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a b s t r a c t

A foremost element in aerodynamic behavior analysis of wind turbines is numerical simulation. Actuator
disk model is a method which enables us to simulate and analyze the flow fields and wakes behind the
rotor by reducing the fluid computation around the rotor and solving the Navier-Stokes equations
without considering the blade boundary layer. In addition of the need for constructing a realistic
geometrical model, one also must run a simulation with very small grid spacing and time steps to resolve
the blade boundary layer dynamics leading to the aerodynamic forces, which is also extremely expensive.
In this paper actuator disk model along with a 3D corrected aerodynamic coefficients was implemented
in the OpenFOAM software to simulate the MEXICO wind turbine rotor. The simulations were performed
under three conditions: turbulent, design and stall conditions. The results of simulation including an
estimation of the blade forces and the wakes velocity field were compared with the experimental results.
It was found that the 3D corrected aerodynamic coefficients of airfoils led to an improved agreement
between the simulation and experimental results, compared to a model implementing original aero-
dynamic coefficients.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays wind energy technology has well developed among
all other renewable energy resources and is considered as a large-
scale electricity generation resource. Low costs of wind-generated
electricity has motivated many countries all over the world to
manufacture small and large wind turbines as well as conducting
extensive research on the optimization of wind-generated elec-
tricity generation [1]. Application of computational methods in
wind turbine design started from the middle 19th century by using
Integral Momentum theory and further developed gradually by
analytical models like Blade Element Momentum (BEM) theory
[26]. Computational fluid dynamics (CFD) has been successfully
implemented with lower cost and less time than the experimental
s Engineering, Ferdowsi Uni-
8-978, Iran.
ian).
methods [2]. The first model to analyze a simple wind turbine was
proposed by Betz et al., in 1926 which can be used for an ideal wind
turbine power estimation. This simple model based on linear mo-
mentum theory. According to the Betz law no wind turbine can
extract more than 59.3% of the wind kinetic energy. So, the
maximum power coefficient of 0.593 is called Betz’s limit [3].

With the development of computational techniques, CFD
(computational fluid dynamics) method is widely used to perform
research on predicting the aerodynamic performance of wind tur-
bines [4]. Flowcomputation and analysis around awind turbine rotor
using common CFD methods that require boundary layer computa-
tion both on the blades and in the wakes are very costly. In recent
years themost commonandcost-effectivemethods forwind turbines
rotors simulation has been using the actuator models, Actuator Disk
Model (ADM), Actuator Surface Model (ASM) and Actuator Line
Model (ALM), in which the blades are presented as a volume force
defined on a disk or a surface or a node [5,28,29]. Compared to other
models, the actuator diskmodel has a smaller mesh volume, a higher
computation speed as well as an acceptable accuracy [2,6].
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Fig. 1. The velocity and force vectors formulation to calculate the moments of the
modified actuator disk.
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Although the BEM theory is the only method widely used in the
industrial design of wind turbine rotors, researchers have devel-
oped many advancedmethods to predict the turbines performance.
ADM uses BEM theory to calculate turbine forces within a porous
disk: the method is formulated to compute blade lift and drag
forces that are then averaged over annular elements, using infor-
mation such as chord length, rotation rate, angle of attack, number
of blades, tip and hub loss corrections, etc. The NeS or Euler
equations are used to predict the velocities used in those calcula-
tions, and those forces can thus return thrust and torque forces to
the flow as source terms to the governing equations. The actuator
disk is a circular and permeable disk which is used instead of the
turbine rotor. This permeable disk has a volume geometry equiva-
lent to the rotor size. The center of volume elements contain a
group of volume forces (force per unit volume: momentum forces).
The calculated momentum forces can affect the Navier-Stokes
equations in the fluid dynamics computations [7]. Many studies
have been conducted using the actuator disk model, which are
briefly reviewed in the following section.

The first non-linear actuator disc model for heavily loaded
propellers was formulated by Wu [8]. The first implementation of
the Actuator disk model was first presented by Ref. [9] for simu-
lating the flow field around a fan in the OpenFOAM CFD solver.
Then, Jeromin et al. developed the actuator disk model for the
MEXICO rotor in the OpenFOAM solver and compared the results
with a simple BEM, an actuator disk model in the FLUENT code and
experimental data [10]. Mahmoodi et al. simulated a horizontal axis
turbine (HAWT) using actuator disk model and modeled the flow
field using Reynolds-averaged NaviereStokes (RANS) and Laminar
Navier-Stokes (LNS) turbulence models. They compared the results
with theMEXICO experiment datawhich indicated that therewas a
good agreement between the LNS model on actuator disk with the
experiments [11,12]. They simulated the wind tunnel and wind
turbine completely and showed that the actuator disk can suitably
simulate the Particle Image Velocimetry (PIV) results of the turbine
wakes and also the exerted forces on the blades [13]. In addition to
wind turbine simulation, the modified actuator disk model has
been used to simulate the airplanes propellers and other machines
that have a thrust generator which are similar to wind turbines
[14e16].

Flow separation and stall phenomenon are very important in
the aerodynamic behavior of wind turbine rotors. These phenom-
ena are three dimensional and thus restrict the use of two
dimensional airfoil data in the design and simulation processes.
Therefore the aerodynamic coefficients need to be corrected [17].
Experience has revealed that points of wind turbine performance
are greatly impacted by aerodynamic forces produced by wind [1].
The three-dimensional wind field has a severe influence on the
wind turbine performance and the exerted loads on the blades.
Considering the three-dimensional wind field on airfoils result in
an increase of lift coefficient and thus a performance improvement
of airfoils and blades. This is seen distinctively at higher wind
speeds.

Reviewing the previous literature in wind turbine simulation
shows that only a limited number of studies used correction co-
efficients and the 3D correction has not been used in the actuator
disk model yet. Correction coefficients are presented by different
equations. It is possible to assess the effect of each coefficient on the
turbine performance and check if a particular coefficient improves
the simulation in a specific software. This method is not exact and is
error-prone so it is necessary to develop, implement and correct the
model to obtain more realistic results. In this paper the MEXICO
wind turbine is simulated, incorporating the actuator disk model
along with the 3D correction of aerodynamic coefficients.
2030
2. Numerical model

2.1. Governing equations

Since the air flow around a wind turbine is very slow in com-
parison with the speed of sound (lower than 0.3 Mach), the flow
can be assumed incompressible along with steady-density
assumption. Hence, it is possible to predict the flow characteris-
tics by solving the 3D-incompressible Navier-Stokes equations. The
incompressible Navier-Stokes equations are defined as:

r
�
vV
!
vt

þ V
!
:VV
!�

¼ �VpþV:G
!þ f

!
(1)

where V
!

is the velocity, t is the time. The density r is constant

throughout the computational domain, p the pressure, V:G
!

is

volumetric forces due to fluid viscosity, f
!

represents external
volume forces such as gravity, centrifugal force and any other
external forces acting on the fluid element.

The mass continuity equation is also needed to predict the fluid
movement. Assuming incompressible (steady-density) flow, the
mass continuity equation is:

V
!
:V
!¼ 0 (2)
2.2. Actuator disk model and calculation of the exerted forces

In the modified actuator disk model, the rotor is replaced by a
physical permeable disk in Navier-Stokes equations. It includes a
permeable disc with complete planar or spatial geometry the size
of rotor. It is possible to add a group of unit forces (unit force per
area or volume: momentum forces) to the center of its planar or
spatial components. So, one of the disk inner elements in a
particular distance from the center of rotation is chosen and the
moments are exerted on it. Since the Navier-Stokes equations are in
Cartesian coordinate system, the coordinate of the element’s center

is (x, y, z) and its velocity components are V
! ¼ ðVx; Vy; VzÞ. Through

the rest of this paper, cylindrical coordinate system is used because
of the cylindrical shape of the disk in the model and the relation-
ship of the blade aerodynamic properties with tangential direction.

Fig. 1 shows the velocity and force vectors of the airfoil section,
the airfoil inlet velocity and flow angle are:

w¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
q þ V2

z

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
rUþ Vq;w

�2 þ V2
z

q
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f¼ tan�1
�

Vz

rUþ Vq;w

�
(4)



Fig. 2. (a) The force components of the fluid element are in Cartesian coordinate
during the measurement. (b) The conversion of fluid element Cartesian components to
polar components using their position measurement in the computations.

Fig. 4. The preparation of lift coefficients for 3D conversion [12].

Fig. 5. Three-dimensional correction algorithm.
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Having the flow angle and importing global pitch angle and
twist angle, the angle of attack is:

a¼ðf�gÞ¼ ½f�ðbþ dÞ� (5)

Having the angle of attack, the airfoil lift and drag coefficients at
that point are obtained from the experimental values. Therefor it is
possible to calculate the differential values of lift and drag forces by
the following equations:

dL¼1
2
rW2cCl (6)

dD¼1
2
rW2cCd (7)

The fluid element is then rotated around the rotor axis to pro-
duce an annular element in the disk whose front area is 2prth, in
which th is the disk thickness (0.2 m). Thus the axial and tangential
forces as illustrated in Fig. 2 -which are per annular element
volume-could be calculated as:

fq ¼
r

2th
W2s0ðCl sin f�Cd cos fÞ (8)

fz ¼ r

2th
W2s0ðCl cos fþCd sin fÞ (9)
Fig. 3. The rotor blade designed by the blade design team [19].
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where s0 is calculated from Bc=2pr, B indicates the number of blades

and c is the blade chord length.
Since the Navier-Stokes computations are performed in the

Cartesian coordinate system, regarding Fig. 2, the volume forces
calculated from Equations (8) and (9) are converted from cylin-
drical to Cartesian coordinate, so:

fx ¼ r

2th
W2s0ðCl sin f� Cd cos fÞsin q (10)

fy ¼ r

2th
W2s0ðCl sin f�Cd cos fÞcos q (11)

fz ¼ r

2th
W2s0ðCl cos fþCd sin fÞ (12)

As previously described, when fluid is passing through the fluid
element, the exerted forces on the fluid element could be calculated
Fig. 6. Computation domain and the position of turbine within it.
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using the above-mentioned equations and the data of airfoil char-

acteristics. These volume forces are written as f
! ¼ ðfx; fy; fzÞ. Af-

terward, this vector volume force is transferred to the fluid element

center and takes the place of the external force, f
!

of the Navier-
Stokes equation in the fluid elements.

In this research, Spalart-Allmaras model applied within the
RANS scheme, was used to model the wakes around the rotor and
the turbulent flow resulting from rotating blades. Spalart-Allmaras
(SA) is a turbulence model used for modeling different type of
turbulent flows, specifically aerodynamic flows. The S-A is a one-
equation turbulence model and formed with the transport equa-
tion of the kinematic eddy viscosity ~v. This equation is written by:

vðr~vÞ
vt

þdivðr~vUiÞ¼
1
sv

div½ðmþ r~vÞV~v� þ rCb1~v~U� rCw1

�
~v

ky

�
fw

(13)

where

~U¼Uij þ
~v

ðkyÞ2
fv2 (14)

and ~vis the kinematic eddy viscosity, ~Uis the local mean
vorticity, Uijis the mean vorticity tensor, the function fv2 ¼

fv2
�
~v=v

�
and fware the further wall damping functions, mis the
Fig. 7. The axial force distribution along the blade length (Experiments [13], Unmodified Ac
and (b) in the design region (15 m/s wind speed) and (c) in the stall region (24 m/s wind
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dynamics viscosity, y is the distance to the solid wall. The constants
include sv, Cb1, Cb2and k have value of 0.67, 0.1355, 0.622 and
0.4187, respectively [18].
3. Experimental baseline and modelling approach

3.1. Mexico experiments

The MEXICO (Model Experiment in Controlled Conditions)
project was funded by the European Union in 2006 to enable
various institutes and universities perform their research activities.
The Energy Research Center of Netherland (ECN) as the manager of
theMEXICO project established an integrated research group called
MexNext by contracting some well-known universities in order to
develop different theories in wind turbine modelling. The MEXICO
experiment was carried out on a 4.5 m diameter, Three-blade wind
turbine in the DNW/LLF wind tunnel. The test cross section of the
wind tunnel is variable which can produce the maximum speed of
55 m/s (corresponding to 3.9 � 107 Reynolds number) by a
9.5 m � 9.5 m test section whereas a range of 0.01e0.42 Mach is
covered by its smallest test section. The blades of this turbine were
formed by 3 airfoils including DU91-W2-250, RISØ A1-21 and
NACA64-418 along with transfer zones between them (Fig. 3). To
measure pressure distribution, 148 pressure sensors were installed
in 5 sections on the blades. In the MEXICO project three sets of
experiments were conducted on the wind turbine: three wind
tuator Disk, Modified Actuator Disk): (a) in the turbulence region (10 m/s wind speed)
speed).



Fig. 8. The tangential force distribution along the blade length (Experiments [13], Unmodified Actuator Disk, Modified Actuator Disk): (a) in the turbulence region (10 m/s wind
speed) and (b) in the design region (15 m/s wind speed) and (c) in the stall region (24 m/s wind speed).
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speeds of 10, 15 and 25 m/s defined as turbulence, design and stall
conditions, respectively. In the first set, velocity field of the upper
and lower parts of the rotor disk were measured. In the second set,
the upstream and downstream velocity field were measured.
Finally, the third set of experiments were done to detect and track
the vorticities around and near the turbine [19,20].
3.2. Turbine modelling and computational setup

The 2D airfoil data comprise of the lift and drag coefficients
were provided from experiments. Since measuring 3D data is
expensive, researchers use different methods to correct 2D to 3D
airfoil data ( [21e24]. In 1993, Snel proposed his theory for data
correction of the lift coefficient as:

Cl; 3D ¼Cl; 2D þ J
�c
r

�H�
Cl; inv �Cl; 2D

�
(15)

where J and H are constant coefficients which varies between 2 to 3
and 1 to 2, respectively; c is the cord, and r is the radial distance
from the rotation center. Considering the previous literature, the
values of 3 and 2 were selected for J and H, respectively (snel, 1993).
Cl; inv is the lift coefficient when the fluid is considered completely
inviscid. From a mathematical point of view, it is derived from the
extension of tangent line of lift curve in low angles of attack. DCl ¼
Cl; inv � Cl; 2D is the difference between two curves (Fig. 4). Hence
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using this Equation (15), it is possible to convert the 2D lift data (i.e.
Cl; 2D) to 3D data (i.e. Cl; 3D)[12] (see Fig. 5).

In this paper, the governing equations were solved by the
OpenFOAM open-source software, by implementing and adding
the actuator disk model along with 3D corrected aerodynamic co-
efficients to its library in three steps: a) implementing correction, b)
calculating baseline with the basic model and c) calculating with
additional 3D corrections on lift and drag. In order to analyze the
effect of 3D corrected aerodynamic coefficients on the modified
actuator disk theory, at first the model was solved without this
correction for the turbulence, design and stall conditions (the wind
speed of 10, 15 and 24 m/s, respectively). Afterward, the function of
the 3D corrected lift coefficients were applied to the actuator disk
model and solved again for the three aforementioned speeds.

In this paper, the PISO algorithm was used for determining
velocity-pressure correlation. Spalart-Allmaras model is applied
within the RANS scheme, was used to model the wakes around the
rotor and the turbulent flow resulting from rotating blades. In this
software, numerical finite volume method is used for numerical
solution of partial differential equations.
3.3. Computational domain

The computations of this study are based on a Cartesian coor-
dinate system. The main fluid flow direction follows the x-axis, the
z-axis describes the height.” That y-axis is the width follows
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Fig. 9. The distribution of the axial component of the wake velocity in the flow longitudinal direction (Experiments [13], Unmodified Actuator Disk, Modified Actuator Disk): (a) in
the turbulence region (10 m/s wind speed) and (b) in the design region (15 m/s wind speed) and (c) in the stall region (24 m/s wind speed).
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automatically by choosing a Cartesian coordinate system. The
computation domain is a 54 � 18 � 18 m3 cube (Fig. 6). The turbine
rotor is placed within a distance 4 times the diameter, 18 m, from
the inlet and is completely aligned in center from sides. The mesh
was generated using a block rectangular mesh with structured grid
spacing in each direction.

The boundary conditions for speed and pressure field are given
as:

Initial value for the pressure is zero. The boundary condition for
the mean inlet pressure, the zero gradient condition and for the
mean outlet pressure, the condition of atmospheric pressure is
considered. Initial value for the velocity is V0. It means calling the
main values of the input speed (in this work, 10, 15 and 24m/s). The
boundary condition for the velocity is similar to the pressure.
4. Simulation results

The simulation results are reported in two sections: the axial
and tangential forces distribution and wakes velocity field. For the
validation of simulation results, the MEXICO rotor (with stall-
regulated blade) experimental data in turbulence, design and stall
conditions at speeds of 10, 15 and 24 m/s, the constant rotational
speed of 424 rpm, the tip speed ratio of 10, 6.7 and 4.2 and constant
pitch angle of �2.3� in the free flow were used [19].
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4.1. Resolved axial and tangential forces

In Figs. 7 and 8, the axial and tangential forces are shown along
the radius of the rotor for each of the three wind speed conditions
for the experiments, the unmodified actuator disk and themodified
actuator disk. The axial forces of the modified actuator disk (Fig. 7)
are closer to the experimental data than the unmodified actuator
disk. Especially for the low wind speed (high tip speed ratio) there
can be seen a drop in the force predicted by the unmodified actu-
ator disk in the transition area from DU91-W2-250 to RISØ A1-21
profile (0.6 r 0.8). This drop is because of weakness of the UAD
model in the transition area. This was corrected by the modified
actuator disk model The impact of 3D corrections is much greater
for the tangential forces in Fig. 8. The computed forces are still not
perfect but much closer to the experimental data.
4.2. Wakes velocity field results

In this section, the wakes prediction results are reported and
validated in axial and tangential directions. To study the wakes, the
data were collected from two sensors which were installed in the
flow longitudinal direction and the blade radial direction. The
longitudinal sensor was placed in the 61% blade radius (r ¼ 1.37m)
and was used to record data in the induction and wake regions. The
radial sensor was placed at a distance of 0.3 m after the rotor and
was used to record data [20,25].
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In Figs. 9 and 10 show the distribution of the axial component of
the wake velocity in the longitudinal direction and the radial di-
rection of flow for each of the three wind speed conditions for the
experiments, the unmodified actuator disk and the modified
actuator disk, respectively. The data were collected from the radial
PIV data monitoring at 0.3 m distance through the turbine
downstream.

In Fig. 9, the axial component of wake velocity distribution
(Downstream) was overestimated. Both implemented models
could predict a behavior pattern similar to the experiments. Using
the 3D correction model resulted in a more accurate wake behavior
prediction. As seen in the actual velocity change (experiments) in
these graphs, there was a remarkable decrease in the axial velocity
after the rotor disk (x ¼ 0) and wake velocity fluctuations in this
region. These fluctuations were likely caused by the conversion of
the blades cross section geometry from DU91-W2-250 airfoil to
RISØ A1-21 airfoil. Since the RISØ A1-21 airfoil had different aero-
dynamic coefficients of lift force compared with the other airfoils, it
led to some changes in the strength of vorticities around this region
and caused fluctuations.

According to Fig. (10a) both models could cover most of the
turbulence region data and predict the similar wake behavior
pattern. According to Fig. 10, within a distance approximately 54%
blade radius (r ¼ 1.2 m), a considerable decrease in the experi-
mentally measured velocity is seen. This phenomenon might be
due to vorticity release from the tip of the blades in the transition
Fig. 10. The axial component distribution of wake velocity in the blade radial direction (Expe
region (10 m/s wind speed) and (b) in the design region (15 m/s wind speed) and (c) in th
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area between DU91-W2-250 and RISØ A1-21 airfoils which caused
errors in measuring and recording data by PIV system. According to
these figures, there was a good agreement between the models and
experiments in the near tip regions.
5. Conclusion

In this paper the wakes behind the MEXICO experiment turbine
were simulated and the exerted forces on the bladeswere predicted
using actuator disk model along with 3D correction of aerodynamic
coefficient and RANS turbulence model in the OpenFOAM software.
The simulation were performed for three conditions: turbulence
(10 m/s wind speed), design (15 m/s wind speed) and stall (24 m/s
wind speed). The simulation results were validated by the experi-
mental data. Ignoring a few exceptions, there were good agree-
ments between the simulation results and the experimental data.
According to the 2D aerodynamic characteristics of the blade air-
foils, themeasurement conditions and characteristics of RISØ airfoil
are different from the others. The lift coefficients in the stall region
were different. At 10� angle of attack, there was a large disparity
between predicted forces and experimental data for RISØ A1-21
section of the blade. Therefore the data of this airfoil, which is
located in the middle of the blade, is different from the other two
airfoils in the unmodified model. Thus a jump in the force distri-
bution results were expected in this part of the blade. Since the
airfoil aerodynamic data is 2D, it does not match with the
riments [13], Unmodified Actuator Disk, Modified Actuator Disk): (a) in the turbulence
e stall region (24 m/s wind speed).
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experiments in unmodified actuator disk mode. The unmodified
actuator disk predicts incorrect behavior from loads on the blade,
especially tangential forces in the area close to the center of rota-
tion because it uses 2D coefficients. The modified actuator disk
converts 2D lift coefficients to 3D lift coefficients. It is considering
the flow effects in the radial direction that delays the stall phe-
nomenon in high speeds. In this paper, the flow effects in the radial
direction was the main purpose of using 3D correction in the
actuator disk model. The effect of radial flows on the airfoil results
in an increase of lift coefficient and thus a performance improve-
ment of airfoils and blades that, it is not possible to be assessed in
the airfoils 2D experiments. The use of modified coefficients in the
stall state of rotor improves the amount of computational error,
significantly.
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