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Abstract

This study investigates the wake behavior of the Vestas V80 floating offshore wind
turbine (FOWT) using numerical methods. The simulations were conducted with STAR-
CCM+ by solving the three-dimensional unsteady continuity and momentum equations,
coupled with the SST k — w turbulence model. An actuator disk model was employed
to model the rotor thrust where the flow field around the wind turbine under six degrees
of freedom platform motions are considered. Both fixed-bottom and floating turbine
configurations are examined under the wind speeds of 9 m/s, 15 m/s, and 21 m/s. The
motion modes considered include translational motions ranging from 0.5 m to 2.5 m and
rotational motions from 1° to 5°, with motion periods between 40 and 50 s. Based on the

difference in normalized time-average velocity (AU, ¢) in the wake region, pitch and yaw

motions were found to induce strong downstream disturbances, enhancing wake mixing
and wind speed recovery, whereas its standard deviation (Adg,4) suggests that sway and
roll motions should be minimized to mitigate fatigue damage possibly arising in
downstream turbines. At high wind speeds, the increased flow inertia and stability
significantly suppress the wake effects induced by platform motions. Among the
parameters examined, wind speed and motion amplitude were identified as the primary
factors influencing the downstream wake, whereas the effect of motion period was
relatively minor. Furthermore, the motions of the FOWT were found to enhance wake
recovery, thereby potentially enabling reduced inter-turbine spacing and improving power
generation efficiency per unit area. Although platform motions may decrease the power
output of the turbine itself, they can enhance the performance of downstream turbines.

TT*

Finally, the correlation among motion amplitude, downstream distance, and AUgyg is

described by a quadratic polynomial.

Keywords: Wind Turbine Wake, Floating Offshore Wind Turbine, Actuator Disk Model,
6DOF Motion, Wake Recovery, Power Output, Quadratic Polynomial Fitting
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Nomenclature

Latin Symbols

Rotor area

Model coefficient

Empirical blending constant

Empirical blending constant

Normalized turbulence generation

Power coefficient

Total resistance coefficient

Constant coefficient of the quadratic polynomial model

Linear coefficient of motion amplitude in the quadratic
polynomial model

Linear coefficient of downstream distance in the quadratic
polynomial model

Quadratic coefficient of motion amplitude in the quadratic
polynomial model

Quadratic coefficient of downstream distance in the quadratic
polynomial model

Interaction coefficient between motion amplitude and downstream
distance in the quadratic polynomial model

Cross diffusion coefficient

Rotor diameter

Dimensionless grid size

Shortest distance to the wall

Ideal error

Wall function offset

Temporal discretization error

Spatial discretization error

Blending function

Blending function

Axial force

Body force term

Tangential force

Hub height

Turbulence intensity

Turbulence kinetic energy

Ambient turbulence kinetic energy

Wind turbine correlated coefficient

Wind turbine correlated coefficient
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Wind turbine correlated coefficient
Grid number of nth grid

Number of periods

Normal vector

Power generated by wind turbine
Dimensionless power

Turbulence production

First turbine power

Pressure

Rotor Radius

Determination coefficient
Modulus of the mean strain rate tensor
Mean strain rate tensor

Turbulent time scale

Motion period

Time

Velocity vector

Normalized average axial velocity of rotor surface

Axial-averaged wind speed

Velocity at hub height

Reference wind velocity

Instantaneous axial-averaged velocity
Normalized time-averaged velocity
Time-averaged velocity within one period
Time-averaged velocity of fixed turbine
Axial velocity in x direction

Velocity component in the x direction
Dimensionless quantity

Dimensionless friction velocity

Mean velocity component in i direction
Velocity vector at symmetry boundary
Velocity component in the y direction
Velocity component in the z direction
Downstream distance measured from the turbine
Coordinate in the i direction
Coordinate in the j direction

Distance from the wall

Dimensionless wall distance

Empirical blending parameter

height

VI

[m?/s°]
[W]
[Pa]
[m]

[-]
[-]
[1/s]

[s]

[s]
[m/s]
[m/s]
[m/s]
[m/s]
[m/s]
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[m/s]
[m/s]
[m/s]
[m/s]
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Greek Symbols

*

a
a;
a;
B
B
P
B2
14
V1

Y2
At

AUgyg
AUgyg

— %
Aaavg

t
Oavg

—%
Oavg

Model coefticient

Model coefticient

Model coefficient

Model coefticient

Model coefticient

Model coefficient

Model coefticient

Model coefticient

Model coefficient

Model coefticient

Time step size

Difference in normalized time-average velocity
Predicted difference in normalized time-averaged velocity
Difference in normalized time-averaged velocity standard
deviation

Kronecker delta

Amplitude of platform motion in translation

Amplitude of platform motion in rotation

Wind direction

Von Karman constant

Tip speed ratio

Dynamic viscosity of the fluid

Turbulent eddy viscosity

Kinematic viscosity

Fluid density

Velocity standard deviation of rotor surface
Instantaneous axial-averaged velocity standard deviation

Normalized time-averaged velocity standard deviation

Time-averaged velocity standard deviation within one period

Time-averaged velocity standard deviation of fixed turbine
Model coefficient

Model coefficient

Model coefficient

Model coefficient

Model coefficient

Model coefficient

Wall shear stress

Temporal ideal solution

Spatial ideal solution

VI

[-]
[-]
[-]
[-]
[-]
[-]
[-]
[-]
[-]
[-]
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[-]
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Spatial numerical solution

Temporal numerical solution
Turbulent dissipation rate

Angular velocity of the rotor rotation
Ambient turbulence dissipation rate

VIII
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1 Introduction

1.1 Motivation

In light of the escalating and increasingly urgent threat that climate change poses to
the global environment, more than 130 countries have committed to achieving net-zero
emissions by 2050. In alignment with this global initiative, the Taiwanese government
has pledged to reach the same target by 2050 through a multi-faceted strategy that
includes expanding renewable energy infrastructure, increasing the proportion of
domestically produced energy, and prioritizing wind power as a central component of the
national energy transition process.

To fulfill this commitment, Taiwan has set an ambitious target of installing 20.7 GW
of offshore wind capacity by 2035. Beginning in 2028, offshore wind development will
expand into waters deeper than 60 meters, making the deployment of floating offshore
wind turbines an urgent and essential strategic direction. According to the Global Wind
Energy Council (GWEC), over 10.8 GW of new offshore wind capacity was installed
globally in 2023, bringing the cumulative total to more than 75.2 GW, a 24% increase
compared to the previous year. By the end of 2023, 41 GW of offshore wind capacity
were in operation across Asia, including 692 MW in Taiwan. [1] Although offshore wind
power currently lags behind onshore wind in terms of installed capacity, its growth rate
is significantly faster, underscoring its emergence as a strategic priority for many nations.
Offshore wind farms offer compelling advantages in terms of energy yield and geographic
flexibility, particularly in regions characterized by strong and consistent marine wind

resources.
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1. Introduction

To capitalize on the vast wind energy potential of the Taiwan Strait, Taiwan has
actively advanced the deployment of offshore wind farms in waters exceeding 50 meters
in depth, as illustrated in Figure 1. [2] However, the installation of fixed-bottom wind
turbines in such deep-sea environments presents significant technical and economic
challenges. In response, floating offshore wind turbines have emerged as a technically
feasible and cost-effective alternative, allowing deployment at greater depths and in
farther offshore region. Unlike fixed-bottom structures, floating turbines experience six
degrees of freedom (6DOF) motions driven by the combined effects of wind, waves, and
ocean currents. These coupled motions profoundly affect both the power generation
performance and the wake dynamics of turbines. In the marine environment, the 6DOF
motions not only affect the inflow conditions at the rotor but also disturb the wake flow
structure downstream. Compared to stationary fixed-bottom turbines, the dynamic
behavior of floating turbines tends to increase turbulence intensity and shorten the wake
recovery distance, thereby intensifying wake interactions within the wind farm.

In offshore wind farms, the wake flow generated by a floating turbine not only
affects its own energy output but also alters the inflow velocity conditions encountered
by downstream turbines, thereby influencing their wake behavior and power performance.
Consequently, it is necessary to develop a numerical framework that couples the turbine’s
motion responses under metocean conditions with the evolution of wake characteristics.
This study presents a coupled model that integrates viscous-effect motion response
analysis with three-dimensional CFD-based wake prediction for floating offshore wind
turbines, enabling the concurrent simulation of turbine dynamics and far-field wake
behavior. The proposed framework provides a foundation for more accurate power
performance assessment of floating offshore wind turbines, supports array layout

optimization, and enhances the overall efficiency and energy yield of offshore wind farms.
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1.1 Motivation
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This map shows the estimated technical potential for fixed and floating offshore wind in Taiwan in terms of installed power capacity in megawatts (MW) within 200
kilometers of the shareline. It is provided by the Global Wind Energy Council [GWEC) with funding from the Ocean Renewable Energy Action Coalition (OREAC), to support

the UN High Level Panel for a Sustainable Ocean Economy (Ocean Panel). For mere information visit: b
Fixed and floating foundation datasets and methodology was developed by the Energy Sector Management Assrslance Program (ESMAP), a donor-trust fund administered by

the World Bank Group. For more information and to obtain maps for WBG client countries please visit: httpsy//esmap.org/offshore-wind. The wind resource data is sourced
from the Global Wind Atlas and depicts the wind resource at 100m hub height at 250m resolution based on the latest input datasets and modeling methodolegies. For more
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Figure 1 Wind energy potential in Taiwan [2]
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1. Introduction

1.2 Literature Review

To accurately describe the influence of a wind turbine on the surrounding and
downstream wake flow, an appropriate acrodynamic model must first be introduced. The
most fundamental approach is the actuator disk model, originally developed from the
pioneering work of Rankine [3] and Froude [4]. In this simplified model, the wind turbine
is represented as a permeable circular disk onto which aerodynamic forces, such as thrust,
are applied. This model predicts that the maximum fraction of kinetic energy that can be
extracted from the wind is 16/27, or approximately 59%, a theoretical limit commonly
known as the Betz limit.

Recent advances in computational modeling have enhanced the understanding of
offshore wind farm wake dynamics. Lee [5] proposed a wake model combining actuator
disk forcing and additional turbulence sources within a modified k — ¢ framework,
showing good agreement with experimental data. Chiang [6] applied an actuator disk
model with corrected power curves to estimate the performance of three onshore wind
farms in Taiwan, achieving close alignment with long-term observations based on wind
direction distributions. Hsu [7] employed a large eddy simulation (LES) with actuator
disk modeling, accurately capturing wake velocity deficits at Horns Rev, though

underestimating turbulence levels. The study showed that turbulence generation scales
with the turbine’s power coefficient Cs /2 and tip-speed ratio A'/3, emphasizing the role

of operational parameters. Pan [8] used a RANS-based actuator disk model to analyze
wake effects at Taiwan’s Zhangbin offshore wind farm, revealing up to 18.8% energy loss
due to upstream interference. Lam [9] developed an LES framework with symmetry-
preserving discretization and a dynamic subgrid-scale model, incorporating shifted-

periodic boundaries for improved agreement with SCADA data in both ABL and offshore

4
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1.2. Literature Review

conditions. Nedjari et al. [10] used URANS with sliding mesh for full-rotor simulations
of Nibe B turbine, showing that fine mesh is essential for accurate wake and turbulence
predictions. Rezaeiha and Micallef [11] demonstrated that actuator disks can replicate key
far-wake turbulence features of real turbines beyond three rotor diameters, validating their
use as reliable surrogates under varying inflow conditions for wind tunnel and CFD
studies. Neunaber et al. [12] used CFD simulations to demonstrate that upstream surge
motion in tandem floating offshore wind turbines (FOWTs) enhances wake recovery and
power performance, indicating that compact wind farm layouts may be more viable than
those for fixed turbines under dynamic operating conditions. Dong et al. [13] compared
actuator disk (AD) and actuator surface (AS) models across three turbine designs.
Although the AD models matched the performance of the AS models for the NREL
turbine, they underperformed for EOLOS and NREL-V, particularly in the prediction of
far-wake turbulence. Meng et al. [14] proposed a SPAD actuator disk model with the k —
€ — fp turbulence model, improving near-wake predictions and reducing wake-induced
power loss compared to actuator line and field data. The aforementioned research has
provided a solid foundation for the numerical analysis of aerodynamic performance and
wake dynamics associated with the wind turbine actuator disk model.

Recent studies have extensively investigated the aerodynamic effects of platform-
induced motions in FOWTs, particularly focusing on surge, pitch, and their coupled
dynamics. Kyle et al. [ 15] reported that large-amplitude surge motion can induce propeller
and vortex ring states, leading to thrust reversal and vortex recirculation near the rotor
plane. Sun et al. [16] showed that surge motion, when coupled with tower shadow effects,
amplifies load fluctuations in downwind FOWTs, increasing torque variability and
structural fatigue risks. Wang et al. [17], employing Improved Delayed Detached Eddy

Simulation (IDDES) with overset mesh, found that damping effects dominate

5
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1. Introduction

aerodynamic load fluctuations, and that higher surge amplitudes significantly enhance
downstream wake recovery. In terms of pitch motion, Fang et al. [18], also using IDDES,
demonstrated that it amplifies wake asymmetry and thrust variation, primarily through
enhanced flow separation and complex vortex evolution near the rotor. Shi et al. [19]
further revealed that pitch-induced platform motion results in cyclic fluctuations in blade
surface pressure and turbine thrust, with a measurable phase shift between platform
motion and aerodynamic response. Fu et al. [20] confirmed that both pitch amplitude and
frequency strongly influence wake morphology, thrust oscillations, and vortex
interactions, particularly in fully configured turbine setups.

Several studies have also explored the coupled effects of surge and pitch motion. Lin
et al. [21] showed that their interaction generates asymmetric wake structures and
considerable power overshoot, challenging the accuracy of conventional aerodynamic
models. Chen et al. [22] found that these combined motions introduce substantial
unsteady aerodynamic loads and reduce the average power output due to fluctuating blade
angles. To address these complex flow phenomena, Alireza et al. [23] implemented an
actuator line model (ALM) within a CFD framework and successfully captured vortex
ring states and wake deformation under combined motions, while maintaining

computational efficiency.
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2 Numerical Methods

The present study conducts numerical simulations using the commercial CFD
software STAR-CCM+. This numerical platform is chosen for its integrated finite volume
framework, robust turbulence modeling capabilities, and efficient handling of complex
boundary conditions. The governing equations, comprising continuity and momentum
conservation, are presented in Section 2.1, where they are discretized using the finite
volume method (FVM) and solved with a segregated algorithm. The turbulence model,
including its mathematical formulation and near-wall treatment strategy, is described in
Section 2.2. Section 2.3 details the actuator disk model adopted to simulate rotor-induced
aerodynamic loading, including the body force approach applied within the flow field.
Section 2.4 outlines the overall numerical framework, covering the spatial and temporal
discretization schemes as well as solver settings. Section 2.5 defines the computational
domain and boundary conditions, while Section 2.6 describes the mesh generation and
distribution strategy. Finally, Section 2.7 presents the results of the grid and time step
independence study, which verifies the numerical stability and convergence of the
simulation setup.

The flow is assumed to be governed by the unsteady Reynolds-Averaged Navier-
Stokes equations under the following modeling assumptions:

The fluid is Newtonian and the flow is considered three-dimensional.

e The flow is incompressible and isothermal, with density and viscosity variation
ignored.

e Transient effects are included to capture unsteady wake and rotor flow structures.

e  QGravity is neglected, as its influence is negligible compared to inertia effect.

e  Heat transfer and buoyancy effects are not considered.

7
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2. Numerical Methods

2.1 Governing Equation

In this study, the Reynolds-Averaged Navier-Stokes (RANS) approach is employed
to simulate the turbulent flow behavior around a wind turbine. RANS turbulence models
provide closure relations for the RANS equations, which govern the transport of mean
flow quantities by accounting for the effects of turbulence through modeled Reynolds
stresses. To derive the RANS equations, each instantaneous flow variable in the Navier-
Stokes equations is decomposed into a mean (time-averaged) component and a
fluctuating component. Substituting the decomposed velocity field into the
incompressible Navier-Stokes equations and applying ensemble averaging leads to the

Reynolds-averaged continuity and momentum equations, expressed as follows:

Ju;

Tt 1

o = 0, (1)
9(pu) , Ipuy) _ dop 9 d(—puju ) @)

ox;

aui+6uj L dmpuity)

where p is the fluid density, p is the mean pressure, and p is the dynamic viscosity of

ot ox, | ox | ox

the fluid. The term wu; and f; represent the mean velocity and the body force in the i-
th direction, respectively. The fluctuating velocity component in the i-th direction is
denoted by u;, and the term —pu u/ corresponds to the Reynolds stress tensor, which
arises from averaging the nonlinear convective term. To close the momentum equation,
the Reynolds stresses must be modeled. Based on the Boussinesq approximation, the

Reynolds stress tensor is related to the mean strain rate and turbulent viscosity as

Oui au]- 2
—ouu =, | —+2L (3)
pUU; = [y (axj + axi> 3pk&,,

where y; is the turbulent viscosity, k is the turbulent kinetic energy, and §;; is the

Kronecker delta. Both quantities are obtained from the turbulence model and are used to

close the RANS equations.
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2.2 Turbulence Model

2.2 Turbulence Model

The Shear Stress Transport (SST) k — w turbulence model [24] is employed to
compute py, and k, which are required for closing the RANS equations. The SST model
combines the strengths of the standard k — w model and the standard k — ¢ model by
blending them across the computational domain. Specifically, it uses the k — w model
in the near-wall region to accurately resolve the boundary layer, and transitions to the
k — & model in the free shear flow region for improved stability and performance in the
outer flow. This hybrid formulation enhances the model’s ability to capture flow
separation and adverse pressure gradients.

The SST model solves transport equations for the k and its specific dissipation rate
(w), which define the turbulence time and length scales. The turbulent viscosity is
calculated as

‘th = kat’ (4)

where the turbulence time scale T; is defined as

1 Cr
s (2. (5 55

a a;

()

T; = min

where F, is a blending function shown in Table 1, while S is the modulus of the mean

strain rate tensor which related to the velocity gradient. It is defined as

where the mean strain rate tensor §;; is given by
1/0u; Ou
S;i==|—+=—2). (7)
Y 2 <6x] axl>
9
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2. Numerical Methods

The transport equations for k and w are written as

a(pk) N d(pku;)
Jat an N (8)

0 ok .
a_x,- (u+ Uk#t)a_x]_ + P + uS° — pB*(wk — woky),

d(pw) N a(pwuj) B
at ax; (9)

d d dk o
T+ gope) | + pyS? + 201 = F) 222222 pp(w? — wd),
ax]- ox;

4 w 0x;0x;
where Pj, represents the total turbulent kinetic energy production attributed specifically

to blade-induced motion. The model constants used in the SST k — w formulation, such

as a*, aq, B, B*, v, o, g, and Cp are listed in Table 1.

The turbulence production due to blade motion, P, in Equation (8) can be

expressed as follows [8]:

p :_u,u,% 0.5CepUjupAr
k v ax] 102 ’

(10)

where Up,;, is the hub-height wind velocity, A, is the rotor swept area, and Cj; is the
dimensionless turbulence generation coefficient. The coefficient C; is defined as a
function of the turbine’s aerodynamic characteristics

Co = kyCR2 ks, (11)
where the power coefficient (Cp) and tip-speed ratio (A1) represent key aerodynamic

performance parameters of the wind turbine, which are described as

p

Cp=—— (12)
: O'SPUiubAr

P (13)
2Uhub

where P is the power generated by wind turbine, w, 1is the rotor speed, and D is the

rotor diameter. The empirical coefficients k;, k, and ks used in Equation (11) are

listed in Table 2.

10
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2.2 Turbulence Model

For turbulence models, wall treatment provides the necessary boundary conditions
for velocity, pressure, and turbulence quantities near solid boundaries, especially within
turbulent boundary layers. In addition to enforcing no-slip conditions, the wall treatment
framework specifies appropriate values for turbulence variables at the centroids of near-
wall cells. In turbulent flows, the wall shear stress (t,,,) must account for both viscous and
turbulent contributions. This is commonly modeled through the dimensionless friction
velocity (u,), from which 7, is computed as

T, = puZ. (14)

When modeling the turbulence characteristics of the boundary layer, a wall function
is used to approximate the velocity distribution near solid surfaces. The dimensionless
friction velocity (u,) is derived from near-wall velocity gradients and turbulence
quantities and is closely related to the non-dimensional wall distance (y*), which is given
by

U,
yt=y—, (15)
where y is the distance from the wall, and v is the kinematic viscosity of the fluid. The
near-wall velocity distribution is modeled differently depending on the value of y*. The

wall function describes the distribution of the non-dimensional quantity (u*) in the three

sublayers of the boundary layer. The wall function for u* is defined as follows:

1 +
ut =—In(1+ky") +C<1—e‘3’+/3’7+" —y—+e_by+>, (16)
K Ym
1. (E
C = ;11’1 ? , (17)
1 LK 1
b=§(ymE+F>, (18)
m
yi = max|3,267(2.64 — 3.9k)E'***°] - 0.987, (19)

where k is the von Karmin constant, and E’ is the wall function offset. This

11
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2. Numerical Methods

formulation allows a smooth transition between the viscous sublayer and log layer. The

relationship between u* and y™ is illustrated in Figure 2.

Viscous sublayer Buffer layer Log layer
30
— Blended Wall Function
251 = = Log layer
Viscous sublayer
20 /
10% y*+ =500 10°

Figure 2 Wall function for turbulent boundary layers
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2.2 Turbulence Model

Table 1 Constants used in the SST k — w turbulence model

i (] VE 5000\ 2k \|'
1 AN (MM 5.090wd’ d2w )’ d2CDy,,
. 2vE 500v\]’
2 tanh | |[max ﬁ*wd'%
o 1okdw
ko max w 0x; 0x;’
ar Fai+(1-F)a;
ﬁ F1ﬁ1+(1_F1)ﬁZ
14 Fiyi + (1= F)y,
O Fiop, + (1 = F)oy,
Ow Flo'wl + (1 - Fl)o-a)z
oy 1 a, 1
B, 0.075 B, 0.0828
, B Oy, P , B2 Oy, I°
1 * " 2 * m
B /B B /B
Ok, 0.85 O, 1
Ou, 0.5 Our, 0.856
a 0.31 B 0.09
K 0.41 Cr 0.6

* d is the shortest distance to the wall, and the blending function
F, combines the contributions near to and far away from the wall.

Table 2 Constants used in the C; equation

Ky ka ks
1 1.2508 -0.1019
13
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2. Numerical Methods

2.3 Actuator Disk Model

The adopted Actuator Disk Model (ADM) is a simplified modeling approach that
replaces the physical volume of wind turbine blades by an idealized disk positioned at the
rotor plane. The complex blade-induced aerodynamic forces are approximated by
applying distributed axial and tangential forces on the disk. The axial load imposed on
the disk represents the thrust generated in actual turbine operation, thereby enabling
simulation of the wake flow downstream. The principal advantage of ADM lies in its
computational efficiency, making it particularly well-suited for simulating large-scale,
multi-turbine wind farms.

In the present implementation, the actuator disk is described by the hub height Hy,,;,
and the rotor diameter D, are illustrated in Figure 3 [25]. The rotor swept area is defined
as the actuator disk. Within this area, body forces equivalent to the aerodynamic forces
exerted by the blades on the airflow are imposed, along with turbulence production terms
to account for blade-induced fluctuations. The rotor disk is subdivided into multiple cells.
Assuming a uniform distribution of blade forces over the rotor area, the total aerodynamic
force is decomposed into axial and tangential components, f, and f;, respectively,

which are defined as follows and illustrated in Figure 4:

P

fa = ) 20
a Uavg ( )
L (2D
fe = :
4ntRw,

Since the undisturbed reference inflow velocity at the far-wake location cannot be
directly obtained from the computational domain, the reference wind speed (U;;,) used in
the turbine power and rotor speed curves is replaced by the averaged axial wind speed

Ugvg > which can be directly extracted from the flow field, as shown in Figure 5.

14
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2.3 Actuator Disk Model

Consequently, both the power output and the body forces applied to the actuator disk are
expressed as functions of Ug,,. It is further assumed that the force distribution over the
disk is uniform. The momentum source term is used to represent the axial and tangential
forces exerted by the wind turbine on the flow field.

The calculation of these forces is based on the turbine’s geometric parameters, such
as rotor radius R, and operating parameters, including P, w,, and Ugyg. The
operational parameters considered are the rotor-averaged streamwise velocity at the
turbine center (Ugyg), the angular velocity of the rotor (w,), and the output power (P).
These quantities are used to characterize the aerodynamic loading and energy extraction
performance of the actuator disk within the numerical simulation framework. The
correlation among P, w,, and Ug,, is presumed to be fixed, based on stand-alone
turbine operating characteristics, and extended to represent turbines within large turbine

arrays. The correlation among these parameters is depicted in Figure 6.

15
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2. Numerical Methods

Figure 3 Geometric parameters of Vestas V80 2-MW wind turbine

|
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Actuator Disk j

Figure 4 Relationship between thrust, torque, and rotor-averaged wind speed
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2.3 Actuator Disk Model
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Figure 6 Correlation among Ug,4, wy,and P for V80
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2.4 Numerical Framework

Here, STAR-CCM+ [26] is employed to perform numerical simulations based on
the finite volume method (FVM). This method involves integrating the governing partial
differential equations over discrete control volumes and approximating the flux terms
using variable values at the centroids of neighboring cells. This procedure yields a
linearized algebraic equation, which are solved iteratively to obtain the flow field

variables.

Temporal discretization in the present simulations is performed using a first-order
implicit scheme, which provides unconditional stability and allows for larger time steps
while maintaining acceptable accuracy for unsteady flow calculations. This scheme is
particularly advantageous in resolving the transient evolution of the flow field under
platform motions, as it minimizes numerical instabilities associated with explicit time
integration methods. Spatial discretization, on the other hand, is conducted using a
second-order upwind scheme for the convective terms. Compared to first-order schemes,
the second-order upwind approach significantly enhances the solution accuracy by
reducing numerical diffusion and more accurately capturing steep flow gradients and

vortical structures in the wake.

The coupling between the pressure and velocity fields is handled through the
SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm. This iterative
procedure sequentially solves the discretized momentum equations to obtain an
intermediate velocity field, followed by the solution of a pressure correction equation
derived from the continuity constraint, which ensures mass conservation throughout the
computational domain. The corrected pressure and velocity fields are then updated
iteratively until convergence is achieved within each time step. This algorithm is widely

18
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2.4 Numerical Framework

adopted in incompressible flow computations due to its robustness and efficiency in
handling pressure—velocity coupling. By solving the fully discretized system with the
aforementioned temporal and spatial approximations, the simulation yields detailed
distributions of key physical quantities, including velocity, pressure, and turbulence
properties, across the entire computational domain, thereby enabling a comprehensive
analysis of the wake behavior and flow dynamics around the floating offshore wind

turbine.

19
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2. Numerical Methods

2.5 Computational Domain and Boundary Conditions

The computational domain is constructed based on the diameter of the wind turbine
(D), which serves as the reference length scale. The inflow boundary is positioned at a
distance of 2D upstream from the rotor, while the outflow boundary is placed at 20D
downstream to ensure sufficient space for wake development. The top boundary is located
at 5D above the mean sea level, allowing vertical development of the flow. The side
boundaries on both lateral directions are placed at a distance of 2.5D from the center
plane, providing enough clearance to avoid artificial blockage and lateral interactions, as
illustrated in Figure 7.

A logarithmic wind profile is imposed at the inlet and top boundaries to represent
the feature of the atmospheric boundary layer (ABL), using a power-law formulation with
exponent a = 0.1, representing smooth terrain conditions such as offshore sea surfaces
[8]. The bottom boundary is treated as a no-slip wall, and the outlet is assigned a pressure
outlet condition. Symmetry boundary conditions are applied at the lateral sides of the
domain to reduce computational cost, where u, denotes the velocity vector at the
symmetry boundary and n represents the normal vector. The boundary condition used in

this simulation are summarized in Table 3.

20
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2.5 Computational Domain and Boundary Conditions

Table 3 Boundary Condition Settings

Boundary Type U= (uvw) p k W
Velocity Inlet < z )0'1 ) dp 3 pk
U — ,0,0 —=0 = (I|U])?
(Inflow, Top) ( hub Huup on 2( Iuh (Ue/ W1
Pressure Outlet ou _0 _ ok —0 Jw _
(Outflow) Fr P=Pour | 3= on
Wall dp dk Jw
U = O _— = —_—= —_— =
(bottom) on 0 on 0 on 0
Symmetry dp dk dw
) u u, 'n)n L = —
(side) p= () mn=0 | =% | ="
)
N
A 5D
N
N 30
\’03\9 Q\%ﬁa
A s
VQOQ k.
ae
> 20D
S

....::‘5" ... X
w
& X
Velocity Inlet

Figure 7 Computational domain and boundary condition
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2. Numerical Methods

2.6 Mesh Distribution

An overset mesh technique is employed to facilitate the integration of the actuator
disk model into the computational domain. Compared to fully resolving turbine blade
geometry, the actuator disk approach captures the rotor-induced flow effects while
significantly reducing the computational cost. The overset strategy involves embedding a
fine, body-conforming mesh around the actuator disk within a coarser background mesh.
This configuration enables local mesh refinement near the rotor and wake regions,
allowing accurate resolution of wake development while maintaining a manageable total
cell count.

Communication between the background mesh and the overset mesh is handled
automatically through an interpolation algorithm. The adopted grid sizes and the mesh

layout are illustrated in Figure 8.

Total Number of Cell
1.84x%105

Cell Size (m)

Figure 8 Distribution of grid sizes and mesh setting
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2.7 Time Step and Grid Dependency

2.7 Time Step and Grid Dependency

The choice of time step size (At) is critical in transient simulations, affecting both
accuracy and stability. In this study, six different time step sizes are examined,
corresponding to a range from 25 to 800 time steps per encounter period. The time step
sensitivity study reveals that as the time step size is reduced by a factor of 2, the solution
demonstrates a consistent converging refinement behavior. To further evaluate the time
discretization error, two simulation results with different time step sizes are used to
approximate the converged solution @, using the following Richardson is extrapolation

formula:

ot — @
At,
(&,

d° = ol + (22)

-1
where n is the order of the temporal discretization scheme, ®! and @ are the
numerical solutions obtained using At; and At,, and At;/At, is the time step size

refinement ratio. The corresponding discretization error E¢ is then defined as

% 100% . (23)

o] t
g _ |27~ %n

P

The ideal error (E) scales with the time step size to the power of n

E «< (A", (24)
log(E) =nlog(At) + C, (25)

where C is a constant. Figure 9 and Figure 10 illustrate the variation of Ug,, with
respect to At, and the corresponding time discretization errors. The discretization error
under the time step of 0.1125 s used in this study is approximately 0.3%. Therefore, a
time step of 0.1125 s is adopted in the following simulations, providing a balance between

computational efficiency and high-fidelity resolution of wake flows.

23
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8.223
— Numerical results of Uy,
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Figure 9 The dependence of U, on At
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Figure 10 The dependence of E? on At
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2.7 Time Step and Grid Dependency

To balance numerical accuracy and computational efficiency, fine mesh regions are
applied to the wind turbine rotor and the immediate wake zone to capture detailed vortex
structures and wake dynamics. Coarser meshes are used in regions far from the rotor and
wake to reduce computational cost. A controlled grid growth rate is implemented to
ensure smooth transitions between adjacent mesh densities, thereby ensuring the
numerical stability throughout the domain.

To verify the robustness and accuracy of the simulation, a grid independence study
is performed using five different mesh resolutions categorized as Grid 1, Grid 2, Grid 3,
Grid 4, and Grid 5. Each grid level is generated by increasing the total cell number by a
refinement factor of approximately 1.1. The domain geometry and boundary conditions
remain unchanged across all cases. The number of cells in each grid level is summarized
in Table 4.

To estimate the grid discretization error, two adjacent mesh levels are used to
approximate the ideal solution under infinite grid resolution, denoted as @,,, using

Richardson’s extrapolation:
(pn - (pn—l

D, =D, + ,
(3 &)2 -1
Nn—l

(26)

where @, and &,,_; are the numerical solutions obtained using meshes with the cell

number of N,, and N,,_,respectively. The calculated Uy, , evaluated in each grid level

is shown in Figure 11. The corresponding discretization error E; is then defined as

X 100%, 27)

|<15Oo @,

Do

where @, denotes the calculated result corresponding to the n -th grid. The

dimensionless grid size (dx) for each level is given by
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2. Numerical Methods

de, = |2
X, = |[—.
n Nn

(28)

As illustrated in Figure 12, E; decreases with mesh refinement. When the grid is

sufficiently fine, the slope of the error curve approaches that of a second-order method,

indicated by the red reference line. This confirms that the numerical method delivers

second-order spatial accuracy.

In this study, Grid 4 is selected for all subsequent simulations. With a discretization

error of only 3.7%, further refinement offers marginal improvement at significantly

higher computational cost. The selected mesh thus provides a good compromise between

computational efficiency and accuracy. This assessment validates the credibility of the

simulation framework.

Table 4 Number of grids in different grid levels

Grid Level Total
Grid 1 1.38x10°
Grid 2 1.52x10°
Grid 3 1.67x10°
Grid 4 1.84x10°
Grid 5 2.03x10°
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Figure 11 The dependence of Ugy,, on grid number
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Figure 12 The dependence of E; on dx
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3 Validation

3.1 Case Description

This study uses the time-averaged power output of the Horns Rev I offshore wind
farm as a validation case. The wind farm comprises 80 Vestas V80 2-MW fixed-bottom
wind turbines, arranged in a uniform grid configuration. Under three specific wind
directions, the entire wind farm experiences full wake conditions, with the corresponding
turbine spacings of 7.0D, 9.3D, and 10.4D. The configuration is illustrated in Figure 13.
Accordingly, in the simulation, wind turbines are arranged along these three wind
directions to analyze wake interactions and power performance. The average wind speed
at hub height is set to Up,,;, = 8 m/s, following the measurement condition.

3

¢ Wind Turbine N

Oy =222°

Y Position (km)

Horns Rev I Wind Farm Oy =312°

-3 -2 -1 0 1 2 3
X Position (km)

Figure 13 Wind turbine layouts in the Horns Rev I wind farm
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3.1 Case Description

The computational domain for the three different turbine spacing scenarios is

constructed using a bounding box to define the Horns Rev I wind farm layout. The

corresponding numerical setup, including domain sizes, grid number, and boundary

conditions, is summarized in Table 5 and Figure 14.

Table 5 Numerical setup for the Horns Rev [ wind farm

6,, = 270° (6729.8, 4538.6, 400)
Domain Size (m) 6, = 222° (7275.4, 7298.7, 400)
6,, = 312° (7938.6, 6635.4, 400)
6,, = 270° 6.93 x 10°
Grid Number 6,, = 222° 1.10 x 107
6,, = 312° 1.09 x 107
Upup (m/s) 8.0
p (kg/m3) 1.184
u (Pas) 1.855 x 107

”~

locity Inlet

Figure 14 Computational Domain of the Horns Rev I wind farm under 6,, = 270°
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3.2 Power Prediction

Steady-state RANS simulations are employed in this study to estimate the power
output of each wind turbine in the Horns Rev I offshore wind farm. The power of the first
row of turbines, denoted as P;, is used as a reference, and the normalized power output

of each downstream turbine rows are defined as:

P

-5 (29)

p*

This normalization facilitates consistent comparisons of power attenuation under
different wake conditions [27]. Under the wind direction of 6,, = 270° (Figure 15), the
predicted power at the eighth row of turbines deviates by only 1.6% from the measured
value. A similar pattern is observed for 6,, = 222° (Figure 16), where the second row of
turbines exhibits a deviation of 7.25%, followed by excellent agreement with field data
at downstream positions. In contrast, for ,, =312° (Figure 17) the simulation tends to
underpredict the power output more significantly at the second row of turbines, with an
error of 14%, but this discrepancy reduces to 3% by the fifth row of turbines. Figure 20
compare P* values across three turbine spacings among four sources: SCADA field
measurements [28], a referenced LES dataset [25], the WIFA3D-LES model [7], and the
present STAR-CCM+ results. Based on comparisons with SCADA data, all numerical
models exhibit power underprediction, e.g., the LES results have errors ranging from
3.3% to 20.7%. The largest deviation of 20.7% occurs in the LES simulation under the
wind direction 6,, = 312°. In contrast, the WIFA3D-LES approach shows even more
pronounced underprediction, with errors ranging from 14.3% to 32.8%, reaching its

maximum at 6,, = 270°. As illustrated in Figure 21, the present simulation slightly

overpredicts the power output at the second row of turbines compared to SCADA
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measurements, with a maximum error of approximately 12.7% at 6,, = 270°. However,
better agreement is achieved further downstream.

These results indicate that the proposed actuator disk model used in this study can
reasonably capture turbine-level power production trends within large offshore wind
farms. While discrepancies occur near the front-row turbines due to strong wake
interactions, the model performs well downstream, where wake recovery becomes

dominant.
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Figure 15 Flow field and turbine selection for 8,, =270°: (a) Contour of U at Hyy,,
and (b) Wind turbines selected for P*
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Figure 16 Flow field and turbine selection for 6,, =222°: (a) Contour of U at Hyy,,
and (b) Wind turbines selected for P*
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3. Validation
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4 Design Requirements

In this study, the investigated FOWT is assumed to adopt a semi-submersible
platform. The natural periods of four typical FOWT types are summarized in Table 6, as
reviewed by Subbulakshmi et al. [29]. To avoid the resonance in the platform’s 6-DOF
motions, a period range of 40-50 seconds is selected as the simulation condition of forced
motions.

Several international standards have established operational thresholds to ensure the
structural integrity and functional efficiency of FOWTs. According to DNV-RP-0286
[30], the mean tilt angle of a FOWT under normal operating conditions should not exceed
5°, a constraint designed to maintain platform stability and preserve consistent
aerodynamic performance. In parallel, the COREWIND project [31] recommends that for
deployment sites with water depths between 60 and 100 meters, the maximum horizontal
offset of the floating platform should remain within 30 meters. This limitation ensures the
continued effectiveness of slender mooring lines and dynamic cable configurations,
enabling the floating structure to operate within a safe and controllable range. Exceeding
these limits may not only degrade power generation efficiency due to rotor-wind
misalignment, but also accelerate fatigue damage accumulation in the dynamic cable
system, thereby jeopardizing the long-term structural reliability of the mooring
infrastructure.

In addition, since existing international guidelines do not specify the mean
translational excursion of semi-submersible FOWTs during normal operation, this study
refers to Ishihara et al. [32], who conducted both simulation and water tank experiments
on a 2 MW semi-submersible platform under representative operational sea states. Their

results indicate that the maximum surge amplitude is approximately 2.5 meters. This
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study also uses the translational motions amplitude between 0.5 and 2.5 meters to

investigate the small displacements effect on the wake behavior downstream of the rotor.

Table 6 Typical natural periods for different floating platforms [29]

6DOFs Spar Semi-submersible Barge TLP
Surge >100 s >100 s >100s | 15-60's
Sway

Heave 25-40's 15-25s 5-10s 1-2s
R.OH 25-40's 25-40 s 9-16 s 2-5s
Pitch

Yaw 5-20s 50-80's 50-100 s 8-20's
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5 Simulation Results

In this study, the inflow wind speed at Up,;, is set to 9 m/s, 15 m/s, and 21 m/s,
representing low, medium, and high wind conditions, respectively. The rotor speed (w,)
is assumed to be 16.7 RPM. Initially, the simulation is performed under a stationary
condition for 8 periods, allowing the wake to fully develop and reach the outflow
boundary of the computational domain [33]. Following this, 18 periods are simulated
under various 6-DOF motion scenarios to investigate the influence of platform dynamics
on wake behavior. To facilitate detailed analysis of the wake behavior, a downstream
region of area A, is defined in the wake region. To facilitate a meaningful comparison
with the wind turbine wake under stationary conditions, the wake obtained from the wind
turbine in motion are evaluated based on the average velocity and the standard deviation
over a complete operational cycle. These statistical measures, namely the time-averaged

velocity and the standard deviation within one period, are defined as follows [34]:
Us,. == f UL, de (30)
avg T avg“t,

Fiog =7 | otugtt, (31)
where s denotes the number of periods. The quantity Ugvg thus corresponds to the
time-averaged velocity when the turbine is fixed. The velocity Ugwg denotes the
instantaneous velocity and o,  denotes the corresponding standard deviation are

defined as follows:

1
Ulpg = T f U,dA, (32)
T
1
O'évg = \/A—f(Ux — Uavg)z dA, (33)
T
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doi:10.6342/NTU202503576



5. Simulation Results

where U, is the axial velocity of the flow field in the x-direction. To evaluate the
influence of 6-DOF platform motions on the wake behavior, the differences in l_]fwg and
Oavg between the fixed and floating wind turbine configurations are computed. These

differences are denoted as Al_];,,g and Adyg, 4, respectively, as follows

AU = M x 100% (34)
avg — [_]gvg 0,
— 5§vg - Ec(l)vg
AGl,, = —2—9 % 100% . (35)
7 Tavg

The sinusoidal motions applied to the turbine platform are defined by varying
amplitudes in both translational and rotational directions. The translational motion
amplitudes ({r) are set to 0.5 m, 1.0 m, 1.5 m, 2.0 m, and 2.5 m, while the rotational
motion amplitudes ({z) are set to 1°, 2°, 3°, 4°, and 5°. All motion cases are evaluated
under three sinusoidal periods (T,,) 0f 40 s, 45 s, and 50 s. The detailed configurations and
parameters for each case are summarized in Table 7 and Table 8.

Table 7 Translational motion case description

Parameter Unit | Translational Motions
Unub m/s 9/15/21
Wy RPM 16.7
T, S 40/45/50
{r m 0.5/1.0/1.5/2.0/2.5

Table 8 Rotational motion case description

Parameter Unit Rotational Motions
Unub m/s 9/15/21
Wy RPM 16.7
T, s 40/45/50
(R ° 1/2/3/4/5
41
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5. Simulation Results

To investigate wake behavior under large amplitude conditions, the surge and sway

motion amplitudes of FOWT are varied from 5 to 30 m in increments of 5 m. A summary

of the configuration for the large amplitude condition simulations is presented in Table 9.

Table 9 Large amplitude condition case description

Parameter Unit Surge and Sway Motion
Unup m/s 9/15/21
Wy RPM 16.7
T, S 40/45/50
{r m 5/10/15/20/25/30
42
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5.1 Translational Motions

In this section, the wake behavior of a FOWT is examined under three different wind
speeds and three distinct platform motion periods. The investigation focuses on the effects
of single DOF translational motions on wake characteristics. Specifically, both the
normalized time-averaged velocity and the normalized time-averaged standard deviation
are evaluated and compared. The results are presented and discussed in Section 5.1.1,
Section 5.1.2, and Section 5.1.3, respectively, with a consolidated summary provided in
Section 5.1.4.

TT*

To examine the transient development and convergence characteristics of AUgy,g,
the results of surge, sway, and heave motions are presented in Figure 22 (a), (b), and (¢),
respectively. In this example, the simulations are performed with an inflow wind speed

of 9m/s, {y =0.5 m,and T, =45 s. The x-axis represents the number of period (Nr),

and the y-axis indicates the corresponding Al_];vg in percentage. Each case includes 26
full motion cycles. In addition, all three translational motions of freedom exhibit a rapid
change in AU;vg within the initial 10 cycles. Subsequently, the values gradually stabilize
and approach a steady plateau around N; = 15. This indicates that the flow field has
transitioned into a statistically steady state. Based on this fact, N = 26 is selected as the
representative result for downstream wake analysis of this study. This practice ensures

that all comparisons are based on time-converged data and reflects the long-term

aerodynamic influence of each translational platform motion on the wake field.
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Figure 22 Evolution of AUZ{,,Q over 26 periods under (a) surge, (b) sway and (c)

heave motion with Ug,g =9 m/s, T, =45s,and {, =0.5m
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5.1 Translational Motions

5.1.1 Surging Behavior
Figure 23 illustrates AU;,, along downstream direction induced by the surge

motion with amplitudes ranging from 0.5 m to 2.5 m at the wind speed of 9, 15, and 21
m/s and T, = 45 s. The results demonstrate that the effectiveness of surge-induced
motion in promoting wake mixing is strongly dependent on both surge amplitude and
ambient wind speed. At Uy, =9 m/s, even small amplitudes produce significant and
spatially persistent increases in downstream velocity, indicating high wake sensitivity to
dynamic motion under low ambient momentum. Notably, the maximum velocity
increment reaches 0.22% at x = 2D downstream, followed by a gradual attenuation with
distance. This behavior is attributed to lower flow inertia and momentum, which allow
turbine-induced disturbances to propagate more effectively and foster wake recovery. Li
et al. [35] and Guntur et al. [36] corroborated these findings, showing intensified shear-
layer instabilities and improved wake diffusion under low wind conditions. At Up,,, =
15 m/s, a threshold-like response emerges, where only surge amplitudes exceeding 2.0
m generate meaningful wake recovery, suggesting that stronger motion is necessary to
overcome the stabilizing influence of higher inflow momentum. At Up,;, =21 m/s, the
wake response is minimal, with only marginal positive effects observed within a narrow
amplitude range. These trends confirm that as inflow velocity increases, the wake
becomes progressively less receptive to motion-induced perturbations due to elevated
ambient inertia, leading to a more coherent and stable wake structure under moderate to
high wind conditions.

Figure 24 illustrates the downstream behavior of AU{;UQ induced by the surge
motion with amplitudes ranging from 0.5 m to 2.5 m at a wind speed of 15 m/s and T,, =

40, 45, and 50 s, respectively. Across all three cases, the overall magnitude of the velocity
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5. Simulation Results

recovery remains relatively small, and positive wake velocity increments emerge only
when the surge amplitude exceeds 2.0 m, consistent with the threshold-like response
observed under varying temporal conditions. At Uy, =9 m/s, the maximum velocity
increment occurs further downstream, approximately at x = 7D. For the Uy, = 15 m/s
cases, the case of T, =40 s yields the highest recovery, reaching 0.065%, followed by
0.061% for the T,, =45 s case, and 0.059% for the case of T, = 50 s case. These results
suggest that short-period surge motions may facilitate more intense energy transfer and
turbulence generation within the near wake region. Nevertheless, despite the observable
differences among these cases, the absolute values of AU;vg remain on the order of 10™
or lower. Consequently, the influence of surge period variation on wake recovery is

suggested limited.
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Figure 23 Downstream evolution of AUng under surge motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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5. Simulation Results

Figure 24 Downstream evolution of Al_];vg under surge motions at 15 m/s with
periods of 40, 45, and 50 s
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5.1 Translational Motions

Figure 25 illustrates the Adg,, induced by the surge motion with amplitudes
ranging from 0.5 m to 2.5 m at the wind speed of 9, 15, and 21 m/s and T,, =45 s. At
Unup = 9 m/s, increasing surge amplitude leads to a pronounced rise in wake standard
deviation, especially beyond {; = 2.0 m, indicating that dynamic motion effectively
amplifies wake disturbance under low ambient momentum. At Uy, = 15 m/s, the
response becomes more intricate small amplitudes initially increase wake variability, a
local drop in standard deviation appears at {; = 2.0 m, followed by a slight rebound at
{r = 2.5 m. This non-monotonic behavior suggests a transitional balance between
disturbance generation by turbine motion and stabilization by the ambient flow. At
Unup = 21 m/s, the standard deviation remains consistently low across all amplitudes,
demonstrating minimal wake sensitivity to surge-induced motion. These findings indicate
that the capacity of surge motion to intensify wake disturbance diminishes with increasing
wind speed, where stronger inflow inertia suppresses perturbation development. Overall,
the response of Adg,, to surge motion varies significantly across the three inflow wind
speeds, reflecting the dominant role of ambient momentum in regulating wake turbulence.
As wind speed increases, the wake becomes progressively governed by inertial stability
rather than by dynamic excitation.

Figure 26 illustrates the Adg,, induced by the surge motion with amplitudes
ranging from 0.5 m to 2.5 m at a wind speed of 15 m/s and T, = 40, 45, and 45 s,
respectively. At a period of 40 s, large surge amplitudes lead to a pronounced increase in
standard deviation along the downstream direction, indicating enhanced disturbance as a
result of more frequent energy input. In contrast, the T, = 50 s case exhibits a noticeable
reduction in standard deviation at similar amplitudes, suggesting that longer-period

oscillations may promote wake stabilization, particularly in the near-wake region. The
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T, = 45 s case lies between these two extremes, displaying non-monotonic behavior
characterized by partial suppression followed by a moderate recovery in disturbance.
While observable differences exist across the tested surge periods, the overall magnitudes
of Adgyy remain relatively small, typically on the order of 107 orless. Across all cases,
small surge amplitudes yield stable and slightly positive standard deviation values,
indicating only modest perturbation to the wake. These findings suggest that although
surge period variation can influence wake disturbance to some extent, its practical impact

is quite limited compared to that of surge amplitude.
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Figure 25 Downstream evolution of Ady,,, under surge motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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Figure 26 Downstream evolution of Aog,, under surge motions at 15 m/s with
periods of 40, 45, and 50 s

51

doi:10.6342/NTU202503576
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Figure 27 illustrates the downstream behavior of Al_lévg induced by the large
amplitude surge motion with amplitudes ranging from 5 to 30 m at the wind speed of 9,
15, 21 m/s and T, = 45 s. At Upyp = 9m/s, the velocity increment exhibits a
consistently positive trend with increasing surge amplitude and downstream distance,
reaching up to approximately 2.59% at a 30 m surge amplitude around x = D. At
Upup = 15 m/s, Alj[;vg is initially negative in the near-wake region, particularly within
x = 6D, reflecting a deeper velocity deficit. However, the values gradually become
positive beyond x = 7D, attaining a maximum of approximately 0.425% at 30 m and
x =20D. At Uyyp = 21 m/s, the influence of surge motion becomes minimal. The
velocity increments remain mostly negative or close to zero throughout the domain, with
only marginal positive values below 0.012% observed at the largest amplitudes and
farthest downstream locations. These observations indicate that the effectiveness of
surge-induced wake recovery diminishes as the wind speed increases. At low wind speed,
strong flow interaction promotes efficient momentum entrainment, resulting in uniform
and significant wake recovery. At moderate wind speed, wake response is delayed but
shows noticeable downstream recovery. At high wind speed, the wake appears largely
insensitive to surge motion due to increased flow inertia, leading to limited dynamic
modulation. Overall, surge-induced wake recovery is most effective under low wind
speed conditions and becomes progressively weaker as the turbine operates toward its
rated regime.

Figure 28 illustrates the downstream behavior of Alj[;vg induced by the large
amplitude surge motion with amplitudes ranging from 5 to 30 m at a wind speed of 15
m/s and T, = 40, 45, 50 s. Under a speed of 15 m/s, AL_I(’;,,g demonstrates clear

sensitivity to the surge motion period. For a period of 40 seconds, the wake exhibits the
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earliest and most pronounced transition from negative to positive wake velocity
increments, beginning around x = 8D and reaching a peak of approximately 0.57% at
{r =30mand x =20D. In comparison, the 45-second case yields a slightly small peak
of 0.425%, with the transition occurring between x = 6D and x = 8D. The 50-second
case exhibits the weakest response, with positive increments appearing only beyond x =
10D and peaking at about 0.32%. These trends suggest that short surge motion periods
are more effective in reducing the wake deficit, likely due to an enhanced turbulent
mixing. The 40-second case demonstrates vigorous flow modulation induced by higher-
frequency motions, while the 45-second case represents a balance between motion
frequency and wake response. In contrast, the 50-second case indicates a delayed and
weak wake recovery. Despite the varying motion magnitudes, the overall trend is
consistent: short surge periods result in early and strong wake recovery, while long

periods reduce the impact of the surge motion.
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Figure 27 Downstream evolution of AU;,,Q under large amplitude surge motions at 9,
15, and 21 m/s with a fixed period of 45 s
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Figure 28 Downstream evolution of Al_lc’;vg under large amplitude surge motions at

15 m/s with periods of 40, 45, and 50 s
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Figure 29 illustrates the downstream behavior of Adg,, induced by the large

amplitude surge motion with amplitudes ranging from 5 to 30 m at the wind speed of 9,
15, 21 m/s and T, = 45 s. At Upyp = 9 m/s, Adg,, is predominantly negative
throughout most of the domain, reaching a minimum of approximately -5% at x = 15D
for a 30 m surge amplitude. A local change from negative to positive values occurs near
the rotor, peaking at about 0.7% at x = D under the same amplitude. At Up,;, = 15 m/s,
the standard deviation increases consistently with both surge amplitude and downstream

distance. Starting at around 0.2% near the rotor, Adg,, rises steadily and reaches over

4.3% at x =20D and {r = 30 m, following a nearly linear growth pattern. In contrast,
at Upyp =21 m/s, the standard deviation remains uniformly low across all amplitudes
and locations, with peak values below 0.12%, even at the farthest downstream positions.
These results indicate that surge-induced wake recovery is most pronounced under
moderate inflow wind conditions, where the wake demonstrates significant sensitivity to
unsteady platform motion. At high wind speeds, the recovery effect diminishes due to
high flow inertia which suppresses the development of unsteady flow. This trend
highlights the nonlinear nature of the acrodynamic coupling between platform motion and
wake response, which is strongly dependent on the incoming wind speed.

Figure 30 illustrates the downstream behavior of Adg,, induced by large amplitude
surge motion with amplitudes ranging from 5 to 30 m at a wind speed of 15 m/s and T,
=40, 45, 50 s. Among three cases, the 40-second period case produces the strongest and
most rapid amplification of wake velocity fluctuation, with Adg,, peaking at

approximately 5.09% at a 30 m surge amplitude near x = 17D. The 45-second period
case follows closely, yielding a slightly lower peak of 4.47%. In contrast, the 50-second

period case results in the weakest response, with a maximum value of 3.81% under the
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same conditions. While the case of three surge periods exhibits a broadly similar trend of

increasing Adg,, with surge amplitude and downstream distance, the magnitude and

rate of this increase vary significantly. The 40-second period case demonstrates the most
pronounced and rapid recovery, suggesting that higher-frequency surge motion more
effectively excites energy between the wake and the rotor region. The 45-second period
case produces substantial but slightly dampened disturbance, whereas the 50-second
period case displays a more gradual and subdued response, indicating that lower-
frequency motion is less efficient in enhancing energy exchange to the wake. Under an
identical wind speed and motion amplitude, the surge motion period plays a pivotal role

in affecting the wake behavior.
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Figure 29 Downstream evolution of Ady,,, under large amplitude surge motions at 9,
15, and 21 m/s with a fixed period of 45 s
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Figure 30 Downstream evolution of Ady,,,, under large amplitude surge motions at
15 m/s with periods of 40, 45, and 50 s
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5.1.2 Swaying Behavior
Figure 31 illustrates the downstream behavior of Al_];vg induced by the sway

motion with amplitudes ranging from 0.5 m to 2.5 m at the wind speed of 9, 15, and 21
m/s and T, = 45 s. The results demonstrate a consistent positive correlation between
sway amplitude and wake velocity recovery across all tested wind speeds, although the
magnitude of wake recovery is clearly influenced by the incoming flow condition. At
Unup = 9 m/s, the sway-induced motion leads to a substantial increase in downstream
velocity, with the increment at x = 1D rising from -0.023% at {7 = 0.5 m to 0.219% at
{r = 2.5 m. This trend persists throughout the wake but gradually diminishes with

downstream distance. For example, at x = 20D, Al_];vg of ¢y =2.5mdrops to 0.093%,

while it becomes nearly negligible at {r = 0.5 m, indicating that the wake recovery is
most prominent in the near-wake region. At Uy, = 15 m/s, the recovery remains
moderate, where the velocity growth increases steadily with sway amplitude at x = D
and decays gradually downstream. In contrast, at Up,;, = 21 m/s, the wake recovery is
significantly weaker and begins from a small negative value at low amplitude, reflecting
a limited influence of lateral motion in high freestream momentum. Although this effect
is suppressed at high wind speeds, the spatial decay of wake recovery remains smooth,
and the overall wake structure preserves its coherence over a longer distance. These
observations indicate that while the sway-induced motion effectively promotes wake
recovery under low wind speed conditions, its impact diminishes as the inflow inertia
increases.

Figure 32 illustrates the downstream behavior of AU{;UQ induced by the sway
motion with amplitudes ranging from 0.5 m to 2.5 m at Uy, = 15 m/sand T, =40, 45,

and 50 s. The results show that regardless of the period, the differences in wake velocity
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increment remain small across all amplitudes and downstream positions. In all cases,
increasing the sway amplitude leads to higher downstream velocity increments, followed
by a gradual decay along the streamwise direction. These findings suggest that under the
tested flow conditions, changes in sway period have only a limited effect on wake
recovery, while the motion amplitude remains the primary factor influencing wake

behavior.
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Figure 31 Downstream evolution of AUZ,,Q under sway motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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Figure 32 Downstream evolution of Al_lc’;,,g under sway motions at 15 m/s with
periods of 40, 45, and 50 s
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Figure 33 illustrates Adg,, of the sway motion with amplitudes ranging from 0.5
m to 2.5 m at the wind speed of 9, 15, and 21 m/s and T, =45 s. At Upy, =9 m/s, the
standard deviation difference increases markedly with sway amplitude. For example, at
an amplitude of 2.5 m, it reaches approximately 2.76% near x = D downstream,
indicating significant wake recovery induced by the imposed lateral motion. In contrast,
for {; =0.5 m, the standard deviation difference remains mostly negative or near zero
before x = 10D, suggesting a weak influence of low-amplitude sway motions. As the

wind speed increases to 15 m/s, Adg,, decrease noticeably. At {r =2.5 m, the peak

value at x = D reduces to about 0.90% and continues declining downstream, while
lower amplitudes exhibit values around 0.2% or less. At Uy, = 21 m/s, the wake
recovery is further diminished. Even under the largest motion amplitude, the standard
deviation difference at x = D is limited to approximately 0.16%, falling below 0.1%
beyond x = 5D, and consistently remaining under 0.05% for the motion amplitudes
below 1.5 m. These results suggest that although large sway amplitudes can induce
measurable wake disturbance, the absolute magnitude of the effect is highly sensitive to
the background wind speed. As the ambient momentum increases, the development of
velocity fluctuations becomes quite restricted, particularly in the far-wake region.
Furthermore, the spatial decay of standard deviation becomes rather rapid at high wind
speeds, reflecting strong damping effects of high wind speeds that suppress the
persistence of motion-induced disturbances.

Figure 34 illustrates the Adg,, induced by the sway motion with amplitudes
ranging from 0.5 m to 2.5 m at a wind speed of 15 m/s and T, =40, 45, and 50 s. At this

fixed wind speed, changes in motion period have a noticeable impact on the level of wake

disturbance. The motion with long sway periods generally leads to low Adg,, compared
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to those with short sway periods, although the overall trend of associated with the sway
amplitude remains consistent. For instance, at {r = 2.5 m, Adgy,, reaches
approximately 0.884% near x = D downstream for T, = 40 s, increases slightly to
about 0.906% at T, =45 s, and decreases to around 0.915% at T,, = 50 s. Despite these
variations, all cases demonstrate that the growth of sway amplitude results in strong wake
fluctuations near the turbine and these fluctuations decay gradually with downstream
distance. At small sway amplitudes, Ad,,g remains small and falls below 0.1% beyond
x = 10D. These findings suggest the sway period negatively affects the degree of wake
disturbance and the fundamental trend of amplitude-driven fluctuation and spatial decay
is similar across all tested conditions. The combined influence of sway amplitude and
oscillation frequency remains dominant in shaping both the intensity and the extend of

wake disturbances.
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Figure 33 Downstream evolution of Adg,, under sway motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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Figure 34 Downstream evolution of Adg,, under sway motions at 15 m/s with
periods of 40, 45, and 50 s
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Figure 35 illustrates the downstream behavior of Al_lévg induced by the large
amplitude sway motion with amplitudes ranging from 5 to 30 m at the wind speed of 9,
15, 21 m/s and T,, = 45 s. The results highlight the influence of sway amplitude and
downstream distance on wake recovery behind the wind turbine. Under the condition of
Unup = 9 m/s, the normalized velocity increase ranges from 0.45% at {r = Smmnear x =
D to a maximum of 7.49% at {7y =30 m at the same location. As the flow progresses
downstream, this recovery decays, with values decreasing to 0.12% at x = 20D and
{r =5 m as well as 2.19% at x =20D and {; = 30 m, indicating that sway-induced
effects are most significant in the near-wake region. At Uy, = 15 m/s, the wake
recovery becomes considerably weakened. The peak value of {7 =30 m reaches 3.50%
at x = D and declines to 2.70% at x = 20D, suggesting that high wind speeds reduce
the disturbance of sway motion due to high ambient momentum. The case of Up,;, =21
m/s exhibits an even more pronounced attenuation. For example, at {; = 30 m, the
increase across x = D to x = 20D is only 1.24%, indicating a substantial suppression
of sway-induced wake disturbance. Collectively, large sway amplitudes result in more
pronounced wake recovery, but AUg,, diminishes with downstream distance due to the
growing wake velocity. The magnitude and extend of Al_];,,g vary significantly across
different inflow conditions. Freestream wind speed plays a decisive role in governing the
wake’s response to lateral excitations.

Figure 36 illustrates the downstream behavior of AU;vg induced by large amplitude
sway motion with amplitudes ranging from 5 to 30 m at a wind speed of 15 m/s and T,
=40, 45, 50 s. Across three examined periods, similar trends are observed for changing
sway amplitude and downstream distance. For each case, AL_I(’;,,g increases steadily with

sway amplitude at all streamwise locations, reaching a maximum of approximately 3.5%
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at x =D and {; = 30 m. As the downstream distance increases, Al_];‘;,,g gradually

decays, with values dropping to around 2.7% at x = 20D for the same sway amplitude.
These results indicate that under large amplitude sway motion, the effect of the motion
period on Al_];’;vgis relatively minor. The behavior of AUZ,,Q across the three periods are
nearly identical in magnitude and spatial variation, especially in the near-wake region.
This suggests that sway-induced wake disturbance is governed primarily by motion
amplitude and freestream wind speed. Large motion amplitudes clearly lead to strong
momentum transfer and wake recovery, whereas high wind speeds suppress these effects
through large flow inertia. While slight differences in downstream decay are observed
among three periods, the motion period plays a secondary role in shaping the behavior of

ATy
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Figure 35 Downstream evolution of AUZ,,Q under large amplitude sway motions at 9,

15, and 21 m/s with a fixed period of 45 s
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Figure 36 Downstream evolution of AU;vg under large amplitude sway motions at

15 m/s with periods of 40, 45, and 50 s
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Figure 37 illustrates the downstream behavior of Adg,, induced by large amplitude
sway motion with amplitudes ranging from 5 to 30 m at the wind speed of 9, 15, 21 m/s
and T, =45 s. As the wind speed increases, Adgy, diminishes significantly. Under the
condition of Upy, =9 m/s, Adgy, reaches a peak of approximately 84% near the rotor
and decays gradually downstream, indicating strong interaction between the sway motion
and surrounding flow. At Upy, = 15 m/s, the peak of Aadg,, drops to around 37%,
accompanied by a more rapid decline with distance, reflecting a moderate disturbance to
the downstream wake. At Upy, =21 m/s, Adgy,, remain below 6% even at the largest
amplitude, and rapidly diminish beyond x = 10D, suggesting that large freestream
momentum suppresses the motion-induced disturbance. These results reveal a clear
negative dependence of Adgyy on Upyy. At low wind speeds, the reduced flow inertia
allows sway motion to induce more visible wake perturbations. As the wind speed rises,
the freestream flow becomes increasingly dominant, leading to a short flow fluctuation
lifespan and reduced spatial extent of velocity variation. At Up,;, = 21 m/s, the motion-
induced effects become negligible. These findings underscore the governing role of
freestream momentum in wake behavior responding to external excitation, with strong
flow inertia at high wind speeds leading to resist lateral motion-induced disturbances.

Figure 38 illustrates the downstream behavior of Adg,, induced by large amplitude
sway motion with amplitudes ranging from 5 to 30 m at a wind speed of 15 m/s and T,
=40, 45, 50 s. A comparative analysis reveals that the sway motion period significantly
affects both the degree and extend of wake recovery. In all cases, Adg,, increases with
sway amplitude and decreases with downstream distance. The case of T,, = 40 s shows
strong wake velocity fluctuations that lastto x = 15D, while the case of T, =45 syields

slightly higher values in the mid-wake region. In contrast, the case of T,, = 50 s results
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in substantial downstream decay, with Ad,,,, dropping below 6% at x = 20D for most
motion amplitudes. These observations demonstrate that the period of sway motion plays
a non-negligible role in shaping the spatial development of wake recovery. At Upyp = 15
m/s, short sway periods generate high velocity fluctuation near the rotor and deliver more
gradual downstream decay. As the period increases to T,, =45 s, the near-wake velocity
fluctuation levels remain similar, but the elevated disturbance extends farther downstream,

suggesting that low frequency disturbance is less prone to have a rapid dissipation.
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Figure 37 Downstream evolution of Adg,, under large amplitude sway motions at 9,
15, and 21 m/s with a fixed period of 45 s
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Figure 38 Downstream evolution of Adg,, under large amplitude sway motions at

15 m/s with periods of 40, 45, and 50 s
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5.1.3 Heaving Behavior

Figure 39 illustrates the downstream behavior of AU;vg induced by heave motion
with amplitudes ranging from 0.5 m to 2.5 m at the wind speed of 9, 15, and 21 m/s and
T, =45 s. Across all tested wind speeds, the results consistently show that large heave
amplitudes lead to substantial enhancement in wake recovery, although the effect
diminishes with downstream distance. At Up,;, =9 m/s, significant contribution due to

interaction is observed, with Al_];vg increase at x = D rising from 0.015% at ¢ = 0.5

m to 0.202% at {; = 2.5 m. This positive influence extends downstream but attenuates
gradually, with values at x = 10D ranging from -0.001% to 0.039% and at 20D from -
0.006% to 0.042%. At Upyp = 15 m/s, similar amplitude-dependent growth is seen,

TT*

though the magnitudes of AUy, are reduced. AU;,, at x = D vary from 0.008% to

0.117%, and at x = 20D from 0.001% to 0.042%. At Upy,p = 21 m/s, the recovery
becomes more constrained, with x = D the values ranging from 0.002% to 0.047% and
reaching between 0.002% and 0.044% at x = 20D. These observations suggest that
although heave motion contributes to wake recovery across all wind conditions, its
effectiveness is limited by the freestream velocity. High wind speeds imply a large kinetic
energy of the incoming flow and a strong advection nature, which shortens the flow
residence time across the rotor and reduces the heave-induced vertical mixing to impact
the wake. In contrast, at low wind speeds, the weak advection allows the rotor motion to
interact more effectively with the incoming flow, resulting in significant recovery effects
in the near-wake region.

Figure 40 illustrates the downstream behavior of AU;vg induced by heave motion

with amplitudes ranging from 0.5 m to 2.5 m at a wind speed of 15 m/s and T,, =40, 45,

and 50 s. At a fixed wind speed of Uj,,p, = 15 m/s, AU{;UQ shows only minimal variation
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across different motion periods. For example, at x =D and {; = 2.5 m, it reaches
0.118% under T, = 40 s, which is slightly higher than 0.117% observed at T, =45 s and
50 s. This subtle trend continues downstream. At x = 10D, the respective values are
0.086%, 0.085%, and 0.084% for three studied periods, indicating a marginal decrease in
wake recovery as the motion period increases. Despite these minor differences, the overall
trend of AU;vg remains consistent across all cases. These results suggest that, within the
tested range, the period of vertical motion has a limited impact on wake behavior
compared to the amplitude. The wake flow appears to respond primarily to the
displacement magnitude of vertical motion, which governs the degree of momentum

exchange and mixing, rather than the rate at which the motion occurs.
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Figure 39 Downstream evolution of Al_];,,g under heave motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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Figure 40 Downstream evolution of Al_lc’;,,g under heave motions at 15 m/s with

periods of 40, 45, and 50 s
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Figure 41 illustrates the downstream behavior of Agyg,, induced by heave motion

with amplitudes ranging from 0.5 m to 2.5 m at the wind speed of 9, 15, ad 21 m/s and

T

» =45s.The results indicate that wake fluctuation behavior is most sensitive to heave

motion under low freestream speeds, whereas high wind speeds suppress the mixing
effects of vertical motion. At Upyp, = 9 m/s, Agg,, increases rapidly with heave
amplitude in the near-wake region. For example, at x = D downstream, the values rise
from 0.118% at {7 = 0.5 m to a peak of 1.816% at {r = 2.5 m. Although Aagyg,,
decreases beyond x = 10D, it remains positive, suggesting a sustained wake disturbance
induced by heave motion. At Up,;, = 15 m/s, the trend remains similar but with reduced
level. At x = D, the value at {; = 2.5 m reaches 0.088 % and continues to decline
further downstream. Notably, under this wind condition, Agg,, becomes negative in the
far wake at large motion amplitudes. At Up,;, =21 m/s, the wake exhibits very limited
response to heave motion. In the near wake, the values range from -0.003% at {; = 0.5
m to -0.017% at {r = 2.5 m. Across the entire downstream span, the values remain
negative and small, with Agg,, at {; =2.5 m amplitude decreasing to -0.056% at x =
4D and stabilizing near -0.014% at x = 20D. These results suggest that under low wind
speed conditions, moderate heave amplitudes can effectively promote coherent wake
disturbance, whereas at higher inflow velocities, the strong advection effect inhibits
vertical disturbance development and propogation.

Figure 42 illustrates the downstream behavior of Adg,, induced by heave motion
with amplitudes ranging from 0.5 m to 2.5 m at a wind speed of 15 m/s and T,, =40, 45,
50 s. The results reveal a clear dependence of Adg,, on the heave period. For the case
of T, =40 s, Adg,, increases steadily with amplitude, reaching a peak of 0.32 % at

{r =2.0 m and x = 14D. In the case of T, = 50 s, overall fluctuations are less
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pronounced, with a slightly lower maximum of 0.29 % observed at the same location.

However, at {y = 2.5 m, Adg,, decreases in the downstream region and becomes

negative beyond x = 15D. Despite these differences, the overall influence of heave
motion period on wake velocity fluctuation remains relatively limited. Across all three
tested periods, the spatial patterns of Ad,,y remain broadly consistent, with only

moderate variations in magnitude. Notably, at large amplitudes, Adg,, consistently

declines in the far-wake region and frequently becomes negative beyond x = 15D,
suggesting that excessive vertical motion may reduce the level of wake-induced
fluctuations regardless of the motion frequency.

The findings are consistent with the conclusions drawn by Cioni et al. [37], who
noted in the OC6 Phase III validation study that floating platform motion, particularly in
heave, surge, and pitch degrees of freedom, can under certain conditions reduce the
velocity fluctuation intensity in the downstream wake. The negative values seen in the
normalized standard deviation at large motion amplitudes and downstream distances
support this conclusion, implying that platform motions do not always enhance wake

disturbance.
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Figure 41 Downstream evolution of Ady,,, under heave motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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Figure 42 Downstream evolution of Adg,, under heave motions at 15 m/s with
periods of 40, 45, and 50 s
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5.1.4 Summary

This section investigates the effects of single DOF translational motions, namely
surge, sway, and heave, on the wake characteristics of an FOWT. Simulations were
conducted under three representative wind speeds (Uy,, =9 m/s, 15 m/s, and 21 m/s)
and three motion periods (T, =40 s, 45 s, and 50 s), with {7 ranging from 0.5 to 2.5
meters. Two primary wake indicators were evaluated: AU{;UQ representing wake
recovery, and Adg,, indicating wake disturbance.

The results reveal that the influence of translational motions on wake dynamics is
primarily governed by inflow wind speed and platform motion amplitude. Among the
three motion types, surge exhibits the most pronounced and sustained impact on both
velocity recovery and turbulence levels across the entire wake region. In contrast, sway
and heave predominantly affect the near wake zone, with their influence decaying rapidly
downstream. As Uy, increases to higher than 15 m/s, the wake becomes increasingly
insensitive to platform motion due to the stronger ambient flow inertia and momentum,
which act to suppress the propagation of motion-induced perturbations. The role of
motion period remains a secondary effect. However, shorter motion periods may
occasionally trigger slightly stronger disturbances more near the rotor.

To further examine wake sensitivity to large scale motion, a series of simulations
was conducted using {; ranging from 5 to 30 meters. Under low wind speed conditions,
particularly at Up,, =9 m/s, large amplitude motions significantly enhance both wake
recovery and turbulence levels. Surge motion leads to velocity increments of up to 2.56%

and Adg,, values exceeding 5% near the rotor. Sway motion induces even more

substantial responses, with wake recovery surpassing 7% and turbulence intensities

reaching as high as 84%. However, as Up,;, increases to above 15 m/s, the wake
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response becomes markedly subdued. Under such conditions, the wake exhibits greater
flow inertia, reducing its receptivity to the upstream disturbance due to the platform
motion. Most of the observed velocity and turbulence responses become very limited or
negligible.

Furthermore, the motions of short periods are more effective in generating wake
disturbances in the near field, whereas those of long periods yield weaker and less obvious
responses. Overall, these findings highlight that platform-induced wake disturbance is
highly nonlinear and strongly dependent on inflow wind speed. While large amplitude
motions can significantly reshape wake behavior under moderate wind conditions, this
effect is greatly diminished under high wind speeds.

As illustrated in Figure 43, the time-averaged streamwise velocity is compared along
the downstream direction between the stationary case and three types of translational
motions: surge, sway, and heave. In the stationary scenario, the wake recovers to
approximately 7.378 m/s at a downstream distance of x = 7D. With surge motion, the
same velocity is reached at around x = 6.75D. Both sway and heave motions exhibit
similar behavior, achieving 7.378 m/s at approximately x = 6.95D. These results suggest
that platform-induced translational motions can accelerate wake recovery, allowing the
downstream flow to regain a high wind speed more quickly. Consequently, compared to
fixed-bottom wind turbines, floating turbines with such motion characteristics may permit
reduced inter-turbine spacing without compromising energy loss, offering a potential
advantage in improving the spatial utilization of floating wind farms.

As shown in Figure 44, the comparison of power output under translational platform
motions reveals that surge motion results in a slight increase of approximately 0.02%
relative to the stationary case. In contrast, sway and heave motions lead to small

reductions in power output, by approximately 0.09% and 0.04%, respectively. These
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results correspond to Upy, =9 m/s, T, =45s and {r = 2.5 m. The overall magnitude
of variation remains limited, suggesting that small-amplitude translational motions, under
the examined conditions, exert negligible influence on the power production of the
moving wind turbine. Indeed, the main concern does not lie in the small power reduction
observed at the leading turbine, but rather in the effect on downstream turbines. The lower
panel of Figure 44 illustrates the predicted power output of a second turbine positioned at
x = 7D downstream, under the same conditions. It can be observed that surge motion
increases the power output by approximately 0.5% at x = 7D, while sway and heave
motions also have positive effects, each improving power output by about 0.1%. These
findings highlight the relative insensitivity of the moving turbine to low-amplitude
platform displacements, while also underscoring the beneficial impact of such motions

on downstream wake recovery and turbine performance.
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As illustrated in Figure 45 and Figure 46, the wake recovery behavior is evaluated
by comparing a stationary turbine with turbines subjected to six large-amplitude platform
motions in both surge and sway directions. At Upy, = 9m/s and T, = 45 s, the
stationary turbine reaches a time-averaged velocity of approximately 7.63 m/s at a
downstream distance of x = 13D. In contrast, the wind turbines undergoing platform
motion attain the same velocity at significantly shorter downstream positions. For the
surge motion, wake recovery occurs at x = 11.2D, 10.7D, 10.3D, 9.7D, 9.0D, and 8.4D,
while for the sway motion, recovery distances are observed at x = 12.5D, 11.7D, 10.5D,
8.9D, 6.5D, and 4.0D. These distances correspond to the motion amplitudes of 5, 10, 15,
20, 25, and 30 meters, respectively. The results demonstrate that large-amplitude
translational motions in either direction can significantly accelerate wake recovery,
allowing downstream turbines to regain a better inflow condition with shorter spatial
distances. Compared to the stationary baseline, the presence of platform motion markedly
reduces the inter-turbine spacing required to maintain equivalent aerodynamic
performance. This effect provides a substantial advantage in the spatial optimization of
floating offshore wind farms, improving overall energy capture and enabling more

efficient utilization of the available sea area.
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5.2 Rotational Motions

In this section, the wake characteristics of a FOWT are investigated under three
different U, and three platform motion periods. The analysis specifically examines
the influence of single DOF rotational motions, including roll, pitch, and yaw, on the
wake structure. The simulation results and corresponding discussions are presented in
Sections 5.2.1 to 5.2.3, with an integrated summary provided in Section 5.2.4.

To examine the transient development of the normalized time-averaged streamwise
velocity increment Al_]z{vg, the results of roll, pitch, and yaw motions are shown in Figure
47 (a), (b) and (c), respectively. Here, the case was simulated under Uy,;, = 9 m/s, with
{r = 1° and T, = 45 s as a representative condition. The horizontal axis represents the
number of periods, while the vertical axis denotes Al_lévg expressed in percentage. A
total of 26 full motion cycles was computed for each case. As illustrated, all three types
of rotational motion show a rapid rise during the initial cycles, followed by a gradual
convergence process. At Ny = 15, this value becomes nearly unchanged, indicating that
the system reaches a statistically steady state. Therefore, the final value at Ny =26 is
adopted in this study as the representative result for analyzing wake behavior. This
approach ensures that the evaluated wake response reflects long-term aerodynamic effects
rather than transient behaviors, thereby providing a consistent basis for comparing the

influence of roll, pitch, and yaw motions on downstream flow characteristics.
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5.2.1 Rolling Behavior

Figure 48 illustrates the downstream behavior of Al_];vg induced by roll motion
with amplitudes ranging from 1° to 5° at a wind speed of 9, 15, 21 m/s and T, =45 s.
Across all wind speeds, the results consistently demonstrate that increasing roll amplitude
enhances wake recovery, particularly within the near-wake region. At Up,,, =9 m/s, the
wake recovery enhancement declines from 0.74% at x = D to below 0.3% beyond x =

10D for the roll case of {x = 5°. At low motion amplitudes, the wake recovery becomes

negligible or slightly negative past x = 7D, indicating limited influence in the far-wake
region. At Up,, = 15 m/s, the wake recovery remains positive across all the motion
amplitudes up to x = 20D for the roll case of {x = 5°, maintaining Al_];vg above 0.2%,
suggesting a more robust and sustained recovery response enabled by a higher inflow
momentum. At Uy, = 21 m/s, although roll-induced recovery is still observed, the
magnitude is significantly reduced, with Al_];';,,g reaching only around 0.11% from x =
D to x =20D. These results reveal a clear trend: roll-induced wake recovery is more
effective at low wind speeds and gradually weakens as wind speed increases. Under low
inflow conditions, the wake is more responsive to platform motion, allowing an effective
velocity recovery to propagate downstream. In contrast, as the wind speed increases to
rated and above-rated conditions, the influence of roll motion diminishes due to a greater
background inertia, resulting in a more subdued recovery effect. This behavior indicates
that the aerodynamic impact of roll motion is most pronounced when the inflow is
featured with small axial momentum so the wake is more receptive to external
perturbations.

TT*

Figure 49 illustrates the downstream behavior of AUg,, induced by roll motion

with amplitudes ranging from 1° to 5° at a wind speed of 15 m/s and T,, =40, 45, 50 s.
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Across all cases, Al_];vg increases consistently with roll amplitude, and the overall
spatial distribution patterns remain similar. For instance, at { = 5°, AU;UQ reaches

approximately 0.04% at x = D but gradually declines to about 0.02% at x = 20D,
illustrating the decay of wake recovery growing with distance. Although minor
differences are observed among the tested motion periods, their influence on wake
recovery is relatively small. The variation across periods is limited, indicating that the
period of roll motion plays only a secondary role in affecting wake velocity recovery
when compared to the roll amplitude which is the most dominant factor governing the

wake recovery.
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Figure 48 Downstream evolution of AUZ,,Q under roll motions at 9, 15, and 21 m/s

with a fixed period of 45 s
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Figure 49 Downstream evolution of Al_];,,g under roll motions at 15 m/s with periods

of 40, 45, and 50 s
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Figure 50 illustrates the downstream behavior of Adg,, induced by roll motion
with amplitudes ranging from 1° to 5° at the wind speed of 9, 15, and 21 m/s and T, =
45 s. At a downstream distance of x = D, the wake exhibits a clear dependence on both

roll amplitude and inflow velocity, with the peak values of Adg,, reaching 12.1% at

Upup =9 m/s, 6.14% at Uy, = 15 m/s, and 1.3% at Up,, =21 m/s. This reflects a
strong suppression of wake fluctuations as wind speed increases. In the far-wake region
at x = 20D, Adgyg decreasesto 1.86%, 2.17%, and 0.7% for the respective wind speeds,
demonstrating a consistent trend of decay growing with distance. Across all cases, the
influence of roll motion diminishes in the downstream direction, and high wind speeds
further reduce the magnitude of wake fluctuation. These observations indicate that at
T, =45 s, increasing wind speed leads to a significant reduction in wake fluctuation
levels in the near and far wake regions. At low wind speeds, the platform-induced motion
has a strong influence on the wake flow, generating large disturbances and delaying wake
recovery. In contrast, high wind speeds tend to suppress the motion-induced effects and
enhance a stable wake. This trend suggests that the relative importance of platform roll
motion in contributing to the wake recovery weakens as inflow energy increases.

Figure 51 illustrates the downstream behavior of Adg,, induced by roll motion
with amplitudes ranging from 1° to 5° at a wind speed of 15 m/s and T,, =40, 45, 50 s.
At the downstream location of x = D, AGgy,g reaches 6.20% in the case of T, =50 s,
and {p = 5°, followed closely by 6.14% for T,, =45 s and 6.03% for T,, =40 s. These

values indicate that long-period motions still induce considerable near-wake disturbances.
At x= 20D, Alg,, consistently decreases across all cases and converges to
approximately 2.1%, indicating similar levels of wake recovery regardless of the motion
period. Overall, the simulations demonstrate that shorter motion periods tend to sustain
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higher turbulence intensity from the near-wake to the far-wake region, although
differences become less pronounced with the downstream distance. These observations
suggest that low-frequency roll motions lead to reduced flow disturbance, whereas high-
frequency motions induce more substantial platform-driven disturbances that amplify

velocity fluctuations, particularly in the upstream region.
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Figure 50 Downstream evolution of Adg,, under roll motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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Figure 51 Downstream evolution of Ady,,, under roll motions at 15 m/s with
periods of 40, 45, and 50 s
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5.2.2 Pitching Behavior

TT*

Figure 52 illustrates the downstream behavior of AUg,, induced by pitch motion
with amplitudes ranging from 1° to 5° at the wind speed of 9, 15, 21 m/sand T, =45 s.
The results demonstrate that the pitch-induced wake behavior is highly sensitive to inflow
velocity. At Upy,p, = 9 m/s, pitch motions significantly enhance wake velocity, with
AU;vg increasing from 0.19% to 1.88% as the amplitude increases from 1° to 5°, and
remaining above 1.2% even at x = 20D. At Up,;, = 15 m/s, the wake response becomes
more complicated. Negative values of AU{;UQ dominate the near-wake region, but
positive values gradually emerge in the downstream region, reaching 0.11% at x = 20D
for (g =4°and 0.18% for {r = 5°. In contrast, at Up,;, = 21 m/s, the influence of pitch
motion is limited, with the highest Al_lc’{vg reaching only 0.08% at x =20D for {x =
5°. These results highlight that pitch-induced wake recovery is most effective at low wind
velocity, where platform motion can contribute extra momentum to promote wake
recovery. At moderate wind speeds, the wake recovery exhibits a delayed onset and
becomes more dependent on pitch amplitude. Under high inflow wind speed conditions,
stronger ambient momentum suppresses motion-induced perturbations, rendering the
effect of pitch motion almost negligible.

Figure 53 illustrates the downstream behavior of Al_];vg induced by pitch motion
with amplitudes ranging from 1° to 5° at a wind speed of 15 m/s and T,, = 40, 45, 50 s.
In all cases, AL_I(’;,,g is negative in the near-wake region due to the blockage effect
introduced by the pitch motion. For example, at x =D, AU;vg for {p = 3°is
approximately -0.16% across all three motion periods. However, wake recovery become
more evident in the far-wake region and with high pitch amplitudes. For the case of T, =

50 s, wake recovery is relatively moderate and gradual, with positive values appearing
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beyond x = 11D and reaching a peak of 0.17% at x =20D for {x = 5°. The case of
T, = 45 s shows slightly stronger recovery, with Al_];vg giving a higher peak of 0.20%

at the same location. The case of T, =40 s exhibits the most pronounced effect, with

AUgypg becoming positive from x =9D at {p = 5°, and reaching 0.22% at x = 20D,
marking the highest wake recovery among the three motion periods. These results indicate
that changes in motion period have only a minor effect on wake recovery under Up,,;, =

15 m/s. For all tested motion periods, the downstream trends of AU, g are highly similar.

Negative values are observed near the rotor, followed by gradual downstream recovery
as the pitch motion amplitude increases. The wake behavior for T, = 40 s shows a similar
spatial feature to other periods. This suggests that pitch motion amplitude plays a more
dominant role than motion period in influencing wake behavior within the tested range.
Under low wind speed conditions, large pitch motion amplitudes lead to significant
and sustained recovery in wake velocity across the entire downstream region. This wake
behavior observed for {p = 3° can be attributed to the nonlinear characteristics of wake
mixing and the turbine’s limited aerodynamic response to dynamic flow excitation.
According to Frederik et al. [38], dynamic pitch control enhances wake turbulence and
recovery. However, when pitch motion amplitudes become too excessive, the increase in
structural loads may be unable to justify aerodynamic benefits. Similarly, Abraham et al.
[39] pointed out that the wake exhibits a delayed response to high-frequency or large-
amplitude pitch inputs, which reduces the effectiveness of additional excitation. His
findings align with the current observation that while moderate pitch motion improves
wake mixing, its impact tends to become saturated once the motion amplitude exceeds a

certain threshold.
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The negative Al_];vgvalues observed in the near-wake region at moderate and high

wind speed may be attributed to transient flow disruption induced by the platform's pitch
motion. Although the present study only considers uncoupled pitch motion, similar wake
behavior has been reported in studies involving combined motions. For example, Zhao et
al. [40] observed that in-phase surge and pitch motion could lead to the early formation
and expansion of a reverse flow region near the upper edge of the wake, resulting in
localized velocity deficits. While their setup involved multi-axis excitation, the
underlying mechanism remains relevant. Platform-induced disturbances can alter tip
vortex spacing and affect shear-layer development, which in turn may destabilize the
near-wake region and delay momentum recovery. In the present case, pitch motion alone
may be sufficient to trigger such effects under moderate wind speed conditions, leading

to the onset of negative AU(;‘,,Q in the early downstream region.
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Figure 52 Downstream evolution of AU;,,Q under pitch motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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Figure 53 Downstream evolution of AL_I;,,g under pitch motions at 15 m/s with
periods of 40, 45, and 50 s
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Figure 54 illustrates the downstream behavior of Adg,, induced by pitch motion
with amplitudes ranging from 1° to 5° under the wind speeds of 9, 15, and 21 m/s and T,
=45 5. At Upyp =9 m/s, Adg,, gradually increases along the downstream direction,
reaching a peak of approximately 3.28% at x =20D for (g = 5°. At Upyp = 15 m/s,
Adgyg is significantly more pronounced, with Adg,, rising from 1.43% at x = D to
5.46% at x = 20D under the same pitch motion condition. In contrast, the case of
Unup = 21 m/s exhibits considerably low variation throughout the domain, with peak
values only reaching about 0.77% at x = 20D for {p = 5°. These results indicate that
rated wind speed produces the highest wake disturbance under dynamic pitch motion,
likely due to a better balance between the surrounding flow inertia and perturbation
strength. At low wind speeds, the velocity perturbation propagates but remains moderate
in strength, while at high wind speeds, strong inflow momentum suppresses fluctuation
growth trigged by a continued platform motion.

Figure 55 illustrates the downstream behavior of Adg,, induced by pitch motion
with amplitudes ranging from 1° to 5° under a wind speed of 15 m/s and T,, = 40, 45, 50
s. Across all pitch motion amplitudes and downstream locations, the case of T, =40 s
consistently produces the highest fluctuation levels, followed by the cases of T, =45s
and 50 s. For example, in the case of {r =5° at x = 20D, Ad,,, reaches 6.00% for
T, =40 s, decreases to 5.46% for T, =45 s, and further drops to 5.02% for T, = 50 s.
A similar trend is observed at x = 10D, where the values are 3.88%, 3.51%, and 3.27%
for the cases of T, = 40, 45 and 50 s, respectively. While the general trend of Ad,,,, are
similar across all cases, the magnitude of wake fluctuations is clearly influenced by the
motion period. Specifically, short period induces strong and intense aerodynamic

perturbations, resulting in substantial temporal velocity variation within the wake. In
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contrast, long period generates a smooth pitch motion dynamics and a constrained

unsteady wake behavior.
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Figure 54 Downstream evolution of Ady,,, under pitch motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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Figure 55 Downstream evolution of Adg,, under pitch motions at 15 m/s with

periods of 40, 45, and 50 s
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5.2.3 Yawing Behavior

Figure 56 illustrates the downstream behavior of AU;vg induced by yaw motion
with amplitudes ranging from 1° to 5° at the wind speed of 9, 15, 21 m/sand T, =45 s.
At Upyp = 9 m/s, AU;vg increase significantly with the yaw motion amplitude,
particularly for {r =4° and 5°, where the recovery peaks near x = D and gradually
decreases downstream, indicating a strong near-wake recovery. At Up,, = 15 m/s, the
wake exhibits a velocity deficit in the near-wake region, followed by modest recovery
beyond approximately x = 6D, suggesting a limited contribution to the wake recovery.
At Upyp =21 m/s, AU;vg remains negative for a long downstream distance, with a sign
change occurring only beyond x = 9D and recovery magnitudes remaining relatively
small. These results demonstrate that the impact of yaw motion on wake recovery is
highly sensitive to inflow wind speed. At low wind speed, yaw-induced asymmetry in the
wake leads to the formation of counter-rotating vortex pairs, which enhance lateral mixing
and accelerate downstream velocity recovery. This phenomenon can be attributed to the
development of asymmetric wake structures and counter-rotating vortex pairs that
promote lateral mixing and effective velocity recovery, as reported by Bartl et al. [41] and
Howland et al. [42]. These studies show that under low wind speed conditions, yaw-
induced wake deflection and vortex dynamics are more pronounced and effective in
accelerating wake dissipation. In contrast, high wind speeds impose a delayed response
due to strong wake inertia and more stable coherent structures, resulting in postponed and
less significant wake recovery.

Figure 57 illustrates the downstream behavior of Al_];';,,g induced by yaw motion
with amplitudes ranging from 1° to 5° at a wind speed of 15 m/s and T, =40, 45, 50 s.

Overall, short yaw motion periods lead to earlier and slightly more pronounced wake
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velocity increments, particularly in the mid- to far-wake regions. The case of T, =40 s
exhibits the earliest transition of Al_];';,,g from a negative to positive value, with a sign

change occurring around x = 6D and reaching a peak of approximately 0.025% at x =

20D for {g = 5°.In comparison, the case of T, =45 s shows a similar pattern but with

a slightly delayed recovery and a lower peak of 0.032% as x = 20D, while the case of

T, = 40 s displays the weakest wake adjustment, with a more gradual increase yet

ultimately achieving the highest recovery of 0.035% at the same location. These results
suggest that varying the yaw motion period between 40 and 50 seconds influences the
behavior of wake recovery. Short periods accelerate the dynamic response of the wake by
inducing high-frequency perturbations, which promote earlier wake deflection and
mixing. Although the differences among the cases are modest in absolute values, the trend
indicates that motion period plays a secondary but noticeable role in governing yaw-

induced wake dynamics.
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Figure 56 Downstream evolution of AUZ,,Q under yaw motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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Figure 57 Downstream evolution of Al_];,,g under yaw motions at 15 m/s with
periods of 40, 45, and 50 s
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Figure 58 illustrates the downstream behavior of Adg,, induced by yaw motion
with amplitudes ranging from 1° to 5° at the wind speed of 9, 15, 21 m/s and T, =45 s.
The results reveal a strong dependence of mean streamwise velocity fluctuations on
inflow wind speed. At Upy, = 9 m/s, Ady,, increases gradually with yaw motion
amplitude and downstream distance, peaking at approximately 0.72% at x =20D for
{r =5° At Upyp = 15 m/s, Ady,, are significantly amplified. The values rise rapidly
beyond x = 5D and exceed 1.51% at x = 16 D under the same yaw condition,

indicating a substantial wake disturbance. In contrast, at Upyp = 21 m/s, AGg,, is
markedly suppressed. The maximum Adg,, reaches only 0.087% at x = 20D, which is

nearly an order of magnitude lower than the value observed at Uj,;, = 15 m/s. Despite
similar spatial distributions, the overall magnitude remains limited, reflecting a reduced
wake response to periodic yaw motion excitation. These observations suggest a non-
monotonic relationship between inflow velocity and yaw-induced disturbance. At
moderate wind speeds, the interaction between shear layer instability and yaw-induced
cross-stream vorticity promotes strong vortex shedding and wake meandering, resulting
in elevated fluctuation levels. However, at high wind speeds, increased flow inertia
stabilizes the wake structure and suppresses perturbation growth, thereby diminishing
unsteady wake behavior.

Figure 59 illustrates the downstream behavior of Adg,, induced by yaw motion
with amplitudes ranging from 1° to 5° at a wind speed of 15 m/s and T, =40, 45, 50 s.

Under this inflow condition, the yaw-induced wake fluctuation clearly increases with the

yaw motion period. The peak Adg,, consistently occurs near x = 17D for {p = 5°,
with values rising from 1.43% for T,, =40s,to 1.51% for T,, =45 s, and reaching 1.66%

for T, = 50 s. This trend indicates that long yaw motion periods enhance the flow
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unsteadiness and persistence of wake fluctuations. The downstream location of peak
disturbance suggests that long periods allow more coherent wake structures to develop
and persist, thereby amplifying the motion energy carried downstream. In contrast, short
yaw periods induce more frequent but less spatially sustained perturbations, resulting in
early saturation of wake recovery and decay of wake fluctuations. While the differences
in peak magnitude are moderate, the overall trend is similar across all cases: increasing
yaw motion period leads to enhance unsteady wake behavior, reflecting a positive
correlation between yaw motion timescale and fluctuation intensity.

The experimental work by Medici and Alfredsson [43] demonstrated that under low
freestream velocities, yaw-induced wake asymmetry does not necessarily lead to
increased disturbance in the near wake. Their findings revealed that although yaw motion
creates lateral deflection and asymmetrical flow structures, the limited flow inertia and
reduced shear layer development at low wind speeds suppress the formation of large-scale
instabilities. This suggests that yaw-induced disturbance may only become significant
under moderate to high inflow conditions where the shear flow and vorticity amplification

become more dominant.
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Figure 58 Downstream evolution of Adg,, under yaw motions at 9, 15, and 21 m/s
with a fixed period of 45 s
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5.2.4 Summary

This section investigates the effects of uncoupled rotational motions, namely roll,
pitch, and yaw, on the wake behaviors of FOWT. Among these three rotational cases,
pitch and yaw motions cause the most significant modulation of the wake, followed by
roll motion. This influence is especially evident in the near-wake and mid-wake regions,
where increased flow asymmetry and intensified turbulence are observed. Pitch and yaw
motions introduce cross-stream velocity components and enhance vortex interactions,
which promote wake deformation and mixing. These effects lead to localized zones of
acceleration and deceleration within the wake, depending on the phase and amplitude of
the platform motion. Although roll motion is less dominant in the wake recovery, it still
contributes to increased wake disturbance under specific flow conditions. The
aerodynamic response of the wake to rotational motion is closely related to the inflow
wind speed. At low and moderate wind speeds, such as Uy, =9 and 15 m/s, the wake
behavior is more sensitive to the platform motion, leading to strong turbulence and great
variation in the velocity field. However, at a high wind speed of Up,;, =21 m/s, the
effects of rotational motion become markedly weaker. In this case, the strong flow inertia
stabilizes the wake and reduces its receptiveness to external perturbations. Additionally,
while changes in motion period produce only minor differences in the far wake, short
motion periods can intensify disturbances in the near-wake region.

As shown in Figure 60, wake behavior is compared between the stationary turbine
and three cases of rotational motions, i.e., roll, pitch, and yaw. Under an inflow wind
speed of Uy, =9 m/s, with {p =5° and T,, =45 s, the stationary turbine reaches a
time-averaged velocity of approximately 7.378 m/s at a downstream distance of x = 7D.
In comparison, the turbine subjected to roll motion reaches the same wind speed earlier,

at x = 6.5D. Pitch motion leads to the fastest recovery, with the target velocity achieved
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at x = 4.6D, while yaw motion yields a recovery distance of around x = 6D .These
results indicate that rotational motions, particularly pitch and yaw, can substantially
enhance wake recovery, enabling downstream turbines to regain inflow velocity over
shorter streamwise intervals. Compared to the stationary configuration, the presence of
platform rotation reduces the required inter-turbine spacing to achieve the required
aerodynamic performance.

As shown in Figure 61, the total power output of the wind turbine is compared under
stationary conditions and three distinct rotational platform motions, i.e., roll, pitch, and
yaw. At Upyp =9 m/s with T, =45 s and {r =5°, a clear trend in power generation is
observed. Relative to the stationary baseline, roll motion results in a modest decrease in
power output of approximately 0.3% at the rotor plane. Pitch motion leads to the largest
reduction, with a drop of about 2.7%, while yaw motion produces a decrease of
approximately 2.1%. These results demonstrate that rotational platform motions can
adversely affect the aerodynamic performance of the moving turbine itself. Among the
three motions, pitch and yaw exhibit more pronounced negative impacts, likely due to
their direct influence on rotor inflow alignment. However, when considering the
downstream turbine located at 7D, the effect of rotational platform motions appears
beneficial. At the same motion with amplitude of 5°, roll motion increases the power
output of the downstream turbine by approximately 1%, pitch motion yields the most
pronounced positive effect with an increase of about 4.8%, and yaw motion contributes
an improvement of roughly 2.1%. These results indicate that, although the upstream
turbine experiences a reduction in power generation under platform motions, the
associated wake recovery improving inflow conditions of the downstream turbine lead to

higher power production of the subsequent turbines.
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Figure 60 Dependence of l_]avg on x/D for the stationary case and three rotational
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In this study, a quadratic polynomial fitting method is employed to establish a
polynomial dependence of the field variable on its parameters. In this fitting framework,

AUE, g denotes the predicted difference in normalized time-averaged velocity and serves

as the dependent variable of the quadratic polynomial equation, which comprises a
constant term (C;) accounting for the baseline offset, linear terms (C;, C,) representing
the proportional contributions of motion amplitude and downstream distance, respectively,
quadratic terms (C3, C,) that capture the nonlinear growth or decay associated with
independent variables, and an interaction term (Cs) that describes the coupled effect of

motion amplitude and downstream distance. The adopted formula is given as follows:

ATE,, =CO+Cl-(+Cz-(%)+C3-(2+C4-(%)2+CS-Z-(%). (36)

This fitting analysis not only provides a compact mathematical representation of the
simulation results but also highlights the relative contribution of each factor and their
impacts on wake recovery. Through the fitted coefficients, one can assess which factors
dominate the recovery of downstream wind speed under various platform motion
conditions. The use of a quadratic polynomial is designed to adequately capture both
linear and nonlinear behaviors observed in the wake flow for the purpose of maintaining
computational simplicity and interpretability. Table 10 summarizes the constants of the

fitted quadratic polynomials for various cases.
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Table 10 The constants of the fitted quadratic polynomials

Figure | C, C, C, Cs Cy Cs R? | Motion (Umh}‘sb) (7;7’)
(a) | 47.90 | 120.4 | 0.253 | -0.96 | -0.27 | -1.33 | 0.9786 9 45
(b) | -10.4 | -18.9 | 5.746 | 0.517 | -0.31 | 0.953 | 0.9049 15 |45
(c) | -4.08 | -25.1 | -1.48 | 0.668 | -0.01 | 0.529 | 0.5800 21 | 45

62 Surge
(d) | -15.1 | -19.9 | 7.332 [ 0.566 | -0.39 | 1.188 | 0.9422 15 | 40
(e) | -10.4 | -18.9 | 5.746 | 0.517 | -0.31 | 0.953 | 0.9049 15 | 45
() | -26.4 | -17.7 | 7.659 | 0.472 | -0.36 | 0.774 | 0.8664 15 | 50
(a) | -4.67 | 12.39 | -2.70 | 0.296 | 0.179 | -0.72 | 0.9960 9 45
(b) | -67.9 | 75.89 | 1.896 | 1.726 | -0.09 | -1.72 | 0.9986 15 |45
(c)| -373 | 353.6 | 1.830 | 3.024 | -0.10 | -0.70 | 0.9991 21 | 45

63 (d)|-71.2 [ 76.35|2.577 | 1.716 | -0.12 | -1.69 | 0.9986 Sway 15 | 40
(e) | -67.9 | 75.89 | 1.896 | 1.726 | -0.09 | -1.72 | 0.9986 15 |45
(f) | -64.3 | 75.16 | 1.466 | 1.746 | -0.07 | -1.75 | 0.9986 15 | 50
(a) | 15.21 | 16.54 | -4.14 | 9.021 | 0.219 | -2.26 | 0.9650 9 45
(b) | -10.9 | 31.73 | 0.887 | 8.228 | -0.01 | -1.80 | 0.9966 15 |45
(c) | 52.05 | -89.1 | 0.643 | 100.8 | -0.02 | -0.88 | 0.9793 21 | 45

64 (d) | -10.6 | 30.50 | 0.955 | 8.748 | -0.02 | -1.76 | 0.9965 Heave 15 | 40
(e) | -10.9 | 31.73 | 0.887 | 8.228 | -0.01 | -1.80 | 0.9966 15 | 45
(f) | -10.1 | 31.04 | 0.795 | 8.422 | -0.01 | -1.82 | 0.9966 15 | 50
(a) | -57.7 | 91.89 | -3.60 | 3.190 | 0.277 | -3.78 | 0.9951 9 45
(b) | -12.8 [ 46.94 | 2.164 | 5.419 | -0.07 | -1.64 | 0.9988 15 |45
(c)]| -2.40 | 16.46 | 0.184 | 1.414 | -0.01 | -0.07 | 0.9976 21 | 45

65 (d)| -15.0 [ 47.75|2.329 | 5.323 | -0.08 | -1.60 | 0.9986 Roll 15 | 40
(e) | -12.8 | 46.94 | 2.164 | 5.419 | -0.07 | -1.64 | 0.9988 15 |45
(f) | -13.1 | 47.45|2.009 | 5.237 | -0.06 | -1.65 | 0.9985 15 | 50
(a) | -32.9 | 98.23 | -4.49 | -991 | 0.132 | -0.60 | 0.9791 9 45
(b) | 5.829 | -13.9 | 0.128 | 1.769 | -0.01 | 0.424 | 0.9923 15 |45
(c) | 6.881 | -17.9 | -0.41 | 2.411 | 0.004 | 0.368 | 0.9807 21 | 45

66 Pitch
(d)| 6.422 | -14.2 | 0.062 | 1.782 | -0.01 | 0.463 | 0.9946 15 | 40
(e) | 5.829 | -13.9 | 0.128 | 1.769 | -0.01 | 0.424 | 0.9923 15 | 45
(f) | 5.642 | -13.7 | 0.133 | 1.717 | -0.01 | 0.407 | 0.9914 15 | 50
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6. Fitting Analysis

(a) | 16.53 | -2.96 | -0.53 | 3.501 | 0.033 | -0.54 | 0.9680 9 45
(b) | -84.6 [ 21.93 | 5.211 | -3.30 | -0.24 | 0.835 | 0.9165 15 | 45
(c) | -157 | 54.86|0.764 | -6.24 | -0.07 | 1.273 | 0.9396 21 | 45
67 Yaw
(d) | -87.8 | 24.55 | 5.367 | -3.65 | -0.24 | 0.737 | 0.9114 15 | 40
(e) | -84.6 | 21.93 | 5.211 | -3.30 | -0.24 | 0.835 | 0.9165 15 | 45
(f) | -88.1 | 24.27 | 5.250 | -3.76 | -0.24 | 0.901 | 0.9330 15 |50
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6. Fitting Analysis

To quantitatively evaluate the accuracy of the quadratic polynomial under surge
motion, the coefficient of determination ( R?) was computed for each case and
summarized in Table 10. At a wind speed of Uy, =9 m/s and a fixed period T, =45 s,
the fitted polynomial has R? = 0.9786. This reflects a reasonable correlation among {,
x/D, and Al_];vg at low wind speeds. When the wind speed increases to Up,, = 15 m/s,
the fitting accuracy decreases slightly. Specifically, R? = 0.9422, 0.9049, and 0.8664 are
found for T, =40 s, 45 s, and 50 s, respectively. Notably, at the high wind speed of
Upup =21 m/s and T, = 45 s, the polynomial fit exhibits the lowest R* = 0.5800. This
marked reduction in R? highlights that at high wind speeds, the interaction becomes
highly nonlinear, and a simple quadratic form is insufficient to fully characterize its
nonlinear behavior. Nevertheless, it can still be observed from the fitted constants that
under low wind speed conditions, the linear coefficient C; remains positive, indicating
that for every 1-meter increase in surge amplitude, the downstream wind speed increases
by approximately 0.12%. This demonstrates that surge motion at low wind speeds indeed

produces a positive gain in the velocity field.
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6. Fitting Analysis

Figure 63 illustrates the prediction of the quadratic polynomial under sway motion.
Compared to the surge motion, the sway motion models exhibit remarkably high R?

values across all tested wind speeds and motion periods. At Upy, =9 m/s and T, = 45

s, the polynomial fit achieves R? = 0.9960. Similarly, for U,,;, = 15 m/s, the fitted
result is found to give R? =0.9986 for T, =40 s, 45 s, and 50 s. At the highest wind
speed Upyp =21 m/sand T, =45 s, the model even achieves the highest value of R? =
0.9991. Therefore, it can be concluded that the quadratic polynomial provides a reliable
description of the downstream velocity increase behavior induced by sway motion. These
results suggest that, unlike surge motion, the interaction under sway motion remains
relatively linear, or at least adequately represented by the quadratic terms, even at elevated
wind speeds and motion amplitudes. This strong agreement also highlights that sway
motion primarily influences the lateral velocity component in a manner that is less
nonlinear than the longitudinal effects of surge motion.

Furthermore, examination of the fitted constants reveals that the linear and quadratic
amplitude terms (C; and C3) remain positive in all cases, indicating that larger sway
amplitudes consistently lead to greater increases in downstream wind speed. The
coefficient C,, associated with the streamwise distance, is negative under low wind speed
conditions, suggesting that the velocity gain decays rapidly with distance. However, at
medium and high wind speeds, C, becomes positive, but its magnitude remains
relatively small. Notably, the interaction term C5 is negative in all cases, implying that
while increasing the sway amplitude enhances the gain of wind speed, but this effect

diminishes at large downstream distances.
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6. Fitting Analysis

Figure 64 illustrates the prediction of the quadratic polynomial under heave motion.
Similar to the sway motion, the heave motion models exhibit high R? values across all
tested wind speeds and periods, albeit with slightly large variation at both low and high
wind speeds. At Upy, =9 m/sand T, =45 s, the polynomial fit achieves R? =0.9650,
indicating good agreement between the simulated and predicted AU};vg. For Uy, =15
m/s, the fitting remains reliable, with R? = 0.9965, 0.9966, 0.9966 for T, =40s,45s,
and 50 s, respectively. At the highest wind speed Uy, =21 m/s and T, =45 s, the
model achieves R? = 0.9793, which, although slightly lower than at Up,,;, = 15 m/s, still
demonstrates high reliability. Therefore, it can be concluded that the quadratic polynomial
provides a reliable description of the downstream velocity increase behavior induced by
heave motion. These results indicate that, like sway motion, the interaction under heave
motion seems to be adequately represented by quadratic terms, even at elevated wind
speeds and motion amplitudes.

Furthermore, an examination of the fitted constants reveals that their trends for heave
and sway motions are very similar. The linear and quadratic amplitude terms (C; and C3)
are positive under all conditions, indicating that larger heave amplitudes consistently lead
to more significant increases in downstream wind speed. This supports the conclusion
that heave motion, like sway motion, enhances the wake velocity with the increase of the
the motion amplitude. Notably, the interaction term (Cs) remains negative under all
conditions, implying that although increasing the heave amplitude enhances the velocity

gain, this effect diminishes with increasing downstream distance.
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6. Fitting Analysis

Figure 65 illustrates the prediction of the quadratic polynomial under roll motion.
Similar to the sway and heave motions, the roll motion models exhibit high R? values
across all tested wind speeds and periods, demonstrating the adequacy of a quadratic form

in describing the simulation results. At Uy, =9 m/s and T, = 45 s, the polynomial fit

achieves R? = 0.9951. For Uy,, = 15 m/s, the fitting gives R? = 0.9986, 0.9988,
0.9985 for T, =40s,45 s,and 50 s, respectively. Even at the highest wind speed Uy, =
21 m/s and T, = 45 s, the model maintains a high R? = 0.9976, confirming its
reliability under high wind conditions. Therefore, it can be concluded that the quadratic
polynomial provides a robust and accurate description of the downstream velocity
increase induced by roll motion. These results indicate that, like sway and heave motions,
the interaction under roll motion seems to be adequately captured by the quadratic terms.

Further analysis of the fitted constants reveals that both C; and C; representing
the linear and quadratic amplitude effects, remain positive in all cases, indicating that
larger roll amplitudes consistently lead to greater increases in downstream wind speed.
This trend is highly similar to that observed in sway and heave motions. Additionally, the
interaction term Cs remains negative in all cases, implying that while increasing the roll
amplitude enhances the velocity gain, this effect diminishes at larger downstream
distances. Such findings suggest that the beneficial effect of roll motion on the wake
recovery is also spatially localized and attenuates with distance, as observed in other

motion modes.
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6. Fitting Analysis

Figure 66 illustrates the prediction of the quadratic polynomial models under pitch
motion. While the fitted equations of the pitch motion still achieving relatively high R?
values across all tested wind speeds and motion periods, they exhibit slightly large

deviations compared to sway, heave, and roll motions. At Up,, =9 m/sand T, =45,

the polynomial fit achieves R? = 0.9791, indicating good agreement between the
simulated and predicted AU[,,. For Upy, =15 m/s, R? =0.9946, 0.9923, and 0.9914
are found for T, =40 s, 45 s, and 50 s, respectively. Even at the highest wind speed
Upup = 21 m/s and T, = 45 s, the fitted equation has R? = 0.9807, confirming a

reasonable prediction under high wind conditions. These results demonstrate that the
quadratic polynomial still provides an adequate description of the downstream velocity
behavior induced by pitch motion, though the nature of the flow interaction appears to
differ from other motion modes.

A closer examination of the fitted constants reveals distinctive characteristics of
pitch motion. The quadratic amplitude term C; remains consistently positive under all
conditions, indicating that larger pitch amplitudes lead to greater downstream velocity
increases at higher-order terms. However, unlike other motions, the linear amplitude term
C; becomes negative under medium-to-high wind speed conditions, suggesting that pitch
motion exerts an adverse effect on the near-wake flow field. Additionally, the interaction
term Cs is positive, which implies that the beneficial effects of pitch amplitude become
more pronounced at larger downstream distances. This trend is found different from the
attenuation observed in sway, heave, and roll motions. These findings highlight that the
aerodynamic response to pitch motion involves more complicated spatial and directional

effects, distinct from other motion modes.
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6. Fitting Analysis

Figure 67 illustrates the prediction of the quadratic polynomial under yaw motion.
Overall, the R? values for yaw motion are notably lower than those of the other motion
types discussed earlier, indicating that a simple quadratic polynomial is not sufficient to
fully capture the complex flow response associated with yaw. At Uy, =9 m/sand T, =
45 s, the polynomial fit achieves R? = 0.9680, which still represents a reasonable fit.
When the wind speed increases to Up,,, = 15 m/s, the performance decreases slightly,
with R? =0.9114, 0.9165, and 0.9330 with T, =40 s, 45 s, and 50 s, respectively. At
the highest wind speed Uy, =21 m/sand T, =45, R? s 0.9396, but remains lower
than the values achieved by other degrees of freedom under comparable conditions. These
results suggest that the aerodynamic response to yaw motion is quite nonlinear and
governed by more complicated interactions, making it harder for a quadratic form to fully
represent its physical behavior. However, the relatively low R? values imply that
additional higher-order terms are necessary to improve predictive accuracy under yaw

motion.
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7 Comparison with Previous Studies

A comparison is made between the present study and the work of Lin et al. [34],
who investigated the influence of surging and pitching behaviors on the power output
and wake characteristics of a 15 MW floating wind turbine using STAR-CCM+ with
the IEA 15 MW reference turbine. In their simulations, the rotor rotation was resolved
using a sliding mesh technique, and the wake field was examined at various
downstream locations. A notable feature in [34] is a convex wake recovery profile
arising from approximately 3D to 8D downstream. [34] employed the detailed
geometries of the blades, nacelle, and tower, which introduce additional drag forces and
consequently contribute to further velocity deficits in the downstream wake region. As
shown in Figure 68 , the mean streamwise velocities in [34] were reduced to as low as
4 m/s, whereas the present study delivers a mean wake velocity above 7 m/s.

In contrast, the present study, which adopts a different modeling approach and
numerical configuration, did not exhibit such convex wake recovery profile in the same
downstream region. As shown in Figure 69, the wake recovery profiles in the present
study display an almost linear dependence on the downstream distance. This difference
may be attributed to the rotor modeling strategy, the turbulence modeling approach or

the level of numerical dissipation inherent to the adopted computational framework.
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7. Comparison with Previous Studies

The previous study [34] is believed to better represent the actual wake behavior,
because the present study uses an actuator disk to avoid the need to resolve the geometry
of rotor blades. It is possible that the present study underestimates the local momentum
deficit recovery in the far wake, leading to a weaker velocity gradient between the wake
core and the surrounding flow. As a result, the deceleration region appears to shift
synchronously with the platform motions, and the level of turbulent mixing in the
downstream wake remains relatively subdued. This reduced mixing hence produces a
linear velocity recovery profile. Consequently, the wake recovery curve obtained in this
study may underestimate certain localized acceleration behavior, which in turn implies
the need for further validation against high-fidelity numerical methods or experimental
measurements to ensure that wake dynamics are accurately captured.

While the overall wake recovery trends between these two studies are basically
consistent, the absence of the convex velocity rise in the present results indicates that
the numerical setup adopted in this study may be unable to fully reproduce the physical
characteristics of the floating wind turbine wake under real operating conditions. This
underscores the need for further improvement of the modeling approach and validation
against high-fidelity simulations or experimental data to ensure the accuracy of the

proposed numerical approach.

122

doi:10.6342/NTU202503576



7.5

7.0

6.5

6.0

Uavg

501

4.51

4.0 1

3.5

7. Comparison with Previous

Studies

5.51

Stationary
Surge (2.75 m)

—— Pitch motion (5°)

1 2 3 4 5 6 7 8 9o 10 11 12 13

Figure 68 Comparison of l_lavg among the stationary, surge, and pitch cases given

8.0

7.9
—— Pitch (5°)

in [34]

Stationary
Surge (2.75 m)

1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 69 Comparison of Uavg among the stationary, surge, and pitch cases

123

doi:10.6342/NTU202503576



8 Conclusion

This study presents a comprehensive numerical investigation into the wake
behaviors of a FOWT subjected to 6 single-DOF platform motions. By employing an
actuator disk model within the STAR-CCM+ framework, the effects of both translational
and rotational motions on wake behavior were systematically examined under various
inflow wind speeds, motion amplitudes, and motion periods. The analysis provides
critical insights into how platform-induced dynamics influence wake recovery, velocity
fluctuations, and overall aerodynamic performance.

1. Based on the normalized mean velocity deficit Al_](‘;,,g, it was found that pitch

and yaw motions generate strong disturbances in the downstream flow beyond
6D, which enhance wake mixing and accelerate wind speed recovery. This
indicates that these motions can be exploited to improve downstream wake
conditions.

2. Analysis of the normalized turbulence intensity Adg,, suggests that sway and
roll motions contribute to enhance turbulence levels and fatigue loads on
downstream turbines. Therefore, controlling and minimizing sway and roll
amplitudes is essential to reduce fatigue-induced damage and prolong turbine
lifespan.

3. At high wind speeds, the accompanied flow inertia and stability of the
atmospheric boundary layer significantly mitigate the effects induced by
platform motions. This demonstrates that the response of wake recovery to
platform dynamics diminishes as wind speed rises, making motion-induced

wake impacts less pronounced under strong wind conditions.
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8. Conclusion

The results confirm that wind speed and motion amplitude are the dominant
factors influencing downstream wake behavior, whereas the effect of motion
period remains relatively minor. This suggests that future design and control
strategies of FOWTs needs to take the impact of platform motion into account.
The findings also indicate that the motions of FOWTs have the potential to
enhance wake recovery downstream, enabling the possibility of reducing inter-
turbine spacing in wind farms. Such a reduction could improve the spatial
efficiency of wind farm layouts and lower the levelized cost of energy, despite
the trade-off of slightly reduced power output of the upstream FOWTs.

The correlation among motion amplitude, downstream distance, and Al_](‘;,,g
can be described by a quadratic polynomial, particularly for sway, heave, roll,
and pitch motions. This demonstrates that the fitted quadratic equations can
capture the complex wake dynamics induced by platform motions and can be

used as predictive tools in design and optimization processes.
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9 Future Work

One future research is suggested to further investigate the complex interactions
between wake dynamics and platform motion of FOWTs. Preliminary findings indicate
that the downstream wake characteristics are influenced not only by geometric and
operational parameters, but also by the platform’s motion response under environmental
loading. Notably, the wake generated by an upstream floating turbine can significantly
alter both the inflow velocity field and the dynamic response of downstream units within
an array configuration. To accurately capture these two-way effects, a coupled modeling
framework that accounts for both motion-induced wake field and the aerodynamic and
hydrodynamic in order to get a deeper insight into the wake-motion coupling mechanism
and to optimize and spatial design of floating wind farm layouts is another suggestion of
future work.

Future research activities can extend to the simulations of wake-motion interactions
in FOWT arrays. Comparative studies between fixed and floating configurations can be
also performed, focusing on the differences in platform kinematics, wake propagation,
and downstream turbine performance. These efforts will support the quantitative
evaluation of FOWT’s motion affects wake development, and conversely as well as wake
influence on the dynamic behavior of downstream platforms. Moreover, in light of the
industry's progression toward higher-capacity wind turbines, future simulations can be
extended to 10-MW to 15-MW class FOWTs to assess motion-wake coupling effects on

the performance and design of FOWT arrays.
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A 16 Evolution of AUZ{,,Q over 26 periods under sway motion with Ug,g =9 m/s and T, =
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A 17 Evolution of AU;,,g over 26 periods under sway motion with Ugp,g = 15 m/s and T, =
40 s, for different motion amplitudes: (a) {; =5 m, (b) {r =10 m, (¢) {r =15 m, (d)
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A 19 Evolution of AU;,,g over 26 periods under sway motion with Ugp,g = 15 m/s and T, =
50 s, for different motion amplitudes: (a) {r =5m, (b) {r =10m, (¢) {;y =15m, (d)
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A 20 Evolution of AU;,,g over 26 periods under sway motion with Ugy,g =21 m/s and T, =
45 s, for different motion amplitudes: (a) {; =5 m, (b) {r =10 m, (¢) {r =15 m, (d)
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