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ABSTRACT

Limited by layout space and manufacturing costs, wake interaction in offshore wind farms is inevitable and can have adverse effects on the
performance of downstream wind turbines. To gain a better understanding of the wake interaction between Floating Offshore Wind
Turbines (FOWTs), this paper conducts coupled aero-hydrodynamic simulations for two spar-type FOWTs under different layouts. The
Unsteady Actuator Line Model (UALM) is used to analyze the unsteady aerodynamic loads of the wind turbine, while the hydrodynamic
responses of the floating support platform are obtained using the Computational Fluid Dynamics (CFD) method. To predict the aero-
hydrodynamic performance of the FOWT under combined wind and waves, an in-house CFD code developed at Shanghai Jiao Tong
University (SJTU), called FOWT-UALM-SJTU solver, is utilized. First, grid convergence test and time step sensitivity study are performed to
determine appropriate simulation parameters. Subsequently, numerical simulations of two FOWTs under tandem and offset layouts are con-
ducted to investigate the influence of wake interaction on the performance of downstream FOWT. The dynamic responses of the FWOT,
including aerodynamic loads, platform motions, and wake characteristics, are analyzed in detail. From the simulation results and discussions,
several conclusions are drawn. Both platform motions and wake interaction contribute to an increased variation range of inflow wind speed
experienced by the downstream FOWT, thereby exacerbating the instability of its aerodynamic loads. Under the tandem layout, the platform
motions of the upstream FOWT and the downstream FOWT exhibit opposite effects on the aerodynamic loads of the downstream FOWT.
Moreover, platform motions increase turbulence intensity in the wake region, accelerating wake velocity recovery and widening the wake
width.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0161759

I. INTRODUCTION

Wind energy is considered one of the most promising renewable
resources to address the energy crisis and environmental challenges. In
recent years, numerous onshore and offshore wind farms, like the
Hornsea wind farm (Yan et al., 2021) with 174 wind turbines and a
capacity of 1218MW, have been developed to generate clean electricity.
Within a wind farm, multiple wind turbines are strategically clustered
in limited space to balance energy generation and manufacturing costs.
However, due to spatial and economic constraints, the separation dis-
tance between the wind turbines cannot be large enough to disregard
the wake influence from the upstream wind turbine. Consequently,
wake interaction phenomena are prevalent in wind farms.

The interaction of wakes leads to increased turbulence levels and
stream-wise velocity deficits, resulting in high fatigue loading and

reduced power output for the downstream wind turbine (Archer et al.,
2018; Howland et al., 2019). A study by Yang et al. (2019) found that
wake losses in a wind farm can be as high as 17.8%. Furthermore, the
power loss of a downstream wind turbine may reach up to approxi-
mately 60% of the power output of the first wind turbine when posi-
tioned directly within the wake of the upstream turbine (Barthelmie
et al., 2009; Dou et al., 2019). Therefore, it is crucial to carefully con-
sider the influence of wake interaction on wind turbine performance.

Due to the significant impact of wake interaction on wind farm
annual energy production and wind turbine lifespan, extensive
research has been carried out to investigate wake characteristics in
wind farms and explore the influence of wake interference effects.
Among the most reliable methods for wind turbine aerodynamics
research is the wind tunnel test. Adaramola and Krogstad (2011)
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conducted an experimental study to investigate the effects of wake
interaction on the aerodynamic performance of downstream wind tur-
bines using two in-line small-scale wind turbine models. They
observed significant variations in the power output of the downstream
wind turbine based on the inter-turbine spacing and operating condi-
tions. Additionally, yawing the upstream wind turbine and adjusting
its tip speed ratio both had positive effects on the power output of the
wind farm composed of the two turbine models. Furthermore, Pierella
et al. (2014) and Krogstad et al. (2015) conducted a series of model
experiments at NTNU, referred to as the “blind test” series, to validate
various numerical simulation tools. These experiments aimed to verify
the accuracy and reliability of different numerical methods used in
wake interference studies.

While wind tunnel tests provide reliable data for wind turbine
aerodynamics, they are subject to scale effects and the influence of
low Reynolds numbers. In contrast, the computational fluid
dynamic (CFD) method can be readily applied to full-scale floating
offshore wind turbines (FOWT) simulations and is not affected by
scale limitations. The rapid advancement of computing technology
has made the CFD method widely used in wind farm research. For
instance, Troldborg et al. (2011) examined the impacts of wake
interference effects on aerodynamic loads and mean wake character-
istics. They discussed the influence of turbulence intensity in the
ambient flow on the wake characteristics. Their findings indicated
that increased turbulence led to a faster recovery of the upstream
wake deficit and resulted in higher mean blade loads. Similarly, Choi
et al. (2013; 2014) investigated the influence of separation distance
on the power output of downstream wind turbines. Using full wind
turbine models in tandem layout, they conducted CFD simulations
and observed a sharp decline in the power output of the downstream
wind turbine when placed in the strong wake region of the upstream
wind turbine.

The wake interaction phenomenon in large wind farms has
become a research hotspot (Lu and Port�e-Agel, 2011; Kim et al., 2015;
Fei et al., 2020; and Shin and Ko, 2022). Minimizing power loss caused
by the wake interaction between wind turbines is crucial for optimiz-
ing wind farm layouts. Several wake interaction models have been
developed to assess wake losses in wind turbine arrays (Kuo et al.,
2015; Nagel et al., 2018). Additionally, numerous numerical methods
have been proposed to characterize wake interference effects on wind
turbine performance and wake field characteristics, with the aim of
reducing computation resource requirements (Wu and Port�e-Agel,
2015; Shives and Crawford, 2017). Gajardo et al. (2019) proposed a
coupled method that combines detached-eddy simulations (DES) with
Blade Element Momentum (BEM) to capture wake interactions in
tidal turbines. Sturge et al. (2015) developed an efficient computational
model by combining the actuator disk theory with a high-fidelity CFD
model for detailed wind turbine aerodynamics analysis. Shaler et al.
(2019) analyzed the influence of the turbine-wake interaction on wind
turbine aerodynamic performance using the free vortex wake (FVW)
approach.

Constrained by limited space availability, visual pollution, and
operating costs, wind power exploration is shifting toward deep-sea
areas (Sun et al., 2012). Considering the installation and maintenance
expenses of offshore wind farms in deep waters, mounting wind
turbines on floating support structures has become the most
economically viable option (Rodrigues et al., 2015; Schwanitz and

Wierling, 2016). Unlike onshore wind turbines, the aerodynamic per-
formance of floating offshore wind turbines (FOWTs) is significantly
more unsteady due to the six-degree-of-freedom (6DOF) platform
motions. Strong interference effects exist between the wind turbine
and the floating platform (Shen et al., 2018), resulting in more com-
plex wake interactions between FWOTs. On one hand, the wake flow
of the upstream FOWT is highly unsteady under combined wind-
wave loads (Liu et al., 2016; Lei et al., 2017), leading to a nonuniform
and variable inflow condition for the downstream FWOT.
Consequently, this substantially alters the aerodynamic loads acting
on the rotating blades of the wind turbine. On the other hand, the plat-
form motions further complicate the aerodynamic performance of the
FWOT by modifying the local attack angle and local relative wind
speed (Wen et al., 2018a; 2018b). In return, the platform motion
responses are significantly influenced by the aerodynamic loads trans-
ferred from the turbine rotor. Therefore, the wake interference effects
have crucial impacts on the aerodynamic power, fatigue loading, and
motion responses of the FWOT.

Several coupled analysis tools have been developed to gain a bet-
ter understanding of the coupled aero-hydrodynamic performance of
FOWTs under varying wind and wave conditions (Tran and Kim,
2016a; Liu et al., 2017; and Cheng et al., 2019). Researchers have also
investigated the influence of typical platform motions in surging,
pitching, and yawing directions on the aerodynamic characteristics of
FOWTs (Li et al., 2015; Tran and Kim, 2015; 2016b; Wen et al.
(2018a; 2018b); 2019; Lei et al., 2019; Fang et al., 2020; Ortolani et al.,
2020; and Chen et al., 2021). However, limited studies have focused on
the wake interaction between FOWTs. This is mainly due to the com-
plexity and time-consuming nature of fully coupled aero-
hydrodynamic simulations for FOWTs. Rockel et al. (2016) investi-
gated the wake interaction between two wind turbine models capable
of freely oscillating in the stream-wise direction. They found that the
velocity in the far wake region of the wind turbine with pitching was
smaller than that of the fixed wind turbine. Nanos et al. (2020)
explored the wake behavior and power output of two semi-
submersible FOWTs with active ballast control using large eddy simu-
lations and wind tunnel experiments. The influence of vertical wake
deflection on the wake behavior and power output of the two FOWTs
was discussed. Additionally, Rezaeiha and Micallef (2021) modeled
two wind turbines, with one fixed (downstream) and the other with
prescribed surge motion (upstream), using the actuator disk model.
They found that the surging motion of the upstream rotor enhanced
flow mixing in the wake, leading to an accelerated wake recovery of
the downstream rotor. It is worth noting that the above-mentioned
studies only considered the wake interaction between FOWTs under
prescribed motion, rather than the free motion response of FOWTs
under wind and wave conditions.

In this paper, we employ an in-house CFD code, FOWT-UALM-
SJTU, developed based on the open-source toolbox OpenFOAM, to
conduct coupled aero-hydrodynamic simulations of FOWTs under
wind and wave loads. Two spar-type FOWTs with free motion are
simulated to investigate the wake interaction of FOWTs under differ-
ent layouts. To characterize the influence of platform motions on the
wake interactions of FOWTs, various motion states of two FOWTs are
considered. Based on the simulation results, the aerodynamic loads,
including rotor power and thrust, platform motion, and wake fields,
are analyzed and discussed in detail.
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II. NUMERICAL METHODS
A. Governing equations

Three-dimensional (3D) Reynolds-averaged Navier–Stocks
(RANS) equations are utilized to model the two-phase flow around
the FOWT. Considering the low fluid velocities, compressibility
effects are considered negligible. For computational efficiency,
both air and water are assumed to be incompressible fluids in the
current CFD simulation. The governing equations comprise the
continuity equation and the momentum equation, expressed as
follows:

r � U ¼ 0; (1)

@ qUð Þ
@t

þr � q U � U gð Þ½ �U ¼ �rpd � g � xrqþr � leffrU
� �

þ rUð Þ � rleff þ f r þ f s þ f e;

(2)

where U represents the flow velocity; U g donates the velocity of grid
nodes; q is the fluid density; g corresponds to the gravitational acceler-
ation vector; leff ¼ qð� þ �tÞ is the effective dynamic viscosity, where
� and �t are kinematic viscosity and eddy viscosity, respectively; pd is
the dynamic pressure; f r represents the surface tension term; f s is a
source term and takes effect in sponger layer; f r donates the body
forces introduced from the UALM.

To solve the RANS equations, the two-equation turbulence
model k-x SST proposed by Menter (1994) is employed. In this turbu-
lence model, k and x represent the turbulent kinetic energy and the
turbulent dissipation rate, respectively,

@qk
@t

þr � qUkð Þ ¼ r � Ckrkð Þ þ Gk � Yk þ Sk; (3)

@qx
@t

þr � qUxð Þ ¼ r � Cxrxð Þ þ Gx � Yx þ Dx þ Sx; (4)

where C represents the effective diffusion coefficient; G is the turbu-
lence generation term; Y donates the turbulent dissipation term; S is
the source term; and D is the cross-diffusion term.

B. Unsteady actuator line model

In the present work, we utilize the actuator-line technique to sim-
ulate wind turbine aerodynamics. In the actuator line model (ALM),
the blades of the wind turbine are represented by virtual actuator lines,
further discretized into a series of actuator points (S�rensen and Shen,
2002). Aerodynamic loads acting on the blades are distributed along
the actuator lines. The body forces are obtained by calculating the local
attack angle and interpolating with tabulated two-dimensional airfoil
data. The advantage of the actuator-line model is that it does not
require resolving the boundary layers of the blades, significantly reduc-
ing the total grid number and computational resources for CFD simu-
lations. However, when applying the actuator-line technique to the
simulation of FOWTs, some modifications are needed to account for
the influence of the platform motions. To achieve this, Li et al. (2015)
introduced an additional velocity vector induced by the platform
motions into the ALM. As shown in Fig. 1, the additional velocity UM

at blade section induced by platform motions is considered in the
UALM. It is important to note that UM must be be transformed into
the blade-aligned coordinate system before being incorporated into
the calculation of the local attack angle and local relative wind velocity.

To obtain the body forces acting on the blades, the local attack
angle a and the local relative wind speed U rel are calculated first. As
shown in Fig. 1, the relationship between the velocity vectors can be
described as follows:

FIG. 1. The schematic diagram for the UALM: (a) coordinate systems, (b) blade sections, and (c) velocity components at the blade section.
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U rel ¼ U in;1 � X � r þ U in;0 � UM; (5)

where Uin;0 and Uin;1 are the velocity components of the incoming
wind velocityU in in the blade-aligned coordinate system. In the blade-
aligned coordinate system, direction 0 is along the principal axis of the
main shaft, and direction 2 is the spanwise direction. The vector in
direction 1 is the cross product of vectors in the directions of 2 and 0.
X denotes the angular speed of the turbine rotor, and r is the distance
from the blade root to the calculated blade section. The magnitude of
the local relative wind speed approaching the blade is calculated by

Urelj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U0

2 þ U1
2

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Uin;0 � UM;0ð Þ2 þ Uin;1 � Xr � UM;1ð Þ2

q
;

(6)

where U0 and U1 represent the axial velocity (along direction 0) and
the tangential velocity (along direction 1), respectively. UM;0 and UM;1

are the velocity projection components of UM in the blade-aligned
coordinate system. The local attack angle is determined by the flowing
equation:

a ¼ /� ht; (7)

where ht is the local twist angle. / represents the inflow angle,

/ ¼ arctan
U0

U1

� �
¼ arctan

Uin;0 � UM;0

Uin;1 � Xr � UM;1

� �
: (8)

The lift coefficient CL and the drag coefficient CD are determined
by the local attack angle and the tabulated two-dimensional airfoil
data. Subsequently, the body forces can be calculated using the follow-
ing formula:

f ¼ L;Dð Þ ¼ 1
2
qjUrelj2c CLeL þ CDeDð Þ; (9)

where L and D donate the lift and drag forces, respectively. eL and eD
correspond to the unit vectors of lift and drag forces, respectively. q
represents the air density. c is the chord length. Nb is the number of
blades. The axial force F (along direction 0) and the tangential force Q
(along direction 1) are determined by the L andD.

The aerodynamic thrust T can be obtained by integrating the
axial force along the span-wise direction of the blades,

T ¼
XNb

i¼1

ðR
r0

Fidr; (10)

where i represents the i th blade. r0 and R represent the hub radius
and blade radius, respectively. To calculate the aerodynamic power,
the blade root edgewise momentMe should be determined first

Me ¼
ðR
r0

r � Qdr: (11)

Finally, the aerodynamic power P is formulated as follows:

P ¼
XNb

i¼1

jMeijX: (12)

In addition, the calculated body forces are convoluted with a reg-
ularization kernel function ge in order to be smoothly projected to the
flow field

f e ¼ f � ge; (13)

ge dð Þ ¼ 1

e3p
3
2

exp � d
e

� �2
" #

; (14)

where d is the distance between the gird node and the actuator point.
The constant parameter e decides the width of the projection region
and has significant effects on the computation results. According to
the study of Troldborg et al. (2010), the value of e is usually set to twice
of the minimum mesh size to ensure a stable numerical solution. In
the present work, e¼ 4.0,

f e x; y; z; tð Þ ¼
XN
i¼1

f xi; yi; zi; tð Þ 1

e3p
3
2

exp � d
e

� �2
" #

: (15)

To reproduce the turbine wake, the body forces are finally intro-
duced into the momentum equations as the source term f e, as seen in
Eq. (2).

C. FOWT-UALM-SJTU solver

In this study, we utilize the FOWT-UALM-SJTU solver (Cheng
et al., 2019) for conducting coupled aero-hydrodynamic simulations
of FOWTs under wind and wave loads. This solver combines the
UALM with a two-phase CFD solver, naoe-FOAM-SJTU (Shen et al.,
2012). As introduced above, the modified actuator-line technique
(UALM) predicts the unsteady aerodynamic performance of the
FOWT. The naoe-FOAM-SJTU solver, specialized in investigating the
hydrodynamics of marine structures in complex conditions, is
employed to study the hydrodynamic responses of the FOWT in the
present work. The Volume of Fluid (VOF) approach with the bounded
compression technique is utilized to capture the free surface in the
two-phase flow problem. Handling the complex body moment
involved in fully coupled FOWT systems is often challenging.
However, this issue is significantly simplified in our study by repre-
senting wind turbine blades using virtual actuator lines. Therefore,
only the motions of the floating platform need to be considered, which
can be implemented by employing a moving-mesh technique.

In the present simulations, the interference effects between the
wind turbine and the floating platform are taken into consideration.
This is accomplished through data exchange between UALM and
naoe-FOAM-SJTU, as illustrated in Fig. 2. In the calculation of attack
angle and relative wind speed, the additional velocity induced by the
floating platform is taken into account. This means that the platform
motions can further alter the aerodynamic loads. Meanwhile, instanta-
neous aerodynamic forces are effectively transformed into forces and
moments acting on the floating platform, which further influence the
motion responses. It is worth noting that a weak coupling approach is
adopted to achieve the coupling effects between the aerodynamics and
the hydrodynamics.

III. SIMULATION SETUP
A. FOWTmodel

A spar-type FOWT consisting of the NREL-5MW wind turbine
(Jonkman et al., 2009) and the OC3-Hywind platform (Jonkman,
2010) is chosen as the object of analysis in this study. The mooring
system (Jonkman and Musial, 2010), which includes three catenary
lines, is adopted to position the floating support platform. The spar-
type FOWT and the arrangement of the mooring lines are illustrated
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in Fig. 3. The main properties of this spar-type FOWT are summa-
rized in Table I.

B. Computational domain

As shown in Fig. 4, two spar-type FOWTs are positioned within
a cuboid-shaped domain with dimensions of 928 (x)� 320 (y)� 504
m3 (z). The upstream FOWT is located at a distance of approximately
one wavelength (k¼ 156m) from the inlet boundary. The down-
stream FOWT is situated 3D (D¼ 126 m, the rotor diameter) before
the outlet boundary. To account for the expansion of the turbine
wake, the height of the air phase is set to 280m (approximately 2.2D).
To reduce the computational cost, the water is set to 224m, corre-
sponding to 70% of the actual water depth (d¼ 320 m). At this water
depth, the influence of water depth on platform motions can be
neglected. Additionally, a sponge layer with a length of 100m is imple-
mented to minimize the effects of wave reflection.

To limit the total grid number while maintaining calculation
accuracy, different mesh resolutions are adopted in the computa-
tional domain. The distribution of grids in various cross sections is
depicted in Fig. 5. The background mesh has a length and width of
8m, while the height of the background grid linearly varies along
the z-direction. Near the water surface, the grid height is set to 2m,
while it increases to 20m at the bottom and top boundaries. In
order to accurately capture the wake characteristics of the FOWTs,

the meshes in the wake region are refined. Additionally, the grids
in the vicinity of the platform and water surface are also refined.
The minimum grid size near the free surface is 2� 2 � 0.5 m3, and
the refined grid size in the wake region is 2� 2� 2 m3. The total
number of grids in the computational domain amounts to approxi-
mately 6.9 � 106.

The velocity and pressure at the inlet boundary are prescribed by
the combined wind-wave condition. As mentioned above, the bottom
of the computational domain is not the real water bottom. Therefore,
slip condition is applied to for the velocity at the bottom boundary.
The top and outlet boundaries select the zero gradient velocity condi-
tion. Additionally, zero gradient pressure condition is imposed at the
top, outlet, and bottom boundaries. For the side planes of the compu-
tational domain, the symmetric boundary condition defined in
OpenFOAM is selected.

C. FOWT layouts

To investigate the wake interaction between the FOWTs, numeri-
cal simulations are conducted with two spar-type FOWTs of the same
design but different layouts. The distance between the two FOWTs
along the x-direction (dx) is 3D, as shown in Fig. 6. The distance along
the y-direction (dy) varies depending on the layout configuration: (a)
tandem layout, dy¼ 0D; (b) offset layout, dy¼ 0.5D. In order to study
the influence of platform motions on the responses of FOWTs and

FIG. 2. Solving procedure of the coupled aero-hydrodynamic simulations for the FOWTs.
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wake interactions, various motion states of the FOWTs are considered.
The simulation conditions are summarized in Table II.

It is worth noting that the surge and pitch motions of the plat-
form have the most significant impact on the aerodynamic loads of
the floating wind turbine, while the effects of motion responses in
other directions on the aerodynamic loads are relatively small.
Therefore, in the current study, only surge and pitch motions are con-
sidered, while the platformmotion in other directions is restricted.

D. Wind and wave conditions

Owing to the extensive scope of the NREL 5-MW wind turbine,
the blades encounter substantial cyclic fluctuations in the inflow veloc-
ity throughout their rotation. Consequently, it becomes imperative to
account for the wind speed’s dependency on height. In this study, we
adopt an exponential model to delineate the variation in wind speed
magnitude with respect to the vertical direction.

Uh ¼ Uin
h
H

� �a

; (16)

where Uh denotes the wind speed magnitude at a height h; Uin repre-
sents the inflow speed, which remains constant at 5m/s throughout
the simulations; the hub center height H is fixed at 90m; the constant
a, which signifies the reference value for the sea, is 0.143 (Obhrai et al.,
2012). Moreover, the blade pitch angle is set to zero, and the rotor
speed remains constant at 7.45 rpm. The control strategies for rotor
speed and blade pitch angle are not considered in this study.

Furthermore, the 1st order Stokes wave is selected as the incident
wave in the simulation. The wave parameters, specifically a wave
period Twave of 10 s and a wave height Hwave of 4m, are determined
based on established guidelines (Jonkman and Musial, 2010). It is
noted that the incident wave propagates in alignment with the inflow
wind, both of which travel along the positive-x direction. The wind
and wave conditions remain constant across all the aforementioned
simulation cases, and a comprehensive summary of these conditions
can be found in Table III.

IV. RESULTS
A. Grid and time step sensitivity study

The grid convergence test is conducted to determine the appro-
priate grid size for coupled aero-hydrodynamic simulations of
FOWTs. Two FOWTs are arranged in a tandem layout, with restricted
platform motions as indicated in case 1. The distance between the two
FOWTs along the x- and y-directions was 3 and 0D, respectively. A
shear wind inflow condition described by Eq. (16) is selected, with an
inflow wind speed of 5m/s and a corresponding rotor speed of
7.45 rpm. Five sets of grids with varying mesh resolutions are gener-
ated, with the minimum grid size in the wake region being 1.4, 1.7, 2,
2.4, and 2.8m for coarse mesh 1, coarse mesh 2, medium mesh, fine
mesh 1, and fine mesh 2, respectively. This resulted in a total grid of
2.41 � 106, 4.24 � 106, 6.92 � 106, 12.21 � 106, and 19.59 � 106,
respectively.

The time-history curves of aerodynamic loads for two tandem
FWOTs under varying mesh resolutions are illustrated in Fig. 7.

FIG. 3. Arrangement of the spar-type FOWT and the mooring system.
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As the simulation time increases, the aerodynamic loads on both the
upstream wind turbine (WT No. 1) and downstream wind turbine
(WT No. 2) gradually reach a stable state. The wake influence from
WT No. 1 causes the aerodynamic loads on WT No. 2, including rotor
power and thrust, to be significantly lower in comparison to those on
WT No. 1. The average values of aerodynamic loads within the time
range of 250–300 s obtained under different grid resolutions are pre-
sented in Table IV, with data in parentheses indicating the differences
compared to the simulation results using fine mesh 2. It can be
observed that the aerodynamic power of different wind turbines
obtained using the medium mesh differs by no more than 2% from
the results of fine mesh 2, while the discrepancy in aerodynamic thrust
is even less than 1%. This indicates that the medium mesh can yield
sufficiently accurate results.

Subsequently, a sensitivity study for the time step is conducted to
determine the appropriate time step size. Three different time step

sizes (0.005, 0.01, and 0.02 s) are considered in the simulation, with
corresponding blade rotation angles of 0.25�, 0.5�, and 1� for each
time step. These time step sizes are smaller than those proposed in
Tran et al.’s (2016a; 2016b) study to achieve convergence. The time-
history curves of aerodynamic loads for the wind turbines under dif-
ferent time step conditions are shown in Fig. 8. It is observed that the
discrepancies in the aerodynamic loads obtained with different time
steps are relatively small. Furthermore, Table V summarizes the time-
averaged aerodynamic loads after stabilization. It can be observed that
the aerodynamic loads of both upstream and downstream wind tur-
bines predicted with a medium time step (0.01 s) differ by less than 1%
from the results obtained with a smaller time step (0.005 s), indicating
that the medium time step yields convergent results. Therefore, the
medium mesh with a time step of 0.01 s is selected for the subsequent
numerical simulations.

B. Areo-hydrodynamic responses of FOWTs under
tandem layout

Compared to fixed wind turbines, one of the significant charac-
teristics of FOWTs is their motion response under incident waves.
The motion response of the floating platform alters the inflow condi-
tions for the wind turbine, thereby modifying the aerodynamic loads.
These aerodynamic loads, in turn, affect the motion response of the
floating platform. Figure 9 illustrates the time history of platform
motions of FOWTs under the tandem layout. It can be observed that
the motion response of the platform, including surge motion and pitch
motion, exhibits characteristics of wave-frequency response, with
motion periods being close to the wave period, approximately 10 s.
Compared to the upstream FOWT, the average surge displacement
and platform pitch angle of the downstream FOWT decreased by
2.1m and 0.5�, respectively. This is mainly due to the smaller aerody-
namic thrust of the downstream FOWT, as evidenced by the following
results concerning aerodynamic loads.

Platform motion significantly affects the aerodynamic loads of
the FOWTs by altering its inflow conditions. Figure 10 illustrates the

TABLE I. Main properties of the spar-type FOWT.

NREL 5-MW wind turbine

Rating, rotor orientation, configuration 5MW, upwind,
3 blades

Rotor, Hub diameter 126 m, 3m
Hub height 90 m
Cut-in, rated, cutout wind speed 3 m/s, 11.4m/s,

25m/s
Cut-in, rated rotor speed 6.9 rpm, 12.1 rpm
Overhang, shaft-tilt, pre-cone angle 5 m, 5�, 2.5�

Rotor, nacelle, tower mass 1.1�105 kg,
2.4�105 kg,

3.4746�105 kg

OC3-hywind spar platform

Depth to platform base below SWL
(total draft)

120 m

Elevation to platform top (tower base)
above SWL

10 m

Platform diameter above/below taper 6.5 m, 9.4m
Platform mass including ballast 7.466 3�106 kg
Platform roll inertia about CM 4.229 23�109 kg m2

Platform pitch inertia about CM 4.229 23�109 kg m2

Platform yaw inertia about platform
centerline

1.642 3�108 kg m2

Mooring system

Number of mooring lines 3
Angle between adjacent lines 120�

Depth to anchors below SWL (water depth) 320 m
Depth to fairleads below SWL 70.0 m
Radius to anchors from platform centerline 853.87 m
Radius to fairleads from platform centerline 5.2 m
Unstretched mooring line length 902.2 m
Mooring line diameter 0.09 m

FIG. 4. Schematic diagram of the computational domain.
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variation in the axial wind speed on the turbine blades over time.
Comparing Figs. 10(a) and 10(c), it can be observed that the upstream
FOWT’s inflow wind speed exhibits significant periodic fluctuations
when considering platform surge motion and pitch motion, with a
fluctuation period close to the motion period. Similar phenomena can

be observed in the downstream FOWT, as shown in Figs. 10(b) and
10(d), with the inflow wind speed fluctuations being significantly
larger for the downstream FOWT compared to the upstream FOWT.
This is attributed to the fact that the downstream FOWT’s inflow con-
ditions are simultaneously influenced by the wake of the upstream

FIG. 5. Gird distribution in different cross sections: (a) x-z plane and (b) y-z plane.

FIG. 6. Schematic diagram of the layout of two FOWTs: (a) top view (x-y plane) and (b) side view (y-z plane).

TABLE II. Simulation conditions for two spar-type FOWTs with different layouts.

FOWT layout No. dx dy Upstream platform Downstream platform

Tandem layout Case 1 3D 0D Fixed Fixed
Case 2 3D 0D Fixed Surge þ pitch
Case 3 3D 0D Surge þ pitch Surge þ pitch

Offset layout Case 4 3D 0.5D Fixed Fixed
Case 5 3D 0.5D Fixed Surge þ pitch
Case 6 3D 0.5D Surge þ pitch Surge þ pitch
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TABLE III. The conditions of wind, wave, and wind turbine state in all simulation cases.

Wind type Wind speed Rotor speed Wind turbine control Incident wave Wave period Wave height

Shear wind, Exponential model 5 m/s 7.45 rpm Not consider Stokes 1st order wave 10 s 4 m

FIG. 7. Aerodynamic loads of FOWTs under different mesh resolutions: (a) aerodynamic power and (b) aerodynamic thrust.

TABLE IV. Time-averaged (250–300 s) aerodynamic loads of wind turbines with different mesh resolutions.

No. Total grid number (� 106)

Aerodynamic power (kW) Aerodynamic thrust (kN)

WT No. 1 WT No. 2 WT No. 1 WT No. 2

Coarse mesh 1 2.41 552 (þ7.8%) 141 (þ10.2%) 188 (þ3.9%) 115 (þ4.5%)
Coarse mesh 2 4.24 532 (þ3.9%) 135 (þ5.5%) 184 (þ1.7%) 112 (þ1.8%)
Medium mesh 6.92 513 (þ0.2%) 130 (þ1.6%) 182 (þ0.6%) 111 (þ0.9%)
Fine mesh 1 12.21 509 (�0.6%) 126 (�1.6%) 180 (�0.6%) 110 (0.0%)
Fine mesh 2 19.59 512 128 181 110

FIG. 8. Aerodynamic loads of FOWTs under different time steps: (a) aerodynamic power and (b) aerodynamic thrust.
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FOWT and the platformmotion, significantly increasing the complex-
ity of its inflow conditions. According to Eqs. (7) and (8), the local
angle of attack depends on the axial inflow wind speed and the tangen-
tial inflow wind speed. The tangential inflow wind speed is mainly
determined by the wind turbine’s rotational speed, which keeps con-
stant. Therefore, the local angle of attack will change with variations in
the axial inflow wind speed, as shown in Fig. 11. Similarly, platform
motion significantly increases the amplitude of fluctuations in the local
angle of attack. Moreover, the amplitude of fluctuations in the local
angle of attack for the downstream FOWT is significantly greater than
that for the upstream FOWT.

Furthermore, the above changes in the inflow conditions of the
FOWT result in variations in its aerodynamic loads. The aerodynamic
loads of the two FOWTs under the tandem layout are shown in
Fig. 12, and the statistical results, including time-averaged values and

fluctuation amplitudes, are presented in Table VI. For the upstream
FOWT, considering motion response results in an increase in 9% in
average aerodynamic power and 2% in aerodynamic thrust. This indi-
cates that platform motion benefits the increase in aerodynamic loads
on the upstream FOWT, with aerodynamic power showing a larger
increase compared to aerodynamic thrust. This suggests that aerody-
namic power is more sensitive to platform motion. It is worth noting
that platform motion results in a several-fold increase in the fluctua-
tion amplitude of aerodynamic loads on the upstream FOWT. This
significantly amplifies the fatigue loads experienced by the turbine
blades.

For the downstream FOWT, due to the influence of the wake
from the upstream FOWT, the aerodynamic loads exhibit significant
instability, with higher fluctuation amplitudes compared to the
upstream FOWT’s aerodynamic loads. Additionally, since the

TABLE V. Time-averaged (250–300 s) aerodynamic loads of wind turbines with different time step sizes.

No. Time step(s)

Aerodynamic power (kW) Aerodynamic thrust (kN)

Turbine No. 1 Turbine No. 2 Turbine No. 1 Turbine No. 2

Large time step 0.02 524 (þ1.6%) 135 (þ3.1%) 184 (þ0.5%) 113 (þ0.9%)
Medium time step 0.01 513 (�0.6%) 130 (�0.8%) 182 (�0.5%) 111 (�0.9%)
Small time step 0.005 516 131 183 112

FIG. 9. Time history of platform motions of FOWTs under the tandem layout: (a) upstream FOWT, surge motion; (b) downstream FOWT, surge motion; (c) upstream FOWT,
pitch motion; and (d) downstream FOWT, pitch motion.
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downstream FOWT experiences significantly lower inflow wind
speeds than the upstream FOWT, its average aerodynamic loads are
smaller than those of the upstream FOWT. Interestingly, the effect of
platform motion on the aerodynamic loads of the downstream floating
offshore wind turbine (FOWT) is different from that on the upstream
FOWT. By comparing the aerodynamic loads of the downstream
FOWT in cases 1 and 2, it can be observed that the platform motion
of the downstream FOWT leads to a decrease in 36% and 20% in the
mean values of aerodynamic power and aerodynamic thrust, respec-
tively. From the time history curves of aerodynamic loads on the
FOWT shown in Figs. 12(b) and 12(d), it can be observed that consid-
ering platform motion results in negative values of instantaneous aero-
dynamic loads. This may be a significant contributing factor to the
decrease in the average aerodynamic loads on the downstream
FOWT. From another perspective, platform motion further signifi-
cantly worsens the inflow conditions for the downstream FOWT,
which highlights the need for appropriate wind turbine control strate-
gies and larger turbine spacing.

By comparing the aerodynamic loads of the downstream FOWT
in cases 2 and 3, an interesting finding is that the average aerodynamic
loads of the downstream FOWT increased by 5.6%, while the fluctua-
tion amplitude decreased by 7.3%. This indicates that the motion
response of the upstream FOWT can improve the aerodynamic per-
formance of the downstream FOWT. One possible reason for this is
that the motion of the upstream FOWT accelerates the recovery of its
wake velocity, thereby improving the inflow conditions for the down-
stream FOWT. This will be further discussed in the section below con-
cerning the wake field.

C. Areo-hydrodynamic responses of FOWTs under
offset layout

Unlike the scenario in which the downstream FOWT is entirely
situated within the wake of the upstream FOWT under the tandem
arrangement, in the offset arrangement, half of the downstream
FOWT’s wind turbine rotor is exposed to the wake, while the other

FIG. 10. Time and spatial distribution of axial wind velocity acting on the blades of FOWTs under the tandem layout: (a) case 1, upstream FOWT; (b) case 1, downstream
FOWT; (c) case 2, upstream FOWT; (d) case 2, downstream FOWT; (e) case 3, upstream FOWT; and (f) case 3, downstream FOWT.
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half typically operates in the free incoming flow. This implies that the
downstream FOWT experiences larger aerodynamic loads, but at
the same time, the non-uniform distribution of aerodynamic loads on
the wind rotor will significantly increase. Furthermore, the increase in
aerodynamic loads will amplify the platform’s motion response. Figure
13 displays the motion response of the two FOWTs under offset lay-
out. Similar to the tandem layout, both FOWTs exhibit periodic
motion with cycles close to the wave period. However, for the down-
stream FOWT, the average surge displacement and platform pitch
angle increased by approximately 30% and 35%, respectively, as shown
in Table VII.

Under the offset arrangement, the inflow conditions for the
downstream FOWT exhibit significant asymmetry. Figures 14 and 15
respectively illustrate the spatiotemporal distribution maps of axial
wind speed and local attack angle on the blades of the two FOWTs in

the offset configuration. It can be observed that the blades of the
downstream FOWT experience distinctly different axial inflow wind
speeds, which are divided into two regions. When the blades rotate in
the free incoming flow (indicated by the red dashed line in the figure),
they encounter higher axial inflow wind speeds, resulting in larger
local angles of attack. However, when the blades rotate in the wake of
the upstream FOWT, the axial inflow wind speeds are significantly
reduced, leading to a notable decrease in the corresponding local
angles of attack, and even negative values are observed.

The above asymmetry in the inflow wind conditions can lead to
significant oscillations in the aerodynamic loads of the downstream
FOWT, as shown in Fig. 16. This will result in a notable increase in
blade fatigue loads and an elevated risk of blade failure. Therefore, it is
important to avoid such conditions in the wind farm design stage.
Furthermore, a comparison of the aerodynamic loads of the

FIG. 11. Time and spatial distribution of the local attack angel acting on the blades of FOWTs under the tandem layout: (a) case 1, upstream FOWT; (b) case 1, downstream
FOWT; (c) case 2, upstream FOWT; (d) case 2, downstream FOWT; (e) case 3, upstream FOWT; and (f) case 3, downstream FOWT.
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downstream FOWT under tandem and offset layouts is presented in
Table VIII.

Without considering platform motions, the average aerodynamic
power and thrust of the downstream FOWT under the offset layout
(case 4) increase by 157% and 26%, respectively, compared to the aver-
age aerodynamic power and thrust under the tandem layout (case 1).
However, their oscillation amplitudes also increase by approximately
3.6 times and 2.6 times, respectively. It is evident that aerodynamic
power is more sensitive to the layout configuration compared to the
aerodynamic thrust. Additionally, the average aerodynamic power of
the downstream FOWT under the offset layout condition (case 5)
increases by 6% when considering platform motions. This variation
trend differs from that of the aerodynamic power of the downstream

FOWT in the tandem layout condition. The main reason for this dif-
ference is that the mean inflow wind speed for the downstream
FOWT in the offset layout is larger than that in the tandem layout.
This indicates that, at relatively low inflow wind speeds, platform
motions tend to have adverse effects on the power output of the
FOWT. By comparing the aerodynamic loads of the downstream
FOWT in cases 5 and 6, it can be observed that the motion of the
upstream FOWT results in a 17% decrease in the average aerodynamic
power of the downstream FOWT. This indicates that under the offset
arrangement, the motion of the upstream FOWT reduces the aerody-
namic of the downstream FOWT, which is in contrast to the phenom-
enon observed under the tandem layout condition. By comparing the
aerodynamic loads of downstream FOWT in cases 5 and 6, it is seen

FIG. 12. Time history of aerodynamic loads of FOWTs under the tandem layout: (a) Upstream FOWT, aerodynamic power; (b) downstream FOWT, aerodynamic power; (c)
upstream FOWT, aerodynamic thrust; and (d) downstream FOWT, aerodynamic thrust.

TABLE VI. Aerodynamic loads of FOWTs in tandem layout condition.

Tandem layout

Rotor power (kW) Thrust (kN)

Upstream FOWT Downstream FOWT Upstream FOWT Downstream FOWT

Ave. Amp. Ave. Amp. Ave. Amp. Ave. Amp.

Case 1 513 20 130 52 182 3 111 14
Case 2 507 18 83 381 181 3 89 123
Case 3 552 722 92 379 184 113 94 114
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that the mean power output of the downstream FOWT decreases by
12% when the motion responses of upstream FOWT are considered.
It means that the motion responses of the upstream FOWT lead to the
decrease in the mean power output of the downstream FOWT in the
offset layout condition.

D. Wake interaction of FOWTs under different layouts

The wake characteristics of two FOWTs under different lay-
outs are analyzed to gain insight into wake interactions between
FOWTs. Figure 17 presents the distribution of instantaneous axial
wake velocity deficit (Ud) in the horizontal plane at hub height
(z¼ 90 m), with white solid lines indicating the positions of
FOWTs. The axial wake velocity deficit is defined by the following
equation:

Ud ¼ Uin � Uað Þ=Uin; (17)

where Uin denotes the inflow wind speed of 5m/s, and Ua represents
the axial wake speed. It can be observed that, due to the obstruction of
the wind turbine, two distinct low-speed wake regions are formed
behind the upstream floating offshore wind turbine (FOWT). As the
wake progresses downstream and interacts with the downstream
FOWT, the wake velocity further decreases, leading to a significant
increase in the non-uniformity of the wake velocity distribution. With
the increase in the wake distance, the wake gradually expands, and the
wake velocity gradually recovers. Additionally, under the offset
arrangement, the wake velocity distribution of the downstream
FOWT exhibits a more pronounced asymmetry, and the wake width
is larger. Furthermore, the deflection of the turbine wake from the
upstream FOWT in the offset layout condition is clearly evident in the

FIG. 13. Time history of platform motions of FOWTs under offset layout: (a) upstream FOWT, surge motion; (b) downstream FOWT, surge motion; (c) upstream FOWT, pitch
motion; and (d) downstream FOWT, pitch motion.

TABLE VII. Comparison of the platform motions of the downstream FOWT under various layouts.

Tandem layout

Surge (m) Pitch (deg)

Offset layout

Surge (m) Pitch (deg)

Ave. Amp. Ave. Amp. Ave. Amp. Ave. Amp.

Case 1 � � � � � � � � � � � � Case 4 � � � � � � � � � � � �
Case 2 2.4 0.63 0.53 1.05 Case 5 3.26 0.72 0.79 0.99
Case 3 2.37 0.66 0.58 0.83 Case 6 2.9 0.75 0.71 0.99
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near wake region, as depicted in Fig. 17(f). It is worth noting that wake
deflection typically occurs in the far wake region of onshore wind tur-
bines. Thus, the platform motions of the upstream FOWT may expe-
dite the occurrence of wake deflection.

To further investigate the wake development of the FOWTs
under different layouts, the profiles of axial wake velocity at various
cross sections (x/D¼�0.5, 0, …, 6) in the horizontal plane (z¼ 90)
are presented in Fig. 18. The white solid lines depict the FOWTs, and
the blue dotted lines represent the boundaries of the turbine wake.
Evidently, the wake width increases with the distance from the FOWT
due to the expansion of the turbine wake. Additionally, by comparing
Figs. 18(a) and 18(c), it can be observed that when considering the
motions of downstream FOWT, the wake width at x/D¼ 6 increases
by approximately 10%. This indicates that the motion response of the
FOWT leads to an increase in its wake width. Therefore, it is necessary

to increase the lateral distance between wind turbines to reduce the
wake influence of the upstream FOWT in the wind farm layout.

Furthermore, the inflow wind speed in the rotor plane of the
downstream FOWT under different layouts is analyzed, as shown in
Fig. 19. It is important to note that the tower, cabin, and hub of the
wind turbine were not included in the simulations to simplify the cal-
culations. As a result, there is a high wind speed region in the center of
the rotor. It can be observed that the downstream FOWT experiences
a significant reduction in the inflow wind speed due to the influence of
the wind turbine wake. Additionally, it is evident that the upstream
FOWT in the offset layout condition encounters an asymmetrical
wind inflow, as depicted in Figs. 19(d)–19(f). The inflow wind speed
in the left half of the rotor plane is much higher than that in the right
half of the rotor plane. Moreover, this uneven distribution of inflow
wind speed in the downstream FOWT’s rotor plane becomes more

FIG. 14. Time and spatial distribution of axial wind velocity acting on the blades of FOWTs under offset layout: (a) case 1, upstream FOWT; (b) case 1, downstream FOWT;
(c) case 2, upstream FOWT; (d) case 2, downstream FOWT; (e) case 3, upstream FOWT; and (f) case 3, downstream FOWT.
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pronounced when considering the influence of FOWT platform
motions.

To investigate the influence of platform motions on the wake
velocity, we plot the turbulence intensity in the wake field, as shown in
Fig. 20, where the white solid lines represent the positions of the
FOWTs. By comparing Figs. 20(a) and 20(e) or Figs. 20(b) and 20(f),
it is evident that when considering platform motions, there is an
increase in turbulence energy behind the wind turbine blades. This
indicates intensified mixing and diffusion of the fluid in the wake
region with the surrounding ambient fluid, leading to enhanced
momentum exchange and accelerated recovery of wake velocity. In
addition, Fig. 21 illustrates the vortex structures of the floating offshore
wind turbines (FOWTs) under different simulation conditions. The
second-order invariant of velocity gradient tensor Q is used to visual-
ize the wake structures, and wake velocity is employed to color the

wake structures. A clear spiral vortex is generated from the blade tip of
the upstream FOWT. As the wake progresses downstream, it gradually
merges and forms a vortex ring, ultimately interacting with the down-
stream FOWT. In the tandem layout condition, the vortexes from
both the upstream and downstream FOWTs merge into a vortex with
a more complex structure. However, under the offset layout condition,
the vortex generated from the upstream FOWT is disrupted by the
rotating blades of the downstream FOWT. In response, the tip blade
vortex generated by the downstream FOWT is also influenced by the
vortex transferred from the upstream FOWT, resulting in a series of
broken vortices in the near wake region of the downstream FOWT.

V. DISCUSSIONS

Based on the previously presented aerodynamic-hydrodynamic
coupled response characteristics and wake field results of two FOWTs

FIG. 15. Time and spatial distribution of the local attack angel acting on the blades of FOWTs under offset layout: (a) case 1, upstream FOWT; (b) case 1, downstream
FOWT; (c) case 2, upstream FOWT; (d) case 2, downstream FOWT; (e) case 3, upstream FOWT; and (f) case 3, downstream FOWT.
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under different layouts, several key issues are discussed, including the
impact of platform motions on the aerodynamic loads, on the wake
field, and on the wake interaction between two FOWTs under differ-
ent arrangements. Furthermore, several suggestions for wind farm lay-
out are provided based on these findings.

A. Impact of platformmotion on aerodynamic loads

Platformmotions affect the aerodynamic loads of the floating off-
shore wind turbine (FOWT) by altering the inflow wind speed and
local attack angle. Many studies have suggested that platform motions
benefit the FOWT by increasing their average aerodynamic loads (Liu
et al., 2016; Wen et al., 2018a; 2018b; and Cheng et al., 2019), but our
numerical findings reveal that such conclusions may not apply to the

case of two FOWTs. As shown in Table VIII, when considering plat-
form motions, the average aerodynamic power of the downstream
FOWT decreases by 36% in the tandem layout, while it increases by
6% in the staggered layout. The reason behind this difference is that,
under the tandem layout, the downstream FOWT experiences very
low inflow wind speeds, comparable to the additional velocity caused
by platform motions, resulting in negative instantaneous power and
reducing the mean aerodynamic power. This indicates that platform
motions increase the average aerodynamic loads of FOWTs only
when the inflow wind speed is relatively high, at least larger than the
additional velocity induced by the platform motions. Additionally,
both wind shear and platform motions induce periodic oscillations in
the FOWT’s aerodynamic loads, but the amplitude of oscillations
caused by platform motions is significantly larger than that caused by

FIG. 16. Time history of aerodynamic loads of FOWTs under the offset layout: (a) upstream FOWT, aerodynamic power; (b) downstream FOWT, aerodynamic power; (c)
upstream FOWT, aerodynamic thrust; and (d) downstream FOWT, aerodynamic thrust.

TABLE VIII. Summary of the aerodynamic loads of the downstream FOWT under various layouts.

Tandem layout

Rotor power (kW) Thrust (kN)

Offset layout

Rotor power (kW) Thrust (kN)

Ave. Amp. Ave. Amp. Ave. Amp. Ave. Amp.

Case 1 130 52 111 14 Case 4 335 189 140 37
Case 2 83 381 89 123 Case 5 354 718 138 149
Case 3 92 379 94 114 Case 6 312 685 127 144

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 097102 (2023); doi: 10.1063/5.0161759 35, 097102-17

Published under an exclusive license by AIP Publishing

 06 Septem
ber 2023 17:07:55

pubs.aip.org/aip/phf


wind shear. When comparing the aerodynamic power of the upstream
FOWT in cases 1 and 3, the fluctuation amplitude of aerodynamic
power increases by approximately 6.3 times. This can result in severe
fatigue loads and increase the risk of blade failure.

B. Impact of platformmotion on wake field

Platform motions intensify the interaction between blades and
the wake, resulting in increased turbulence intensity in the wake
region. This enhances mixing and diffusion with the surrounding
fluid, accelerating wake velocity recovery and widening the wake
width. As seen in Fig. 19, considering platformmotions results in a sig-
nificant increase in turbulence energy in the wake region. As presented
in Table VIII, under the tandem layout, platform motions of the
upstream FOWT increase the average aerodynamic power of the
downstream FOWT by approximately 11%. Additionally, it can be
observed from Fig. 18 that the wake width increases by about 10% at
x/D¼ 6. While the increase in wake velocity benefits the aerodynamic
loads of the downstream FOWT, the widening of the wake width
exposes a larger area of the downstream FOWT to the influence of the
upstream FOWT.

C. Impact of platform motion on wake interaction
under different layouts

Due to the influence of the upstream FOWT wake, the down-
stream FOWT encounters a more complex inflow condition

characterized by lower wind speeds and increased turbulence intensity.
This leads to a significant reduction in the average aerodynamic loads
of the downstream FOWT, while the fluctuation amplitude of the
aerodynamic loads is notably increased. Compared to the tandem lay-
out, the aerodynamic loads and fluctuation amplitudes of the down-
stream FOWT are significantly increased under the offset layout.
Comparing case 1 and case 4, we observe that the average aerody-
namic power and fluctuation amplitude of the downstream FOWT
increase by 1.6 times and 2.6 times, respectively. Comparing cases 4
and 5, platform motions further increase the fluctuation amplitude of
the downstream FOWT’s aerodynamic power by approximately 2.8
times, which will lead to the increase in the fatigue loading on the
rotating blades and further results in the decrease in the lifespan of
FOWT.

D. Suggestions on FOWT layout and design

Based on the above results and discussions, the following sugges-
tions are proposed to improve the performance of floating wind farms
in terms of FOWT layout and design: (a) avoid positioning the down-
stream FOWT partially within the wake of the upstream FOWT, as
this leads to a significant asymmetrical distribution of aerodynamic
loads on the rotor plane. Consequently, it notably increases the fluctu-
ation amplitude of the blade aerodynamic loads and raises the risk of
blade fatigue failure. (b) Due to the increased wake width caused by
platform motions, it is recommended to consider larger turbine

FIG. 17. Instantaneous (T¼ 240 s) axial wake velocity deficit in horizontal plane at hub height (z¼ 90 m): (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5, and (f)
case 6.
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spacing during the arrangement of floating wind turbines. This will help
minimize the mutual interference of wakes within the wind farm and
reduce their impact on power output and blade fatigue loads. (c) Select
suitable floating platforms to minimize platform motion response or
implement well-designed control systems to reduce the adverse effects
of platformmotions on the aerodynamic loads of wind turbines.

VI. CONCLUSIONS

In this study, an in-house CFD code FOWT-UALM-SJTU is
applied to study the wake interaction between FOWTs. Coupled aero-
hydrodynamic simulations for two spar-type FOWTs with tandem
and offset layouts under combined wind-wave conditions are per-
formed by this solver. The unsteady aerodynamic loads of the FOWT
are calculated by the unsteady actuator line model, and the hydrody-
namic performance of the FOWT is predicted by the CFD simulation.
The grid convergence test and the time step study are first conducted
to determine appropriate calculation parameters. Then, the aerody-
namic loads, platform motion responses, and wake field characteristics

are all analyzed in detail to investigate the influence of the wake inter-
action between the FOWTs on the coupled aero-hydrodynamic per-
formance of the FOWT. Several conclusions can be drawn from the
simulation results and discussions.

The impact of platform motion on the average aerodynamic
loads of FOWT depends on the inflow wind speed. Higher wind
speeds increase the average loads, while lower wind speeds decrease
them. Additionally, platform motions enhance FOWT wake turbu-
lence intensity, accelerating wake velocity recovery and promoting
wake width enlargement. Under the influence of upstream FOWT
wakes, the average aerodynamic loads of the downstream FOWT sig-
nificantly decrease, and the fluctuation amplitude notably increases. In
comparison to the tandem layout, the staggered layout shows a more
significant increase in the downstream FOWT’s aerodynamic load
fluctuation amplitude. Moreover, platform motions further amplify
the aerodynamic load fluctuations, leading to significant aerodynamic
load instability and blade fatigue, ultimately affecting the performance
and lifespan of FOWT.

FIG. 18. Axial wake velocity profiles at different cross sections in horizontal plane at hub height (z¼ 90m): (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5, and (f)
case 6.
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FIG. 19. Inflow wind speed in the rotor plane of the downstream FOWT: (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5, and (f) case 6.

FIG. 20. Distribution of the turbulence intensity in the horizontal plane at hub height (z¼ 90m): (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5, and (f) case 6.
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The present work contributes to the understanding of the wake
interaction between the FOWTs under different layouts, with a partic-
ular focus on the role of platform motions. However, the simulations
do not incorporate control strategies of FOWTs, which play an impor-
tant role in the performance of FOWTs under combined wind-wave
conditions. Furthermore, the fixed stream-wise and transverse distan-
ces between two FOWTs limited the investigation. In future work, we
will explore different inter-turbine spacings to comprehensively inves-
tigate the wake interaction between FOWTs.
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