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ABSTRACT
An accurate prediction of aerodynamic and hydrodynamic

loads on an offshore floating wind turbine plays a critical role in
determining its operational stability, fatigue life and survivabil-
ity, as well as optimising its power control system. Therefore, it
is essential to develop an integrated aerodynamics and hydrody-
namics model, which is capable of capturing both loading on and
dynamic response of an entire offshore wind turbine system with
high accuracy and reliability. Prior to developing such an inte-
grated model, aerodynamics and hydrodynamics models need to
be systematically examined, individually. In this study, the per-
formance of the overset mesh solver in OpenFOAM for modelling
aerodynamics of a floating offshore wind turbine rotor is evalu-
ated. A benchmark test on the rotor of a National Renewable
Energy Laboratory (NREL) 5MW turbine, which is designed to
be mounted on a semi-submersible platform is performed. The
predicted power and thrust for cases of the rotor with its centre
fixed and undergoing pitching motion are compared between the
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overset mesh solver, a frequency-domain Naiver-Stokes Compu-
tational Fluid Dynamics code and the open-source Blade Ele-
ment Momentum theory code.

INTRODUCTION
Increasing demand for clean energy has driven the deploy-

ment and installation of floating wind turbines in offshore areas,
where the environment conditions become more complex com-
pared to the onshore sites due to the additional external loading
from waves, current, and mooring lines. The combined effects of
these external loading lead to a more complex operational envi-
ronments for floating offshore wind turbines.

For the prediction of the operational performance of a float-
ing offshore wind turbine (FOWT), there exist different numer-
ical approaches, ranging from the low-fidelity numerical codes
based on the Blade Element Momentum (BEM) theory [1, 2] to
high-fidelity numerical models based on blade-resolved Navier-
Stokes (NS) equations [3–6]. Although low-fidelity models have
been widely used in practical engineering design for the wind tur-
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bines that are mounted on the fixed bottom foundation, it needs to
be further calibrated for the FOWT system as additional entrain-
ment velocities could be introduced into the FOWT system due
to motion response of FOWT driven by the external loading in
the offshore area. Therefore, to improve the accuracy and reduce
uncertainties of low-fidelity model for FOWT rotors and to cap-
ture unsteady aerodynamics around FOWT rotors, a high-fidelity
blade-resolved NS model is highly desirable for both academic
research and industrial applications.

For the blade-resolved NS model, there are existing codes
that can be used to investigate aerodynamics of a FOWT rotor
under normal working conditions, such as COSA code [5,6], Ar-
bitrary Mesh Interface (AMI) in OpenFOAM [7, 8], and overset
mesh solver in OVERFLOW2 [9]. However, under extreme sea
conditions, a FOWT support platform may undergo large transla-
tional and rotational motions, which, in turn, leads to a relatively
large motion at the tower top. This raises challenges for most
numerical models as both dynamic motions of the rotor and its
unsteady aerodynamics need to resolved at the same time. On the
other hand, overset mesh based solvers, due to their favourable
feature in dealing with large amplitude of six degree of freedom
motions [10, 11], have the potential to model the complicated
flow around FOWT rotors.

Aiming at developing an integrated CFD model for predict-
ing dynamic response and survivability of FOWTs under extreme
waves, the recently developed overset mesh solver in Open-
FOAM has previously been adopted and tested for predicting
wave loading on FOWTs [12]. In this study, the code will be fur-
ther developed and evaluated for modelling FOWT rotor aerody-
namics. Two different test cases have been used for this purpose
- one with the rotor centre fixed and the other with it under pre-
scribed pitching motion. In addition, effects of different overset
mesh configurations on solution accuracy are evaluated and dif-
ferent Courant–Friedrichs–Lewy (CFL) numbers have been used
to find the time converged solutions. The numerical results based
on overset mesh solver are compared with those from the FAST
and COSA code [6] from Lancaster University. Finally, the con-
clusions from the work are summarised.

NUMERICAL MODELS
Governing equations

In this study, the incompressible Reynolds-Averaged
Navier–Stokes (RANS) equations are adopted as the governing
equations for fluid flow and are given as follows:

∇ · ū = 0 (1)
∂ ū
∂ t

+∇ · [(ū− ūg)ū] =−∇ p̄
ρ

+∇ · [νe f f ∇ū+(∇ū)T ] (2)

FIGURE 1. MESH SETUPS FOR NUMERICAL MODELS: CIR-
CULAR DISK FOR ROTOR BLADES.

where ū and ūg are the velocity of flow field and grid nodes,
respectively; t is the time; p̄ is the flow field pressure; ρ is fluid
density; νe f f = ν+νt is the effective kinematic viscosity of flow,
where ν and νt are the kinematic and eddy viscosity, respectively.

The shear-stress transport (SST) k-ω turbulence model [13]
is used for the closure of the Reynolds term in the equation as
it takes the advantages of both k-ω and k-ε turbulence models
into consideration, e.g., the boundary layer treatments from k-ω
turbulence model and far field treatments from k-ε model. More-
over, the k-ω SST turbulence model has been widely adopted
for the simulation of aerodynamics floating offshore wind tur-
bines [4, 7, 8, 14].

Overset mesh method
To overcome the possible mesh distortion induced by the

large displacement of a moving structure, the overset mesh solver
[15] as developed in OpenFOAM has been extensively used to
predict aerodynamics [16] and hydrodynamics [11, 12, 17, 18]
around moving structures, which may be difficult to model for
the dynamic (moving) mesh approach. For the overset mesh ap-
proach, the basic concept is to introduce a composite mesh sys-
tem with multiple mesh layers, such as a background mesh re-
gion and the body-fitted overlapping mesh regions. As a single
entity without internal mesh deformation, the body-fitted over-
lapping mesh regions follow the motion determined by a rigid
body motion solver [10, 11]. The data (flow variables) between
two types of mesh regions are exchanged via the interpolation at
every time step before assembling the matrix.

NUMERICAL SETUPS
To model the flow around a FOWT rotor, two layers of

meshes are generated for overset mesh solver in OpenFOAM,
one is the background mesh and other other is a smaller overlap-
ping mesh to cover the rotor blades, as highlighted by blue (back-
ground) and red (overset) regions respectively in Figs. 1 and 2.
In order to examine the effects of overset mesh configurations on
the numerical results, two different overset mesh setups, high-
lighted by red in Figs. 1 and 2, are selected and the overset mesh
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FIGURE 2. MESH SETUPS FOR NUMERICAL MODELS: BODY-
FITTED REGION FOR ROTOR BLADES.

FIGURE 3. BOUNDARY LAYER MESH IN CIRCULAR DISK RE-
GION.

FIGURE 4. BOUNDARY LAYER MESH IN BODY-FITTED RE-
GION.

around the rotor blades is generated using snappyHexMesh
utility in OpenFOAM. From previous work on modelling wind
turbine aerodynamics, it is shown that to capture the turbulent
boundary layer flow around the rotor, a sufficiently fine mesh is
needed for the region close to rotor blade surfaces. In this work,
to maintain a y+ value within the required range of 30-600, the
boundary layer mesh are generated in the vicinity of the rotor

FIGURE 5. COMPARISON OF THRUST AND POWER IN TERMS
OF CFL NUMBER CONVERGENCE USING CIRCULAR DISK
MESH AGAINST RESULTS FROM FAST AND COSA CODE.

boundaries, where 15 layers of cells are extruded from the rotor
boundary surface with a growth rate of 1.1 and first layer thick-
ness of 0.001m. The mesh setups and boundary layer meshes
at the cross-sections of the rotor in circular disk and body-fitted
regions are presented in Figs. 3 and 4, respectively. The cell num-
bers for the background mesh and circular disk overset mesh are
2.16 million and 2.44 million, respectively, while they are 7 mil-
lion and 1.6 million for the background mesh and overset mesh
with body-fitted region, respectively.

RESULTS AND DISCUSSIONS
In this section, the numerical results are presented and dis-

cussed mainly for the fixed rotor centre case including the ef-
fects of the time steps in terms of the Courant–Friedrichs–Lewy
(CFL) number on solution convergence and overset mesh config-
urations. The FOWT rotor used in the present study is the NREL
5 MW virtual turbine. In all the simulations below, a wind speed
of 11 m/s and a rotor speed of 12 RPM are adopted. The pre-
liminary results for the case of the rotor undergoing a prescribed
pitching motion are also presented.

Effects of CFL numbers
For simulating time-dependent flow problems, the numeri-

cal results is highly sensitive to the time step used in the model.
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FIGURE 6. COMPARISON OF THRUST AND POWER IN TERMS
OF CFL NUMBER CONVERGENCE USING BODY-FITTED MESH
AGAINST RESULTS FROM FAST AND COSA CODE.

FIGURE 7. COMPARISON OF THRUST AND POWER IN TERMS
OF TWO DIFFERENT MESH SETUPS AGAINST RESULTS FROM
FAST AND COSA CODE.

The adaptive time step in the present study is determined by the
specified maximum CFL number, as shown for a 1D example
below:

CFL =
ū∆t
∆x

≤ CFLmax (3)

where ∆x is a typical cell width. It should be noted that the adap-
tive time step determined by CFL condition is also related to the
mesh grid size and the velocity field. Therefore prior to compar-
ing the effects of overset mesh configurations on the numerical
results, the time convergence study is first performed. The CFL
numbers selected for the convergence study are 1, 0.5, and 0.3.

In Figs. 5 and 6, the calculated thrust and power with various
CFL numbers are presented using two different overset mesh re-
gions. For the case using a circular disk overset region, it is indi-
cated in Fig. 5(a) that varying the CFL number has minor effects
on the predicted thrust values, while the effects on the power are
slightly more significant compared to the numerical results from
FAST and COSA codes. For CFL = 0.5 and 0.3, after reaching
the steady-state for each solution, the magnitudes of power are
similar to each other and close to the numerical results predicted
by the FAST and COSA codes. It can therefore be concluded
that time convergence has been achieved using CFL = 0.5 with
the circular disk mesh setup shown in Fig. 1.

For the case using a body-fitted overset mesh region, two
CFL numbers are selected, namely CFL = 0.5 and 0.3, based on
the results for the circular disk overset region. In Fig. 6, it is
shown that the time convergence has been achieved using both
CFL numbers in terms of the predicted thrust and power val-
ues. However, both values are over-predicted using the body-
fitted overset region, compared to the numerical results from the
FAST and COSA codes.

Overset mesh types
Different overset mesh configurations, such as circular disk

and smaller body-fitted mesh, may have certain effects on the nu-
merical results as the hole cutting and data interpolation between
background and overset mesh may be different.

In Fig. 7, the numerical results based on two different mesh
setups are compared using CFL = 0.5. It is clearly shown that
the thrust predicted by both meshes are close to numerical re-
sults from the FAST and COSA codes. Nevertheless, the power
predicted by body-fitted overset mesh is higher than other numer-
ical results while the power predicted by circular disk agrees well
with numerical results from the FAST and COSA codes. The
source of this discrepancy may result from the data exchange be-
tween background mesh and overset mesh as the overset mesh
solver interpolates data from background mesh via its cells that
are closely located near the overset region boundary [11].

The hole cutting and data interpolation regions for the two
overset mesh meshes are presented in Figs. 8 and 9 for the circu-
lar disk and the body-fitted overset mesh, respectively, where the
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FIGURE 8. HOLE CUTTING AND DATA EXCHANGE FOR CIR-
CULAR DISK OVERSET MESH SETUP.

FIGURE 9. HOLE CUTTING AND DATA EXCHANGE FOR
BODY-FITTED OVERSET MESH SETUP.

hole cutting is indicated by red colour and the region highlighted
by grey colour is used for data interpolation from background
mesh to overset mesh. For the body-fitted mesh, the data was
interpolated from the fast changing fluid field in the vicinity of
rotor surface (see Fig. 11), while for the circular disk mesh the
region for data interpolation are far away from the rotor surface
where the flow field could be less turbulent (see Fig. 10). The
data interpolation at the fast changing flow field may introduce
significant numerical errors into the solutions.

Preliminary results on pitching motion
Apart from the numerical results and discussion presented

above for the fixed-bottom offshore wind turbine rotor, we also
conducted the numerical simulation for the floating offshore
wind turbine under pitching motion. The rotor speed and wind
speed remain the same as mentioned above, while additional
pitching motion is introduced into the rotor motion. The centre of
the pitching motion is 90 m vertically below the rotor centre. The
prescribed pitching motion is given by the following formula:

FIGURE 10. VELOCITY FIELD AND VORTEX CONTOUR FOR
CIRCULAR DISK OVERSET MESH SETUP.

FIGURE 11. VELOCITY FIELD AND VORTEX CONTOUR FOR
BODY-FITTED OVERSET MESH SETUP.

θ = θmaxsin(ω · t) (4)

where θ is the time-dependent pitching angle; θmax is the max-
imum pitching angle and has a value of 1◦ here; and ω is the
angular frequency and equals to 0.62831 rad/s.

Due to the restraint of computational resource, only the pre-
liminary results for this test case are presented in this section. In
Fig. 12, the oscillatory thrust and power are plotted for the first 8
seconds of simulation. In contrast to the results for the fixed rotor
case in Figs. 5 and 6, the simulation needs to be run for a longer
time to reach quasi-steady state solutions. Once this is done, the
accuracy of the numerical model under the pitching motion will
be further evaluated against experimental measurements and nu-
merical results.

CONCLUSION AND FUTURE WORK
In this study, the performance of the overset mesh solver in

OpenFOAM for predicting wind load on FOWT rotors has been
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FIGURE 12. THRUST AND POWER OF the ROTOR UNDER
PITCHING MOTION.

evaluated. As an example, constant wind flow around an NREL 5
MW wind turbine rotor mounted on a fixed bottom has been sim-
ulated and compared with the results from the FAST and COSA
codes. Through refining the time steps based on specified CFL
numbers, a time step converged solutions can be achieved when
CFL = 0.5 for both the overset mesh setups. Effects of different
overset mesh configurations on solution accuracy are also inves-
tigated. It is found that a larger overset mesh region provides bet-
ter accuracy as it allows the data exchange between background
and overset mesh taking place far away from the turbulent flow
field in the proximity of rotor boundary. Currently, the code is
being applied to model more complex cases of wind flow around
a FOWT rotor undergoing prescribed pitching motions and the
results and their validation against available experimental mea-
surements will be presented at the conference.
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