted from the precursor results,
whereas a zero pressure-gradient condition is specified at the outlet. As
shown by the black short line in Fig. 3, the wind turbine is placed 6D
downstream of the inlet (where D denotes the rotor diameter). Two
refinement levels are introduced within a rectangular region around the
turbine. The first refinement zone extends 13D, 4D, and 2.5D in the X, y,
and z directions, respectively, with its upstream boundary located 2.5D
ahead of the turbine. The second refinement zone covers 12D, 3D, and
2D in the x, y, and z directions, respectively, and begins 2D upstream of
the turbine. Within the refined region, the grid spacing is 2.5 m x 2.5 m
x 2.5 m, yielding approximately 13 million cells in total. The simulation
is performed for 1000 s using a time step of 0.02 s to satisfy the CFL
requirement. For the verification of mesh and time-step convergence,
one can refer to Liu et al. (2025). Since the wake experiences an initial
transient before a statistically steady state is established, the first 400 s
are excluded from the analysis, and the remaining 600 s of quasi-
stationary data are used for subsequent post-processing.

On this basis, prescribed platform pitch motions are applied in the
coupled simulations to quantify pitch-induced variations in wake
characteristics, particularly the vertical wake deflection. Under
combined wind-wave loading, the platform pitch motion generally
oscillates about a mean equilibrium position. This mean position is
referred to as the platform pitch offset. Accordingly, a sinusoidal pitch
oscillation about a prescribed pitch offset is imposed in the present
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simulations. A schematic illustration of the prescribed pitch motion is
shown in Fig. 4. The pitch motion is defined as a rotation about the y-
axis, centered at a point located 90 m below the wind turbine hub. The
pitch angle and angular velocity are defined as follows:

)
(6)

o) = A,sinQz f 1) +0,
o(t)=2xf,A,cos(2xft)

where, A4, denotes the pitch motion amplitude; &

), represents the

platform pitch offset, and f, is the pitch motion frequency. The

simulation cases are summarized in Table 1. Case 1 represents FBWT.

(a) xy plane

[_r. x 7 300 - K
(b) xz plane
Fig. 3. Schematic of the computational domain and mesh refinement
zone

Fig. 4. Schematic of the prescribed pitch motion

Table 1. Case settings

Case 40 ) fr(Hz) O )
1 - - -
2 4 0.1 5
3 4 0.1 10
NUMERICAL RESULTS

Atmospheric Boundary Layer Inflow



The ABL flow field generated in the precursor simulation stage is more
representative of realistic atmospheric conditions. Fig. 5 presents the
time-averaged profiles of wind speed, wind direction, and streamwise
turbulence intensity along the vertical direction. The wind speed profile
is normalized by the inflow wind speed at hub height, Up = 11.4 m/s.
Good agreement is observed between the simulated profile and the
theoretical power-law wind shear, with a shear exponent of
approximately 0.105. Owing to the Coriolis force, the wind direction
varies with height, and a wind-direction difference of about 1.5° is
observed between the lowest and highest blade-tip elevations. The
streamwise turbulence intensity decreases with height, reaching 6.02%
at hub height.
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Fig. 5. Time-averaged vertical profiles: (a) normalized wind speed; (b)
wind direction; (c) streamwise turbulence intensity

Wake Characteristics

To ensure statistical convergence of the numerical results, the final 600
s of the simulations are selected for post-processing; all subsequent time-
averaged quantities are computed over this 600 s time window. Fig. 6
shows the time-averaged streamwise velocity distribution on the
horizontal plane at hub height, and Fig. 7 presents the time-averaged
streamwise velocity distribution on the vertical plane through the rotor
center. The results indicate that, on the horizontal plane, the wake
velocity distributions of the FBWT and FOWTs are overall comparable,
whereas wake recovery is faster downstream of the FOWTs. In contrast,
the vertical plane more clearly reveals that the wake undergoes an overall
upward shift as 6, increases. This indicates that the primary effect of
platform pitch offset is not a substantial change in the wake width on the
horizontal plane, but a systematic displacement of the wake in the
vertical direction.
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Fig. 6. Time-averaged streamwise velocity field on the horizontal plane
at hub height: (a) Casel; (b) Case2; (c) Case3

Fig. 7. Time-averaged streamwise velocity field on the vertical plane
through the rotor center: (a) Casel; (b) Case2; (c) Case3

Fig. 8 further presents the instantaneous streamwise velocity distribution
on the vertical plane through the rotor center (shown at the end of the
simulation). A similar upward deflection is also observed in the
instantaneous wake of the FOWTs. In addition, coherent structures
induced by the pitch motion are visible near the shear layer, and this
feature is more pronounced in the near-wake region. Fig. 9 shows the
normalized velocity deficit profiles on the horizontal plane at hub height
and on the vertical plane through the rotor center. The normalized
velocity deficit is defined as (u,,, —u)/u,, , where u,, is set to 11.4

m/s. As shown in the figure, the velocity deficit distribution in the near
wake exhibits an approximately double-peaked Gaussian shape; with
increasing downstream distance, the distribution gradually transitions to
a single-peaked standard Gaussian shape. This behavior can be attributed
to the fact that the near wake is still strongly affected by the rotor-induced
velocity deficit, while turbulent mixing gradually smooths these local
features as the wake develops downstream. Comparisons among
different cases indicate faster wake recovery for the FOWTs. Meanwhile,
in the vertical plane, the overall upward wake shift leads to a
corresponding change in the location of the maximum velocity deficit.



Fig. 8. Instantaneous streamwise velocity field on the vertical plane
through the rotor center: (a) Casel; (b) Case2; (c) Case3
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Fig. 9. Normalized velocity deficit profiles: (a) horizontal plane; (b)
vertical plane
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Fig. 10. Comparison between LES results and Gaussian fitting for Case3:

(a) horizontal plane; (b) vertical plane

— Casel —— Case2 —— Case3

0.8F
0.67
% 0.4
0.2r
W5 6 7 8§ 9 10
x/D
(@)
— Casel — Case2 —— Case3
0.8
0.6
8 e
b_,N 0.4
0.2
W56 7 § 9 10
x/D
(b)
— Casel —— Case2 —— Case3
1.1+
I T s e e S

z/D

0.7+

Oy 5 6 7 8% 9 10
x/D
()
Fig. 11. Gaussian fitting results: (a) Gaussian standard deviation on the
horizontal plane; (b) Gaussian standard deviation on the vertical plane;
(c) vertical wake centerline position

Fig. 10 compares the LES results of Case 3 with the corresponding
Gaussian fitting. Good agreement with a Gaussian distribution is
observed in the far wake, and the fitting performance becomes more
evident beyond 4D. Fig. 11 further presents the Gaussian standard
deviations and the vertical wake centerline position obtained from the
far-wake Gaussian fitting. The horizontal and vertical standard
deviations differ, while the values for the FBWT and FOWTs remain
close. In addition, a clear vertical wake deflection is observed with
increasing 6, and the vertical wake centerline exhibits a pronounced
upward shift. These results provide a basis for the development of the
subsequent analytical wake model.

A NEW ANALYTICAL WAKE MODEL

Model Derivation

An analytical wake model applicable to FOWTs is proposed in this study,
where the vertical wake deflection induced by the platform pitch offset
is taken into account. The model development follows the general



modeling framework of classical yaw wake models (Bastankhah and
Porté-Agel, 2016; Wei et al., 2021; He et al., 2023). Specifically, the
Gaussian wake representation and skew-angle formulation are adopted
based on Bastankhah and Porté-Agel (2016), while the wake-width
formulation and the shear-inflow correction are introduced following He
et al. (2023). A schematic of the wind turbine wake is provided in Fig.
12. The derivation is first established under the assumption of uniform
inflow conditions to obtain the baseline formulation. The influence of
atmospheric shear inflow is then incorporated using the treatment of He
et al. (2023). Due to the presence of a platform pitch offset, an effective
inclination angle exists between the rotor plane and the incoming flow
direction. It is further noted that the wind turbine has a fixed tilt angle
0, . Therefore, the effective inclination angle is expressed as the sum of

the tilt angle and the platform pitch offset, i.e., =6, + 6, . Under this

inclined condition, the rotor-induced force contains a vertical component,
which leads to vertical wake deflection. The region enclosed by the blue
line denotes the control volume. The thrust coefficient C, is defined as

follows:
F

T 0.5p4, (1, cosp)’

where, p is the air density; A4, represents the area of rotor; u, is the

0

inflow wind speed at the hub height. The rotor-induced force F' can be
expressed by:

F= %,OCTA0 (1, cosp)’ ®)

Fig. 12. Schematic of the wind turbine wake

In Fig. 12, m, and m, denote the mass flow entering the control volume

from the rotor plane and the lateral wake boundary, respectively. &
represents the skew angle of the wake velocity. m, denotes the mass
flow rate leaving the control volume, which is expressed as follows:

m,=p IA u, dA

where, u,, is the wake velocity; 4

)

, represents the area of the wake
outlet. According to the conservation of momentum, the streamwise and
vertical forces can be expressed by:

F, :pLN u; cos@dA—(m, +m, )u, (10)

(1)

Assuming that @ in the far wake region is close to zero, it can be

F = —pL u’ sin@dA

obtained that cos@ =~ 1. The following expression can be obtained:
(12)

where, Au=u,—u, denotes the velocity deficit. The wake velocity

%pCTAOuS cos’ @ ~ —pL u, AudA

distribution is assumed to follow a two-dimensional Gaussian profile
(Bastankhah and Porté-Agel, 2016; He et al., 2021), which is expressed
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as follows:
{L+(z—ho—r>1 >2J

20-4‘Z 207

4
)
70,0,

u, 6 =u

w

(13)

where, o, and o, denote standard deviation in horizontal direction and

vertical direction, respectively; %, is the hub height; 6, denotes the

vertical wake deflection. Following He et al. (2021), the wake half-
widths in the two transverse directions are taken as 2.81 times the
corresponding standard deviations, i.e., 7, =2.81c, and 7, =2.810, .

The formula for calculating the standard deviation is as follows:

=kt (14)
‘;; =k % +e, (15)
k, = 0.065C25 1025 & = 0.0866C 710477 (16)
£, =0.2406CL 100 5 = 0.2788C" [0 17

where, I, is the streamwise turbulence intensity at hub height. By
substituting Eq. (13) into Eq. (12), the following expression is obtained:

D’ .
A=2n0 ou,(1- [1- G ),Cp. =C,cos’ ¢ (18)
: 80,0,
o,
u, =ty —ty(1— [1-=L")e ' 2" (19)
80,0,

The wake velocity distribution derived above is obtained under the
assumption of a uniform inflow. Following He et al. (2021), a
momentum correction accounting for shear inflow is introduced. The
resulting velocity deficit distribution is expressed as follows:

a o _{L+(Z-/1n-5:)z} 2aj AudA
u,=uy| = | —uy(1- 1oy 2 o EL ()
z, 80‘),0'2 7T,
1-\1-C,
ue 21
3 €2y
f l-a
n=r 22
1 0 1_2a ( )

where, & denotes the wind shear exponent; a is the axial induction
factor; 7, is the initial wake radius, and #, is the rotor radius. After the
wake velocity distribution is obtained, the vertical wake deflection is
determined. By assuming that @ in the wake region follows a top-hat
distribution, the following expression is derived:

F.x=p| ul0dA=—0p[ udA 23)
The integral term can be evaluated based on Eq. (19) as follows:

' 2
Lw ul dA ~ uéﬁ[7.90},oz - Crfj (24)

By substituting the evaluated integral into Eq. (23), the following
expression is obtained:
2 2 :
0=— C,.D" cos ¢Sl§l¢ : 25)
63.20,0, -2C,D"cos” ¢
By assuming 6 =~ tan @ , the following expression is obtained:
do,

0~ (26)

. 1 .
By  letting %d(a /D) replace dx , and defining



k:\/ky_kz,a

=,[/o,0, , the following expression is obtained:

6. _sinp|Croosp, ‘ (0/D=0178{C;cos' (o, / D+0.178{/C; cos" ‘
= n

D 2249

27
The subscript 0 denotes the value evaluated at the downstream location
where the wake profile becomes self-similar. Following Bastankhah and

Porté-Agel (2016), the skew angle at the rotor plane, 6., is computed as

follows:

0.3¢
0 =——(1-/1-C,cos 28
, cow( J1=C;cosp) (28)

Considering that wake expansion in the near-wake region can lead to a
slight increase in @, the skew angle is assumed to be 6, = k6., where

the coefficient & is set to 1.3. By equating Eq. (28) with Eq. (25), the
following solution is obtained:

o _ \/CT cos” (sinp + 26, cos )

29)

D 63.26,
By substituting x, back into the expression for the standard deviation,

the corresponding parameter can be obtained. It should be noted that x,

is not intended to precisely determine the onset location of wake self-
similarity; instead, it is introduced to provide parameters for the
analytical wake model. The main expressions of the proposed analytical
wake model are given by Eq. (20) and Eq. (27).

Model Validation

The time-averaged flow field data obtained from LES are used as the
reference for validation of the proposed model. Case 2 and Case 3 are
selected for validation, and comparisons are also conducted against
existing analytical wake models (Bastankhah and Porté-Agel, 2014; He
et al., 2021). Fig. 13 compares the predicted vertical wake deflection
with the LES results. It is shown that the proposed model captures the
vertical wake deflection induced by the platform pitch offset, and good
agreement is observed with the LES results.

— Case 2
— Case3

—— Wake model
---- LES

0.60

005350 60 70 80 90 100
x/D

Fig. 13. Comparison of the vertical wake deflection

Figs. 14 and 15 present comparisons of the velocity deficit profiles at
several downstream locations for Case 2 and Case 3, respectively.
Overall, on the horizontal plane, the proposed model achieves higher
accuracy than the reference models. On the vertical plane, the proposed

‘ 0'0/D—0.178«/C,cos3¢)(a/D+0178 C cos' @ ‘

model provides a more reasonable representation of the overall vertical
wake deflection.
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Fig. 14. Comparisons of normalized velocity deficit profiles for Case2:
(a) horizontal plane; (b) vertical plane
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Fig. 15. Comparisons of normalized velocity deficit profiles for Case3:
(a) horizontal plane; (b) vertical plane



Table 2 and Table 3 summarize the normalized root mean square error
(NRMSE) values of different analytical wake models for Case 2 and
Case 3 on the horizontal and vertical planes, respectively. Quantitatively,
the proposed model shows higher overall accuracy than the other models.
However, at 8D and 10D downstream in Case 3, slightly lower NRMSE
values are obtained by the model that does not explicitly account for
vertical wake deflection. This behavior is likely due to the fact that the
velocity deficit gradually approaches a self-similar distribution in the far
wake, while the wake width expands with downstream distance, which
reduces the influence of vertical wake deflection on the velocity profiles.
Nevertheless, considering the overall statistical performance and the
capability of predicting vertical wake deflection, the proposed model
remains advantageous.

Table 2. NRMSE of the normalized velocity deficit profiles on the
horizontal plane

Case | Wake 4D 6D 8D 10D | Avg.
model
He et al. 0.284 | 0.144 | 0.137 | 0.158 | 0.180
Bastankhah
2 and Porté- | 0.143 | 0.164 | 0.190 | 0.216 | 0.178
Agel
Proposed 0.207 | 0.097 | 0.116 | 0.150 | 0.143
He et al. 0.286 | 0.183 | 0.153 | 0.163 | 0.196
Bastankhah
3 and Porté- | 0.125 | 0.134 | 0.160 | 0.187 | 0.152
Agel
Proposed 0.134 | 0.081 | 0.111 0.150 | 0.119

Table 3. NRMSE of the normalized velocity deficit profiles on the
vertical plane

Case | Wake 4D 6D 8D 10D | Avg.
model
He et al. 0.126 | 0.069 | 0.049 | 0.040 | 0.071
Bastankhah
2 and Porté- | 0.098 | 0.080 | 0.070 | 0.062 | 0.078
Agel
Proposed 0.084 | 0.034 | 0.029 | 0.031 0.045
He et al. 0.122 | 0.057 | 0.037 | 0.031 0.063
Bastankhah
3 and Porté- | 0.091 | 0.075 | 0.063 | 0.055 | 0.071
Agel
Proposed 0.052 | 0.035 | 0.044 | 0.047 | 0.044
CONCLUSIONS

Numerical simulations are conducted in this study using the LES-ALM
approach to model an FOWT under ABL inflow conditions with a
platform pitch offset. The influence of pitch on wake structures is
examined, and a new analytical wake model is developed accordingly.
The main conclusions are summarized as follows:

(1) The numerical results indicate that, on the vertical plane through the
rotor center, the wake centerline exhibits a clear overall upward shift
with increasing platform pitch offset.

(2) The velocity deficit profiles of both the FOWT and FBWT exhibit an
approximately double-peaked shape in the near wake and gradually
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transition to a single-peaked Gaussian-like distribution with downstream
distance. Gaussian fitting results show good agreement with a Gaussian
distribution in the far wake.

(3) Based on the analysis of the LES results, an analytical wake model
applicable to FOWTs is proposed. The model is derived from momentum
conservation and assumes a two-dimensional Gaussian form for the
wake velocity distribution. Following the modeling strategy of yawed-
wake formulations, a vertical component of the rotor-induced force
associated with an effective inclination angle is introduced, leading to an
expression for vertical wake deflection, and a wind-shear correction is
further incorporated.

(4) Validation against LES results demonstrates that the proposed model
captures the vertical wake deflection induced by the platform pitch offset
and provides accurate predictions of the far-wake velocity deficit profiles
at multiple downstream locations.

Future work can be directed toward further improving the model,
including enhancing the prediction of wake width and extending the
applicability and accuracy under a wider range of operating conditions.
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