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a b s t r a c t

The present study is aimed at investigating the effect of turbulent wind and shear wind on the floating
offshore wind turbine (FOWT) structure by using a high-fidelity computational fluid dynamics (CFD)
method. This method is believed to resolve the wind field around the turbine blades, wake and the near
air-wave free-surface regime, allowing us to have a more in-depth examination into both aerodynamic
and hydrodynamic of the FOWT. In the present study, the modelling of a coupled aero-hydro-mooring
FOWT system is focused on a temporal and spatial variable turbulent wind field by using a time-
varying spectrum, which has not been examined for a floating wind turbine. The turbulent wind in
the study is generated with Mann's wind turbulence model, while the Von Karman wind spectrum is
used to represent wind turbulence. In addition, different wind shears were also examined. We can
conclude from this study that, when turbulent wind is present, there are fluctuations in both the rotor
thrust and power outputs associated with the non-uniform wake region although the time-mean
magnitude is almost the same. In addition, turbulence wind lead to a quicker wake diffusion than
time-independent inflow wind. Furthermore, the existence of wind shear results in an even larger
decrease in the local minimum thrust/power about 2e6% when the turbine blade is passing in front of
the tower. Despite this, under the present wind inflow conditions, the inline surge force, dynamic mo-
tion, and the mooring tension of the floater are not significantly affected by either the turbulence wind or
the wind shear.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, the concept of FOWT has been rapidly devel-
oping as it is claimed that these FOWT systems can offer a better
solution to wind energy compared to their counterpart onshore
wind turbines, for example, Hywind-Scotland [1], the first com-
mercial offshore wind farms achieves 65% of capacity factor, which
is much higher than a typical bottom-fixed offshore or onshore
wind turbine with a capacity of 30%e45%. Numerical analysis is one
of many key tools during the initial FOWT design stage. Through
the application of numerical analysis, we are able to predict the
aero/hydrodynamic performance of a coupled FOWT system.
Nonetheless, the main challenge is being able to replicate these
results under real environmental wave and wind conditions.

Some of the most commonly used methods accustomed to
analyse the aerodynamic of a wind turbine include: low-cost Blade
Element Method (BEM) and high-fidelity, high-cost Computational
Fluid Dynamics (CFD). Due to the fact that CFD allows us to directly
solve the fluid flow governing equations, we are able to use it to
produce detailed flow variables in both the time and spatial
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domains so that the transient aerodynamic loading on the tower,
turbine blade, and the wind wake structure can all be well resolved.
For a typical FOWT, the operating wind speed and the size of the
FOWT contribute to changing the airflow into turbulent regime.
This means that CFD modelling for a FOWT must factor in the
turbulent feature. There are three general approaches for turbu-
lence modelling. These are: Large Eddy Simulation (LES), Direct
Numerical Simulation (DNS) and Unsteady Reynolds-Average
Navier-Stokes (URANS). Recently, a hybrid model named
Improved Delayed Detached Eddy Simulation (IDDES) is developed
[2], inwhich URANS is employed in the near wall treatment and LES
model is used in the far field. Due to the fact that IDDES predicts
more accurate solutions onwind turbine aerodynamics while owes
a lower computational cost than the LES, it has been applied in
several research areas including wind turbine. However, a quick
review on the IDDES [3e5] papers for wind turbine investigation
indicated that all studies are focused on either a bottom-fixed wind
turbine or a floating system with prescribed pitch and surge mo-
tions. Therefore, the free-motion of floating structure is entirely
excluded in their studies. This is also an indicator that the appli-
cability and reliability of IDDES on the numerical prediction of
oceanwaves and the wave-structure interaction problems have not
been fully validated and verified. Therefore, out of these ap-
proaches, URANS is considered as the most efficient method due to
its relatively low computational cost while also having reasonably
good predictions for the time-mean variables.

As of right now, most FOWT turbulent CFD analysis simplifies
the problem by assuming a uniform and constant incoming wind
field. However, in a non-controlled environment, the real wind field
is muchmore unpredictable and considered as a stochastic process,
which varies in both temporal and spatial domains. To allow us to
replicate conditions of wind turbulence such that they reflect a real
life scenario, spectral methods are commonly used so that we can
reproduce such a turbulent wind field. Here, the given wind spec-
trum is broken down into a set of turbulent components with
various wave numbers and frequencies. One of the commonly used
approaches is addressed by Veers [6] based on the observation of
Atmospheric Boundary Layer (ABL) spectra to provide three-
dimensional turbulent components over homogeneous terrain.
This method has been adopted in the National Renewable Energy
Laboratory (NREL) TurbSim code [7]. It has also been coupled
alongside NREL FAST [8] to model the aero-hydro-servo-mooring
FOWT system under turbulent inflow conditions. Another tech-
nique used is the Mannwind turbulence model [9] which utilizes a
velocity spectral tensor to predict a second-order three-dimen-
sional fully turbulent field. Mann's method is able to accurately and
efficiently simulate the homogeneous inflow and ABL turbulence
[10,11].

Previous studies into the understanding of the impact that
turbulence has on awind turbine began onshore before progressing
onto offshore fixed and floating systems. Li et al. [12] utilized the
Mann wind turbulence model to analyse a bottom-fixed wind
turbine aided by CFD code (CFDship-Iowa). The study found that
the wake diffusionwould increase in the presence of turbulence. By
using a simple actuator line theory and LES modelling, Troldborg
et al. [13] investigated the effect of both uniform and turbulent
wind conditions on a bottom-fixed wind turbine. This was also
done using the Mannwind turbulence model and a simplified wind
turbine model. His study revealed that when wind turbulence is
present, the wake is found to be more unstable than if turbulence
was absent. As we get closer to the turbine rotor, we can see this
effect become increasingly more prominent in this region. In
addition to this, the study found that the disparity under various
wind turbine-modelling methods is negligible. Knowing that the
wind turbulence will have a significant impact on the wind farm
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performance, Olivares et al. [14] analysed the modelling of homo-
geneous turbulence inflow in the turbine wake through utilizing
actuator disk (AD) theory and LESmodelling. His study showed that
the velocity field within the wake region becomes uniform whilst
the turbulence kinetic energy increases behind the AD model. This
effect can be attributed to the existence of the AD edges. In addition
to this, Chivaee et al. [15] performed a study in which he investi-
gated a 2D air-foil under turbulent wind by using the LES method
and the Sub-Grid Scale (SGS) model. His research extended to the
fixedwind turbinewake under turbulent wind.We can see fromhis
work that the blade tip vortices could be captured accurately under
fine mesh resolution. Contrary to this, the coarse mesh provides
rather poor wake predictions. Moreover, Grinderslev et al. [16]
compared the onshore wind turbine aerodynamic performance
considering the turbine flexibility under turbulent inflows using
LES and IDDES models, his study revealed that there is no signifi-
cant difference between both methods on the prediction of sepa-
rate flows and blades deflection.

Moving from onshore to offshore floating wind turbine con-
cepts, recent research conducted by Li et al. [17] focuses on a semi-
submersible NREL 5 MW FOWT using the BEM tool under different
wind inflow conditions. His results show that the existence of a
turbulent wind field led to a very unstable thrust force and power.
By using a high-fidelity LES method to solve the wind turbine
aerodynamic and a low-fidelity potential theory based method to
predict the floating platform hydrodynamic, Doubrawa et al. [18]
conducted an investigation on the hydrodynamic loads of a Hywind
Spar floating wind turbine under turbulent wind conditions with
the use of Simulator for Offshore Wind Farm Applications (SOWFA)
and NREL FAST. Their results demonstrated that with the aid of the
stochastic wind turbulence models, the fatigue loads were over-
estimated at low wind speeds (0e8 m/s) but underestimated at
high wind speeds (over 25 m/s).

Other than the turbulence wind nature mentioned above, in a
wind farm area in real life, wind field shear layer is regarded as
another key factor which will have an impact on the wind turbine
aerodynamic. The onshore wind turbine can be seen to be greatly
influenced by this factor due to the boundary layer development on
land. Dolan and Lehn [19] performed a wind shear study on an
onshore wind turbine with a comprehensive model based on
analytical formulations. They concluded that wind shear resulted in
a slight reduction of the power of the rotor compared to uniform
wind. This reduction then became more significant when exposed
to tower shadow effects [20]. These effects could also be seen in the
work conducted by Wen et al. [21] through using the Free Vortex
Method (FVM). Gould et al. [22] discovered the pitch moment
difference of the onshorewind turbine subjected to a series of shear
winds based on a momentum-based method. Their research
revealed that when the wind shear layer thickness was gradually
increased, a higher shear-induced pitch moment could be seen and
caused further fatigue damages to the wind turbine. Recent
research by Li et al. [17] using BEM to examine the wind shear on
FOWT concluded that, although wind shear has a minor influence
on the total power outputs of the rotor, the local aerodynamic loads
fluctuations caused by wind shear produced additional fatigue
damage loads onto the root of blade.

Admitting that the impact of the inflow wind turbulence or
wind shear on the aerodynamic performance of the wind turbine
have been examined in aforementioned studies, however, most of
them are conducted either on a bottom-fixed offshorewind turbine
or an onshore wind turbine. For a floating wind turbine, the effects
of the inflow wind conditions may play an important role and
reveal new characteristics near the wave-air surface, and also the
floating moored structure caused by the aero-hydro-mooring
coupling. These features are entirely excluded for a fixed wind
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turbine or for a prescribed platform motions as studies in
Refs. [23,24].

Although some of the recent research has considered the FOWT
subjected to turbulent wind conditions, those research regarding
the effects of turbulent inflow and shear wind on the wind turbine
used simplified methods to model the effect on the blades, such as
BEM or AL/AD models. In addition, some researchers applying a
prescribed surge/pitch motion onto a FOWT tower to represent the
motion of a floater. In addition, as FOWT is a complex system, it is
hard to study such fully coupled aero-hydro-mooring problem us-
ing any laboratory testing to combine all factors into consideration.
i.e., turbulent wind aerodynamics, ocean wave hydrodynamics,
floating structuremotion response, andmooring system. Therefore,
at current stage, the numerical modelling plays a significant role on
FOWT investigations for identifying themain parameter matrix and
guiding the design of laboratory testing.

The current study investigates the behaviour of a FOWT under
the influence of a turbulent wind field generated by the incoming
wind spectrum in addition to the shear wind field. As mentioned
earlier, the blade-resolved flow examination in addition to the
motion capturing of free floater, allow us to understand both the
aerodynamic and hydrodynamic details of FOWT. However, these
have not been accounted for in previous studies conducted. The
current perception is that turbulent wind may have an effect on
both the unsteady aerodynamic loading of thewind turbine and the
hydrodynamic response of the floater. The existence of wind shear
may cause variance in the local aerodynamic characteristics and the
pitch moment of the FOWT. These effects may result in an overall
performance change of the turbine. The aim is achieved by using
our in-house hydro-aero-mooring CFD tool [25e28], which is able
to fully resolve the flow flied details around the turbine blades and
the area where wave-air has strong interaction with the free sur-
face. The Mann wind turbulence model is also adopted to replicate
the turbulent wind. The magnitude and spatial distribution of the
turbulence are put in as boundary condition inputs to the CFD
solver. The modelling of a FOWT under regular wave conditions is
then carried out in our numerical wave tank. After this, the aero/
hydrodynamic responses are computed before being compared to
the values predicted by the BEM tool.
2. Numerical methodology

2.1. Flow solver

2.1.1. Governing equations of fluid flow
The open source Computational Fluid Dynamics framework

OpenFOAM [29] is applied as the flow solver for the duration of the
coupled FOWT simulation. The governing continuity and mo-
mentum equations for a transient, incompressible flow can be
written as,

V:U¼0 (1)

vrU
vt

þV:
�
r
�
U�Ug

�
U
�¼�VPt�g:xVrþV

�
meffVU

�
þðVUÞ:Vmeff

þ fs
(2)

where U and Ug represent the velocity of the flow field and grid
nodes in Cartesian coordinates, respectively; r refers to the mixed
density of water and air, g denotes the gravity acceleration; Pt ¼ P�
rg:x is the dynamic pressure obtained by the total pressure P minus
the hydrostatic pressure rg:x; We can use the formula meff ¼
r ðvþvtÞ to calculate the effective dynamic viscosity, in which v and
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vt are the kinematic and eddy viscosity respectively; fs represents
the surface tension.

2.1.2. Turbulence modelling
The k-uSST (Shear Stress Transport) turbulent model is used to

account for a high Reynolds number. This may reach values as high
as Re ¼ 107 for a typical wind turbine. As indicated by previous
studies, the k-uSST turbulence model [30] is made up from a
combination of the standard k-umodel and the k-εmodel. To be
specific, it combines the standard k-umodel found near the struc-
ture boundary layer and changing to the k-εmodel in the far-field.
This design shows its strengths in adverse pressure gradients and
predicting separating flow.

For the governing equations for turbulent kinetic energy (TKE) k
and the specific dissipation rate u, we can show that,

vrk
at

þV:ðrUkÞþV:ðGkVkÞþ ~Pk�Dk ¼0 (3)

vru

at
þV:ðrUuÞþV:ðGuVuÞþ Pu �Du þYu ¼0 (4)

where Gk and Gu denotes the effective diffusivity of the turbulent
kinetic energy k and the specific dissipation rate u respectively; ~Pk
and Pu refers to the turbulence production terms, andDk and Du are
the turbulence dissipation terms;Yu is the cross-diffusion term
introduced by blending the standard k-uand k-εmodels.

2.1.3. Free surface modelling
To allow capturing of the air-water free surface, the Volume of

Fluid (VOF) method [31] is applied in OpenFOAM, in which the free
surface is represented by the volume fraction a . For a two-phase
air-water fluid flow, the volume fraction is distributed as follows,
8<
:

a ¼ 0; air
a ¼ 1;water
0<a<1; free surface

(5)

The governing equations of the volume fraction variable
afollows,

va

at
þV:uaþ V:½urð1�aÞa� ¼ 0 (6)

In order to capture the free surface accurately, a bounded
compression method with an additional compression term on the
left-hand side of the transport equations has to be introduced
which only functions near free surface due to the inclusion of ð1 �
aÞa, where ur ¼ uwater � uair is an artificial velocity field, and used
to compress the interface.

For a multiphase flow problem, the volume fraction of each
liquid is used as the weighting factor to calculate the mixture
properties. Listed below are the equations for the density and the
viscosity,

r¼arl þ ð1�aÞrg (7)

m¼aml þ ð1�aÞmg (8)

where the subscripts l and g refer to the liquid and gas respectively.

2.1.4. Wave generation and absorbing
To generate regular waves in our numerical wave tank, an open-

source toolbox “waves2Foam” [32] has to be used. A new boundary
condition at the inlet boundary was implemented in the Open-
FOAM to generate different types of numerical waves based on the



Fig. 1. 3D Lumped-mass dynamic mooring line modelling.
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relevant wave theories. In addition, the relaxation zone was
adopted to provide better wave quality whilst also avoiding wave
reflection in the absorbing zones. This technique is applied at both
the inlet and outlet boundaries in the numerical wave tank. The
main functions of the relaxation zones are specified as follows,

aRðcRÞ¼1� exp
�
cR

3:5�� 1
expð1Þ � 1

(9)

4R ¼uR4
computed
R þ ð1�uRÞ4target

R (10)

where 4R represents either the velocity or volume fraction of
water a; the definition of cR is that the weighting functions aR is
always equal to 1 at the interface between the non-relaxed
computational domain and the relaxation zones, while cR refers
to a value between 0 and 1.

In the present work, the stokes second order regular wave
theory is adopted in the present study which is widely used in
ocean waves modelling. The surface elevation can be represented
into the time domain by the following equation,

hðx; tÞ¼A cosdþ A
16

Agk
u

coshkh

sinh3kh
coshð2kgþ2Þcos 2d (11)

where A represents the wave amplitude; u is the angular fre-
quency; 4 denotes thewave phases; h refers to thewater depth and
k is the wave number.

The vertical and horizontal velocities w and u implemented to
the inlet boundary are given by,

wðx; tÞ¼Agk
u

sinhkðzþ hÞ
coshðkhÞ sindþ 3

4
Agk
u

AH
2l

sinh2kðzþ hÞ
cosh4ðkhÞ

sin2d

(12)

uðx; tÞ¼Agk
u

coshkðzþ hÞ
coshðkhÞ cosdþ 3

4
Agk
u

AH
2l

cosh2kðzþ hÞ
cosh4ðkhÞ

cos2d

(13)

g is the gravitational acceleration; z refers to the vertical length
measured upwards from the still water level; h is the water depth
and l representing the wavelength.
2.1.5. Mooring line modelling
A mooring system analysis module is implemented into the

coupled aero-hydro-mooring system under the CFD framework
[26], where both the quasi-static [33] and the dynamic mooring
line modules are developed. The dynamic method is then adopted
in order to capture more accurate results, as we take into account
any dynamic effects which include inertial forces compared with
quasi-static mooring line modelling.

Typically, themooring lines are not directly simulated in the CFD
computational domain. Instead, the tension loads of the mooring
lines are added as constraints on the patches of the floater onto the
computational mesh. In order to capture the tension loads sub-
jected to the mooring lines, a 3D-lumped mass method is adopted
to perform the dynamic mooring line behaviour. The sketch of the
dynamic mooring line modelling is shown in Fig. 1.

In a 3D-lumped mass model, the mooring lines are discretized
into nþ1 nodes (concentrated masses) which are connected by n
springs (massless segments). All the nodes have to satisfy the
equilibrium equations and elongation equations both in the hori-
zontal and vertical directions. At the beginning of the simulations,
the initial tension forces at the first segment connected with the
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platform are specified as the estimated total weight of the mooring
lines in water. In addition, the positions of mooring anchor are al-
ways checked at each unsteady time step to guarantee the pre-
dicted mooring anchor position is consistent with the constraints
imposed by the anchor. If the convergence criterion is satisfied of
the error functions, then the tension loads of each segment is
determined.

In order to calculate the hydrodynamic loads on the mooring
lines exerted by the fluid flow (which is neglected during the CFD
modelling), Morison's equations [34] are adopted in the mooring
system analysis module. Both the drag force and virtual mass force
(inertial force) is computed. This is done firstly for line segments
and then transformed to the adjacent nodes.
2.2. Turbulent wind modelling

To solve the problem of turbulent wind modelling, the Mann [9]
method is implemented into the current flow solver. As we can see
in Mann's method, the Mann wind turbulence box is based off the
construction of a velocity-spectrum tensor (4ij) of a neutral atmo-
spheric boundary layer (ABL). The turbulence field is then repro-
duced with second-order statistics derived from two things, either
from the covariance tensor or from its Fourier transform. Generally,
they are relevant to the spectral tensor (i.e. Von Karman tensor in
the present study). However, the stochastic velocity field uðxÞ does
not have a direct Fourier transform as it is unable to be integrated
over the space. Mann's velocity field can be represented in terms of
a generalized Fourier-Stieltjes integral

uðxÞ¼
ð
eik:xdZðkÞ (14)

In which k represents the wave number vector and the inte-
gration of k covers all the wave number space which makes up the
velocity field; ZðkÞrefers to a complex orthogonal stochastic pro-
cess. We can then use this process to calculate the velocity-
spectrum tensor 4ij

4ðxÞijdk1dk2dk3 ¼dZ*i ðkÞdZjðkÞ (15)

where * stands for the conjugate and *represents averaging.
Because the velocity-spectrum tensor 4ij is related to its covariance
three-dimensional energy spectrum, if the flow is thought to be
incompressible, the spectral tensor can then be given by the
formula,

4ijðkÞ¼
EðkÞ
4pk4

�
dijk

2 � kikj

�
(16)

The Von Karman spectrum [35] is selected for use in the current
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study as it is one of the recommended energy spectrums in the
International Electrotechnical Commission (IEC). This is given as,

EðkÞ¼aε2=3L5=3
L4k4�

1þ L2k2
�17=6 (17)

where a is the Kolmogorov constant,ε is the rate of dissipation of
turbulent kinetic energy (TKE) and L represents a length scale. As it
is currently impossible to measure the energy spectrum experi-
mentally, we must utilize one-dimensional spectra which can be
derived after following the relationship with three-dimensional
spectrum [36]. The one-dimensional Von Karman spectrum can
be expressed as follows, for the spectrum relating to longitudinal
direction,

F1ðk1Þ¼
9
55

aε2=3L5=3
1�

1þ L2k21
�5=6 (18)

For the spectrum of transversal direction (i ¼ 2,3),

Fiðk1Þ¼
3

110
aε2=3L5=3

3þ 8L2k21�
1þ L2k21

�11=6 ði¼2;3Þ (19)

2.3. Implementation wind turbulence to flow solver

x¼ L1 � Umeant (20)

The Mann wind turbulence method described above has been
built into our coupled hydro-aero-mooring CFD solver. We can see
how it is implemented into the simulation in Fig. 2. There are three
Fig. 2. Layout of the implementation of Mann model to OpenFOAM.
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main steps to this. Firstly, the homogeneous isotropic turbulence
wind field has to be generated. Fast Fourier transform is utilized to
compute the velocity field with the given one-dimensional spectra,
i.e., equations (18) and (19). After doing so, we are able to generate a
three-dimensional field with this data. Taylor's frozen hypothesis is
used to transfer time series into space series. Based on this, ve-
locities are extracted from different sections of the Mann wind
turbulence box, and various time-domain results can be obtained
along a transversal plane in the Mann box. The relationship be-
tween a longitudinal dimension and time is given as.where L1 is the
longitudinal dimension of the Mann wind turbulence box and
Umean stands for the mean wind velocity at a specific turbine hub
height. The generated turbulence wind field has to be evaluated
against the given wind power spectrum first before they are
inserted as the wind turbulent boundary conditions onto the CFD
computational domain. Because the CFD mesh is finer than the
discretized wind field in Mann wind turbulence box, a trilinear
interpolation is required. This allows us to obtain all relevant tur-
bulent velocities at the CFDmesh along the inlet boundary. Another
key factor is that as the unsteady CFD modelling time step is
significantly shorter compared to the time step used for the tur-
bulent wind field generation, a similar time interpolation is also
required.

3. Validation and verification

3.1. The implementation of Mann wind turbulence model

The study conducted below validates the generation of the
turbulence wind field based on Mann's algorithm. Firstly, the re-
sults are compared against the one-point velocity spectra, previ-
ously defined in Equations (18) and (19). The mean velocity is
established as the rated wind speed at 11.4 m/s of an NREL 5 MW
wind turbine. The Mann wind turbulence box domain is defined as
Lx� Ly� Lz ¼ 2400m� 500m� 300m. The length increment of the
domain cells is set to 10m in both the longitudinal and transversal
directions. The velocity distribution at the turbine hub (i.e., Y¼ 0 m
and Z ¼ 90 m) along the three directions are displayed in Fig. 3
along with the spectra produced as a result of the Mann model.
The velocities vary throughout the entirety of the spatial domain,
i.e. Um±3m=s, Vm±2m=s, Wm±1:5m=s for the longitudinal and
transversal velocity respectively. Fig. 3 shows the comparison be-
tween the theoretical transversal velocity one-point velocity
spectra against the spectrum obtained from the Mann model. The
values Su, Sv, and Sw represent the spectrum calculated on the u, v,
and w velocities respectively. Fig. 4 presents the velocities at
various axial positions in the CFD domain without the FOWT
structure where the decay of turbulence could be seen due to the
nature of URANS numerical method.

Fig. 5 shows the standard deviation of the velocity distribution
along the XoY and XoZ planes perpendicular to the Z-axis and Y-
axis while the turbine rotor locates at Z ¼ 90 m and Y ¼ 0 m. As we
can see from Fig. 5, the standard deviation calculated from the
Mann model remains consistent with the given one point spec-
trum. The standard deviation in x, y and z velocity is fluctuated near
1.0 m/s, 0.7 m/s, 0.5 m/s, respectively. These values satisfy the IEC
standard [37] of s2 � 0:7s1; s3 � 0:5s1. Despite this, the turbu-
lence intensity (TI) follows IEC standard of TI ¼ 0.12 for axial
velocity.

3.2. Dynamic motion response and aerodynamic performance of
FOWT

The present hydro-aero-mooring CFD solver has been validated
through several OC4 Semi-submersible NREL-5 MW FOWT studies



Fig. 3. Mann model validation left: velocity distribution along three directions at hub location; right: one-dimensional velocity spectra for each velocity component computed from Mann model.
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Fig. 4. Time history of velocities at turbine hub height (Z ¼ 90 m) in inlet boundary (X ¼ �250 m in Fig. 10) and rotor plane positions (X ¼ 0 m) in CFD calculation without FOWT structure.

Fig. 5. Standard deviation of flow field along the XoY & XoZ plane perpendicular.
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Table 1
Mesh sensitivity results of aerodynamic thrust of NREL 5 MW wind turbine.

Mesh Number CFD Experimental FAST

Coarse 3.8 million 143.8 KN 126.1 KN 102.6 KN
Medium 5.7 million 142.0 KN
Fine 10.3 million 140.8 KN
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which can be seen in our previous papers [25e27]. These valida-
tions against an 1/50 scaled model operated cover the hydrody-
namic responses of the floating structures, the aerodynamic
performance of the wind turbine and the tension loads of the
mooring lines under both regular wave with a uniform wind field.

In the present study, we carried out a validation study with the
operating conditions provided in Ref [38]. The uniform inflow
speed is 7.32 m/s while the rotor speed is fixed as 4.95 RPM with a
collective blade pitch angle of 6.4�. The NREL 5 MW wind turbine
aerodynamics are investigated without considering the floating
platform and the supporting tower.

Fig. 6 summarizes the time history aerodynamic thrust in 30 s.
Three meshes with different densities are generated, which are
termed as Coarse (3.8 million), Medium (5.7 million) and

Fine (10.3 million). The time-averaged value is calculated from
20 s to 30 s to eliminate the initial start-up effects. It can be clearly
seen that the difference for thrust between different mesh is nearly
negligible, indicating that the results are independent of the grid.
Moreover, the current predictions are in a good agreement with the
experimental data as shown in Table 1.

As the turbulent wind field has been previously validated in
section 3.1, thus, we carried out one more mesh sensitivity study
regarding the coupled aero-hydro-mooring FOWT system consid-
ering the floating substructures and the tower under uniform
inflow and regular wind conditions, i.e., LC1.1 (see Table 2 for the
operation conditions parameters). This mesh number refers to 2.7
million, 6.8 million, and 8.6 million for coarse, medium, and fine
respectively. Fig. 7 summarizes the time history of the rotor thrust
and power predictions under one sampled rotation period, the
aligned results indicate that the results are mesh independent.
Thus, taking the computational cost into consideration, the me-
dium size of the mesh utilized for the following simulations. To
model the present turbulent wind rather
4. Numerical setup

4.1. Case setup

The model used in this study is the OC4 semi-submersible NREL
5 MW floating offshore wind turbine. In regards to the bottom
component, the DeepCwind semi-submersible platform is made up
of three offset columns with large heave plate bases, with one
centre column used to support the wind turbine and several con-
necting braces which act together to stabilize the floater. The wind
turbine subsections include the rotor blades, hub, nacelle, and the
Fig. 6. Time history of NREL 5 MW wind turbine thrust force.
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tower. The rotor diameter is 126.0 m and the hub height is 90 m
above the still water line (SWL).
4.2. Selected case studies

In the present study, four different wind fields are examined
while the wave condition is kept constant throughout. A schematic
diagram showing these four wind fields is plotted in Fig. 8 and
listed in Table 2. Three time-independent wind inflow conditions
are examined, one uniform inflow (LC1.1) and two shear wind in-
flows (LC2.1 and LC2.2). The turbulent wind, illustrated in Fig. 8 is
time-dependent as LC3.1. For the time-independent shear wind, the
shear layer is picked up as 25 m in LC2.1, and 90 m in LC2.2. The
25 m height is a height which can be found in other investigations
[14], however, 90 m is selected for two reasons. Firstly, in the LC2.1,
H ¼ 25 m is too short to fully cover the region where the turbine
blades rotate, thus, we anticipate that the influence of such shear
flow on the aerodynamic characteristics of the wind turbine is
minimal. The LC2.2 with H ¼ 90 m is expected to yield significantly
different results from LC2.1. In addition, to study the turbulence
incoming wind, the Mann turbulence box generates a shear layer
between H ¼ 0 (SWL) to the turbine rotor centre at H ¼ 90 m.
Therefore, LC2.2 is set up in this study. The time-mean velocity Um

is 11.4 m/s. The wave condition for all four cases is Stokes second-
order regular wave as wave height and wave period refers to
7.58 m and 12.1 s, the commonly used sea state in North Sea [38].
The blade pitch angle is maintained as a constant of 0� and the rotor
speed is fixed to 12.1 RPM under rated wind speed suggested by
NREL [39]. The turbine blades are regarded as rigid, and thus no
aero-elasticity of blade is taken into account and also no blade pitch
and generator torque controller are used in the present model.
4.3. Computational domain and boundary conditions

As was previously mentioned, the dimensions of the CFD
domain are different from those of the Mann turbulence box as we
can see in Table 3. As shown, the X and Y dimensions of the Mann
turbulence box are larger than those of the CFD as suggested in
Refs. [12,15,40]. This allows us to achieve the spatial interpolation of
the turbulent velocity field originally generated in the Mann box.
However, the Z dimension of the Mann turbulence box is smaller
than that of CFD domain. This is due to the inclusion of the water
wave phase in CFD modelling, e.g. a water depth of 200 m is
included.

A built-in arbitrary mesh interface (AMI) method in OpenFOAM
can be used to analyse the motion of an OC4 semi-submersible
NREL 5 MW FOWT. Fig. 9 shows the partial mesh on the structure
and AMI surface of the entire computational domain. A built-in tool
(snappyHexMesh) has been adopted to generate the computational
mesh. The total mesh for the present CFD computation for all four
simulations equates to 6844520. Grid refinement is applied near
the free surface where the wind turbine blades and the turbine
wake can be found. Eight layers of boundary layer mesh with the
first layer grid thickness of 0.4 mm and a progression rate of 1.1 is
added. This is to ensure the y þ value is in the range of [30,300]
while a wall function is adopted for near wall treatments. In



Table 2
Physical properties of the selected cases.

Wind Fields Uniform Shear 1 Shear 2 Turbulence

Load Cases LC1.1 LC2.1 LC2.2 LC3.1
Waves Regular wave: H¼7.58m, T¼12.1s
Wind: Wind fields
Characteristics Time-independent Time-dependent
Equations U0ðx;y;z; tÞ ¼ Um

� z
H

�n

Um (m/s) Um ¼ 11:4 Um ¼ Umðx;y;z; tÞ ¼ 11:4
H ðmÞ 90 25 90 90
n 0 1 1 1

Fig. 7. Time history of NREL 5 MW wind turbine thrust under regular waves. than constant wind, additional mesh refinement is conducted, and the detail is introduced in section
4.2.

Fig. 8. Sketch of four wind fields.

Table 3
Main parameters of the CFD computational domain and Mann turbulence box,
d refers to the spacing of offset columns of platform (50 m).

OpenFOAM (CFD) Mann Turbulence Box

Domain Size 750m� 400m� 500m 15D� 8D� 10D
2400m� 500m� 300m 48D� 10D� 6D

Domain Grid 6844520 cells 240� 50� 30 cells
Grids around WT 3549010 cells N/A
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addition, relaxation zones are set to achieve a better wave quality
and to reduce the wave reflection. The length of these zones are
defined as follows, i.e., inlet relaxation zones: one wave length, and
the outlet relaxation zones: two wave lengths. The origin of the
1068
coordinate system is located at the FOWT platform centre and the
flow direction is along the positive x-axis.

The sketch of the boundary conditions of CFD domain is shown
in Fig. 10. At the inlet boundary (where x ¼ � 250m), the velocity is
defined as the prescribed incident regular wave together with up
turbulent, uniform and shear winds. The k and u, is estimated by
using Equations (18) and (19) referred by Tian's study [41], where I
is the turbulence intensity and mt

m represents the viscosity ratio.

k¼1:5ðUIÞ2 (18a)

u¼ rk

m

mt
m

�1
(19a



Fig. 9. Computational mesh of NREL 5 MW semi-submersible FOWT.

Fig. 10. Sketch of CFD computational domain of FOWT modelling.
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The gradient of velocity, k and u is set to zero at the outlet
boundary ðx ¼ 500m). The front and back boundaries (y ¼ ± 200m)
are imposed symmetrically and the top and bottom boundaries (z ¼
300m and� 200m) are set as the zero gradient. The non-slip wall
boundary with zero pressure gradient is defined on the patches of
the FOWT.

The time step is set as small as 0.001s, i.e., 1/4950 of Trot for one
turbine rotation, 1/12100 of one wave period. For LC1.1, LC2.1, LC2.2
and LC3.1, it takes nearly 580 h using High Performance Computing
facility with 200 cores running in parallel for 200 s, i.e., the time
span covers around 40 rotations for a wind turbine or 17 incident
wave periods.

5. Results

5.1. Wind turbine aerodynamics

Fig. 11 shows the time history of the rotor thrust and power
predictions under two sampled wave periods (132se156s) when
they are exposed to uniform, shear and turbulent flow conditions.
Then, by utilizing both NREL FAST V8 and TurbSimV1.06 [8,42], we
are able to compare these results against the BEM results achieved
previously. We know that the instantaneous time is non-
dimensionalized by the incident wave period (T), whilst an esti-
mate of the thrust force of CFD can be calculated by using the sum
of the aerodynamic force exerted on all three blades along the x
direction. Consequently, the power can also be calculated by
multiplying the rotor torque against the angular velocity of the
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rotor blades. Non-dimensionally, the formula: CT ¼ Thrust=0:5rRU2

can be used to work out the thrust coefficient. Similarly, the power
coefficient can be estimated by applying the formula Cp ¼
Power=0:5rRU3, in which, R represents the rotor radius and U
stands for the wind speed.

Referring to Fig.11 again, we can see that the values for both CFD
and NREL FAST display a similar pattern in regards to the rotor
thrust force and the overall power output of the wind turbine.
Under uniform inflow conditions (LC1.1), the thrust and power
outputs show a similar pattern, i.e., the numerical predicted peak
values are smaller than those obtained from FAST. This might be
due to the fact that the floater motion on the turbine wake flow is
taken into consideration via solving the URANS equations directly,
while the BEM based tool (NRAL FAST) adopts an empirical
correction dynamic wake model. Similar findings are noted in
References [12,43,44] where the variance of the peak thrust/torque
is nearly ±8%. In the present simulation, the difference goes to
nearly 11%. At certain time instances, (0.06 T, 0.20 T, 0.33 T, 0.47 T,
etc.), we are able to see a few local minimum values appear along
both thrust force and power curve simultaneously. From the data,
we can see that these sudden dips vary between 5 and 7% of the
mean thrust force and power. These can be observed at every 1/3
rotation of the wind turbine, where the blades rotation aligns
themselves front of the tower.

The results obtained by comparing different wind fields sug-
gests that in the presence of wind turbulence, both the peak of the
thrust and power is increased when compared against a time-
independent uniform/shear wind. In addition to this, CFD is able
to predict a larger magnitude of fluctuation than the FAST results.
Aside from this, however, it is also observed that there is a relatively
low frequency variation in the thrust and power, which could
potentially be directly caused by the turbulent decay which is
associated with the URANS CFD modelling used in this study.

To allow us to develop a better understanding of the conse-
quence that turbulent wind has on the aerodynamic performance
of a wind turbine, we must carry out a statistical analysis of the
data. The results of this analysis can be seen, summarized above in
Table 4 for the peak and time-mean parameters. We can see that
the Time-mean thrust results obtained by using CFD indicate that
despite the mean magnitude being nearly identical for the uniform,
shear wind and turbulent wind, (e.g. 783.7 KN, 781.3 KN, 771.73 KN,
781.3 KN for LC1.2, 2.1, 2.2 and 3.1 respectively), the standard de-
viation values for turbulent wind (LC3.1) is seen to be reasonably
larger than the values obtained for the time-independent wind
field, i.e., 39.7 KN, 40.5 KN and 43.8 KN for LC.1.1, 2.1 and 2.2,
respectively. This observation can also be found in the results of the
NREL FAST analysis. On top of this, the difference between the peak
thrust and power between uniform and turbulent wind is also



Fig. 11. Thrust and power outputs of FOWT under uniform, shear and turbulent flow.

Table 4
Statistics of thrust and power of wind turbine under different wind fields.

CFD NREL FAST

Uniform wind (LC1.1) Shear wind (LC2.2) Shear wind (LC2.1) Turbulent wind (LC3.1) Uniform wind (LC1.1) Turbulent wind (LC3.1)

Thrust (KN) Max/Diff 846:4 ð0:00%Þ 845:1 ð � 0:15%Þ 851:8 ð0:65%Þ 872:2 ð3:05%Þ 739:8 ð0:00%Þ 770:4 ð4:13%Þ
Min/Diff 690:3 ð0:00%Þ 687:4 ð � 0:43%Þ 668:3 ð � 3:19%Þ 668:6 ð � 3:14%Þ 693:2 ð0:00%Þ 701:1 ð1:14%Þ
Mean/Diff 781:3 ð0:00%Þ 781:3 ð0:00%Þ 771:7 ð � 1:22%Þ 783:7 (0.31%) 723:2 ð0:00%Þ 735:1 ð1:65%Þ
s 39:7 40:5 43:8 53:1 10:2 14:3

Power(MW) Max/Diff 6:90 ð0:00%Þ 6:87 ð � 0:43%Þ 7:04 ð2:02%Þ 7:21 ð4:49%Þ 5:58 ð0:00%Þ 6:11 ð9:49%Þ
Min/Diff 4:50 ð0:00%Þ 4:46 ð � 0:80%Þ 4:22 ð � 6:02%Þ 4:58 ð1:70%Þ 4:90 ð0:00%Þ 5:10 ð4:08%Þ
Mean/Diff 5:88 ð0:00%Þ 5:89 ð0:17%Þ 5:75 ð � 2:21%Þ 6:16 ð4:76%Þ 5:34 ð0:00%Þ 5:54 ð3:74%Þ
s 0:63 0:64 0:67 0:76 0:15 0:21
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slightly larger than their respective time-mean values. However, it
should be taken into account that the thrust and power are both
largely controlled by the wind speed that locates at the upstream
region of the rotor blades. Because of this, the large time-variable
peak thrust which was found in the presence of turbulence does
not necessarily suggest that the time-mean thrust is larger in the
absence of turbulence.

5.2. Wind turbine wake profile

Fig. 12 below shows the instantaneous velocity contour on a
horizontal XoY plane at Z ¼ 90 m where we can see the effects of
either the presence or absence of turbulence at a time instant
t¼0.9T. The initial FOWT positions are coloured in black which
proves that the floating structures are interacted with the turbine
wake. At these specific values, we can see exactly where the rotor
thrust output reach a trough in Fig. 11. The vorticity plots rendered
as the ISO surfaces of Q is set to 1. This is coloured by the axial
velocity [45]. Using the data and comparing all four figures, a
typical spatial variation can be clearly seen and alongside this, there
are some clear-cut differences between uniform/shear wind con-
ditions and turbulent wind conditions. In the presence of
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turbulence, we can see that, the wind field upstream of the wind
turbine clearly shows a lower speed regime time sequence is
plotted, at the point where t ¼ 0.9 T, the instantaneous thrust value
when turbulence is present is less than the instantaneous thrust
value calculated when turbulence is absent. This smaller value in
the instantaneous thrust can be attributed to the low speed regime
upstream of the wind turbine. This effect can also explain why the
wake downstream of the turbine looks to be more unsteady and
non-uniform. As a result of this, the turbulent diffusive nature is
observed to extend further down into to the weaker vortices
forming between the hub and the blades.

Fig. 13 shows the vertical sectional viewwith respect to the flow
field at the mid-plane (XoZ) of the computational domain. We can
see that both in the absence and presence of turbulence, at two
specific time instances, (i.e., t ¼ 0.9 T and t ¼ 1.4 T) the minimum
and maximum thrust is generated, while also factoring in the free
surface of water-air. From Fig. 13, we can see the airflow close to the
air-wave free surface is significantly more affected by the water
wave propagation compared to the airflow which is further away.
This represents the wind-wave interaction which is coupled in the
CFD modelling. This observable effect can be attributed to the
decreased air velocity which can be seen above both the wave



Fig. 12. Instantaneous flow field in a horizontal sectional plane coloured by axial velocity located at the hub height (z ¼ 90 m) at instant time of 0.9 T. (a): LC1.1, (b): LC2.1, (c): LC2.2, (d): LC3.1.
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Fig 13. Instantaneous flow field in a sectional vertical mid-plane (XoZ) coloured by axial velocity: (a) LC1.1 (b) LC2.1 (c) LC2.2 (d) LC3.1 at time t¼0.9T; (e) LC1.1 (f) LC3.1 at time
t¼1.4T
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crests and troughs near the free surface. It should not go unmen-
tioned the airflow field found around the wind turbine is not
significantly affected. Similar to the findings from Fig. 12, we can
see that the turbine wake at the XoZ plane (which is represented by
the velocity field) becomes increasingly non-uniform when tur-
bulence is present compared to the conditions when turbulence is
absent. Fig. 14 shows the axial velocity distribution when a non-
dimensionless form is present U=U∞ in the wake region ranging
from x¼ 0.5Drtr to 3.0Drtr downstream. Using Fig. 14, we are able to
see the velocity found at the rotor, (i.e., y/Drtr ¼ 0), decreases
apparently from the near-wake to the far wake, whilst the velocity
found at both the top and bottom blade tips, i.e., y ¼ ±0.5Drtr are
found to trend closer to the rated wind speed. In addition, we can
see that when compared against the time-independent wind fields
(LC1.1, LC2.1 and LC2.2), the presence of wind turbulence (LC3.1)
results in quick diffusion of the wake. This is demonstrated by a
rapid change of axial velocities between �0.5Drtr < Y < 0.5Drtr.
These findings are supportive to the studies by Li et al. [12] for an
onshore fixed wind turbine, e.g. the floating concepts have negli-
gible impacts on the turbine wake velocity distribution along the
horizontal sectional plane at hub height when they are compared
with onshore turbines.

Fig. 15 plots the instantaneous turbulence intensity (TI) contour
at the Y ¼ 0 m plane. Since the results gathered from LC1.1, LC2.1
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and LC2.2 are almost identical to each other, the only comparison
that can be made is between conditions with uniform wind (LC1.1)
and conditions with turbulent wind. We can see that the plots
above in Fig. 15 show a large variation in the TI regime. This vari-
ation is not unique to only the rotor as it can also be found at the tip
of the blade. More detailed information regarding the variation can
be seen in Fig. 16, where the turbulence intensity profiles are
recorded at the hub height. We can see here that, similar to the
velocity profile shown in Fig. 14, the TI also dissipates faster for
LC3.1. It should be noted however, that at the blade tip of
y ¼ ±0.5Drtr, the TI value is found to be greater in the presence of
turbulence than in the absence of turbulence.

Fig. 17 shows the contours of the airflow field at four different
span-wise sections of blade-1, i.e., the blade of the turbine with an
azimuth angle of 0�. This is coloured by the axial velocity. Fig. 18
shows the pressure distribution along the surface of foils, repre-
sented by Cp alongside the schematic diagram which indicates the
slices along the blade span direction. This is represented by r/R.
Factoring in the aspect that no aero-elastic feature of the blade is
taken into account for the conducted simulation, the Angle of
Attack (AoA) of the varying slices of the blade is constant. These
values are provided in the NREL report [39]. As shown in Fig. 17 (a),
the flow separation occurs between 1/3 to 1/2 chord lengths from
the foil leading edge under all conditions and at varying r/R levels.



Fig. 14. Axial velocity at different axial positions at hub height (Z ¼ 90 m) in the wake region at t ¼ 0.9 T.

Fig. 15. Turbulence intensity distribution along the XoZ plane at instant time of 0.9 T. Left: LC1.1, right: LC3.1.

Y. Zhou, Q. Xiao, Y. Liu et al. Renewable Energy 182 (2022) 1060e1079
This phenomenon can be seen to start along the top surface of
the foil, before continuing and extending to the trailing edge. We
can see that both the recirculation regime (which is associated with
a reversed pressure gradient) and the negative velocity regime
become more profound as the flow moves from the foil root to the
foil tip, with an increasing value of r/R. In addition, to illustrate the
unsteady feature, Fig.17 (b) plots the axial velocities at r/R¼ 20% for
LC3.1 at different time instants between t ¼ 0.9 T and t ¼ 1.4 T,
where the thrust increases gradually (see Fig. 11). As we can see
from this figure, with the increase of incoming flow velocity, the
flow separation near the trailing edge becomes weaker and weaker,
leading to the increase of lift force and thus the overall thrust.

We can see that by comparing the pressure distribution shown
in Fig.18, that when the value of r/R is equal to 20%, LC3.1 is found to
be significantly different than the other cases. This is especially
noticeable at the regime x/Chord<0.5, suggesting that turbulence
wind has a significant influence on the foil surface pressure dis-
tribution, which ultimately results in a change in the lift force and
thrust/power. However, as the r/R value increases towards a value
of 0.98 (where the blade slice ends up in its tip position), this
discrepancy becomes less and less apparent. This finding then
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suggests that varying levels of turbulence will impact decays from
the blade root to the blade tip. This conclusion is consistent with
the turbulent boundary layer development around the slender
shape of the blades and the turbine tower itself.
5.3. Shear wind layer thickness

We can see from the above results that there are a few distinct
differences between the results gathered from uniform wind LC1.1,
shear wind LC2.1 and LC2.2. If we consider the idea that a uniform
wind can be treated as the shear layer height of zero, then we must
conduct a further study to provide us with enough information to
form a detailed explanation regarding to the impact of shear wind
layer thickness to the FOWT aerodynamic.

Fig. 19 plots a zoom-in curve using the rotor thrust/power data
shown previously in Fig. 11. There are three specific times selected
for the purpose of plotting: t1 ¼ 0.20 T, t2 ¼ 0.41 T and t3 ¼ 0.58 T.
These three times are selected as they correspond to the specific
times at which a local minimum, maximum and moderate thrust/
power appears, respectively.

From Fig. 19, we can see that regular local troughs and crests



Fig. 16. Turbulence intensity at different axial positions at hub height (Z ¼ 90 m) in the wake region at t ¼ 0.9 T.

Fig. 17. Instantaneous flow field of (a) axial velocity along different blade sectional views at time t ¼ 0.9 T (b) axial velocity along blade sectional views at r/R ¼ 20% at different time
instants for LC3.1.
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Fig. 18. Pressure distribution at different axial positions at instant time t ¼ 0.9 T.

Fig. 19. Thrust and power outputs of FOWT under time independent wind fields.
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develop in the time sequence thrust/power curve regardless of the
height of thewind shear layer. The local minima at t¼ 0.20 T, 0.34 T,
0.48 T, etc. appear in the same time instances as when the blades
1075
pass in front of the tower. This phenomena can also be found in
various previous studies [19,20,27], and it has been named as the
tower shadow effect. When we compare between the three



Fig. 20. The sketch of the turbine blade position and the instantaneous flow field at a vertical sectional plane (YoZ) at three time instances.

Fig. 21. Inline surge force and pitch moment of the FOWT under different wind fields.
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different shear conditions, we can see that in all instances, LC2.2
always has a smaller thrust in comparison to the others. Since we
know that the shear height of LC2.2 is 90 m, we can draw the
conclusion that the shear thickness at this level has a significant
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impact on the aerodynamic characteristics of thewind turbine. This
effect becomes most prominent at a time instance of t1 ¼ 0.20 T,
where the thrust can be seen to decrease 6% from LC1.1 to LC2.2.
The reasoning to explain this phenomenon can be found in the
blade position and velocity contours displayed in Fig. 20. If we take
the points t1 ¼ 0.20 T in Fig. 20 (a)e(c), we can see that in the low
velocity zone (indicated by a large area coloured blue in Fig. 20 (c))
for LC2.2, this extends away from the platform towards the centre
of the rotor. This low-speed regime is found to mainly occupy the
area closest to wave-air free-surface for LC2.1 shown in Fig. 20 (b).
As a result of this low speed regime, smaller wind turbine blades
may generate lift force and thus resulting in a smaller torque and
thrust.

One interesting thing to note is that as shown above, the shear
layer impact is not always constant at any given time instance
within a single wave cycle. We can see from Fig. 19, at specific time
instances of t ¼ 0.34 T, 0.48 T, 0.62 T, 0.76 T and 0.90 T, the shadow
effect can also be spotted, similar to the occurrence at the point
where t1 ¼ 0.20 T. In these instances however, it can be seen that
the discrepancy among LC1.1, LC2.1 and LC2.2 is not as significant as
t1 ¼ 0.20 T. Therefore, we can conclude that, at the mentioned time
instances, the motion of the floater leads to the blade inclination to
the incomingwind and also a reduced swept area of the turbine can
be seen, resulting in the smaller thrust/power predictions.

Now, taking the point where t2 ¼ 0.41 T, the local peak thrust/
power is achieved when the azimuth angle of the three blades
are 0�, 120�;240�, respectively. We can see that at this onemoment,
the disparity between LC1.1, LC2.1 and LC2.2 is extremely minimal.
Compared with LC1.1 &2.1, the low velocity can be seen to occupy a
slightly smaller area as displayed in Fig. 20 (e) & (f). Because of the
decrease in the area which is occupies, it now has less of an impact
on the thrust/power. This effect can be clearly seen at the point
t3¼ 0.58 T in Fig. 20 (g)e(i), where thewind turbine is experiencing
a moderate thrust/power, compared to the greater values which it



Fig. 22. Surge and pitch motion under different wind fields.

Fig. 23. Tension loads of one mooring line (connected with the larboard column)
under different wind fields.

Y. Zhou, Q. Xiao, Y. Liu et al. Renewable Energy 182 (2022) 1060e1079
was previously experiencing.
Fig. 24. PSDs of tension loads of the mooring line (connected with the larboard col-
umn) under different wind fields (a) log plots under the frequency range 0e7 Hz, (b)
linear plots under the frequency range 0e0.4 Hz.
5.4. Hydrodynamic response

Not taking into account the previously mentioned details
regarding the aerodynamic of a wind turbine, the involvement of
turbulent wind could also be influencing the FOWT hydrodynamic
responses. Fig. 21 plots the inline surge force and the pitch moment
relative to the tower root of the full FOWT under five sampled
regular wave periods (132se192s). From these results, we can
conclude that the existence of different wind fields has little in-
fluence on the inline force and the pitch moment. Referring to
Figs. 21 and 22, where the surge and pitch motion and mooring
responses are plotted, we can see a similar trend occurs. Looking at
the figures, we can deduct that the response amplitude/RAO is
nearly identical regardless of whether the wind is uniform, shear or
turbulent. Because of this, we can say that the turbulent wind has a
negligible effect on the dynamic response of the FOWT substruc-
ture in the present study. This could be due to a relatively short-
length numerical modelling conducted. It is anticipated that a
much longer simulation may capture the low frequency loads
induced by the turbulent wind at a very low resonance frequency
closer to platform surge natural frequency. This time span for such
simulation is around 30-50 periods of the floater natural motion
periods, i.e. 900se6000s, which is hard to be achieved using a high
fidelity and computationally expensive CFD solver.
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Lastly, in contrast to the fluctuation which could be seen pre-
viously in both the thrust and power curves in Fig. 11, here, we can
see no such fluctuation on the curve of the floater. The lack of this
fluctuation suggests that the excitation of the incident wave force
and the tension of the mooring lines are the dominant factors
alongside the dynamic motion responses of FOWT as well as the
unsteady tension loading which can be seen in Fig. 23. In order to



Fig. 25. Wave elevation contour plots around the FOWT within one wave period for LC1.1.
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identify the frequency of the small oscillations observed in Fig. 23,
we plot the PSDs of the mooring line tension loads in Fig. 24 (a) &
(b). From Fig. 24 (a), it can be observed that the peaks inside the
circle correspond to the natural frequency of mooring lines. The
zoom-in plot in Fig. 24 (b) near the incident wave energy indicate
the appearance of two peaks, one is at the platform surge natural
frequency and another is at incident wave frequency.

Due to the fact that the hydrodynamic responses of the different
wind fields are relatively similar to each other, the wave elevation
CFD contour plots shown in Fig. 25 for LC2.1 have to be plotted
within one sampled regular wave period (132se144s). At the spe-
cific time instances of t ¼ 0.25 T and 0.75 T, we can see that the
floater experiences the maximum and minimum pitch motion,
respectively. Looking at the plots, we can clearly see that the wave
elevation varies as a direct consequence of a nonlinear wave-
structure interaction, such as the wave diffraction or the wave ra-
diation. These interactions are well caputured in the present
simulation, evidenced by the detailed flow around upstream/side
columns.
6. Conclusion and discussion

An investigation was carried out into an OC4 Semi-submersible
NREL 5 MW FOWT and its performance under uniform, shear and
turbulent wind conditions. This was done by using a blade-resolved
CFD tool whilst factoring in the floating platformmotion prediction.
The investigation started with the generation of wind turbulence
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based on the Mann wind turbulence model, followed by a valida-
tion of the wind spectrum in comparisonwith the theoretical wind
spectrum. Continuing from this, the study led onto the examination
into the effects that wind turbulence has on the aerodynamic
performance of the turbine i.e, how it influences the turbine and
the dynamic responses of the floater.

The evidence gathered after comparison between turbulent
wind and time-independent wind suggests that the existence of
turbulence influences the airflow near the rotor blades, however, its
impact on the time-mean flow around the turbine is minimal. The
appearance of fluctuations on top of the time-mean thrust and
power curve indicate that it is the presence of turbulence causes a
larger standard deviation of power, as the value increases
compared to when turbulence is absent. In addition, a large wind
shear layer thickness results in a sudden drop of the local power in
comparison to uniformwind. Despite this, it was found that neither
wind turbulence nor wind shear had a significant impact onmotion
of the floater or the mooring tension loads. These findings are
supported by further examinations conducted on the CFD predicted
flow field around the wind turbine blades, wake and the wind-
wave interactions near the wave-air free surface.

Aside from what is mentioned above, there are two points that
should be also brought up. Firstly, the frequency of the turbulent
wind in this study is quite a bit less than the floater's structural
pitch/heave nature frequency of roughly 0.3 Hz. Thus, we can
predict that the influence of turbulent wind on the floater dynamic
responses is limited. Knowing this, we can anticipate that this
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conclusion will fluctuate if the turbulence frequency is adjusted
closer to the FOWT eigenfrequencies, where the resonance of
floater may occur. Secondly, the URANS method is used in this
study. Due to the nature of Reynolds averaged of this tool, the
predicted time-mean values are consistent with other low-fidelity
methods. However, we are unable to capture the fine structure of
the vortices under the Kolmogorov scale because of the large arti-
ficial dissipation embedded in URANS. Because of this, it may
weaken our understanding of the vorticity interaction in the tur-
bine wake.
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