
https://doi.org/10.14311/AP.2023.63.0250
Acta Polytechnica 63(4):250–259, 2023 © 2023 The Author(s). Licensed under a CC-BY 4.0 licence

Published by the Czech Technical University in Prague

3D CFD MODEL FOR THE ANALYSIS OF THE FLOW FIELD
THROUGH A HORIZONTAL AXIS WIND TURBINE (HAWT)

Noureddube Menasri∗, Said Zergane, Noureddine Aimeur,
Aissa Amour

University of Mohamed Boudiaf M’sila, Faculty of Mechanical Technology, Laboratory of Materials and
Mechanical Structures, B.P 166 Ichbilia, M’sila, 28000, Algeria

∗ corresponding author: noureddine.menasri@univ-msila.dz

Abstract. With the world’s growing demand for energy, renewable energy production has become
important in providing alternative sources of energy and in reducing the greenhouse effect. This study
investigates the aerodynamics and performance of the WG/EV100 micro–Horizontal Axis Wind Turbine
(HAWT) using Computational Fluid Dynamics (CFD). The complexity of VAWT aerodynamics, which
is inherently unsteady and three-dimensional, makes high-fidelity flow models extremely demanding in
terms of computational cost, limiting the analysis to mainly 2D Computational Fluid-Dynamics (CFD)
approaches. This article explains how to perform a full 3D unsteady CFD simulation of HAWT. All
main parts of the WG/EV100 HAWT were designed in SOLIDWORKS. Only the blade design was
reverse engineered due to the unavailability of the CAD model and the complexity of its geometric
characteristics. The impeller blade is scanned using a Coordi-nate Measuring Machine (CMM), and the
obtained 3D scan data are exported from the PC-DMIS software to GEOMAGIC design X to obtain a
CAD model of the blade.

Keywords: Computational Fluid Dynamics, Horizontal Axis Wind Turbine (HAWT), aerodynamics,
reverse engineering, Coordinate Measuring Machine (CMM).

1. Introduction
Wind energy is a renewable energy source that pro-
motes diversification and energy independence in the
electricity generation industry [1–5]. It is clean energy
that does not produce greenhouse gases. It uses ma-
chines with a life cycle that respects the environment.
It is decentralised energy and the energy-producing
machines can be closer to consumers. There is an
immense potential and an inexhaustible source of
renewable energy in the world allowing for a diversifi-
cation of energy sources. This is the reason why this
type of energy has now become a recommendation
from the public authorities, an essential source for the
very near future, and an alternative strategy for fossil
fuels.

Wind turbines can be divided into two main cate-
gories, Horizontal Axis Wind Turbines (HAWT) and
Vertical Axis Wind Turbines (VAWT). HAWT have
the axis of rotation of their blades horizontal to the
ground and almost parallel to the wind stream, while
VAWT have the axis of rotation and blades oriented
vertically [6–8].

A typical HAWT consists of major components in-
cluding blades, rotor, nacelle unit, tower, and gearbox.
The blades, as one of the key components of wind tur-
bines, cost about 20 % of the machine. Their proper
design, reliable quality, and superior performance are
critical factors in improving the utilisation rate of
wind energy and ensuring a stable operation of wind
turbines.

Among the methods for designing the blade profile,
we can mention the method of direct design of the
aero-dynamic profiles of wind turbines based on math-
ematical optimisation [9–11] and the XFOIL software
from RISO [12], the PARSEC (Pseudo potential Algo-
rithm for Real-Space Electronic Calculations) method
for designing airfoils by controlling the airfoil geome-
try parameters [13], and the blade element moment
method where the blade is modelled as a ruled 3D sur-
face [14]. When the CAD model of the blade was not
available, we used the reverse engineering method [15–
19].

Much effort has been devoted to the research and de-
velopment of large wind turbines to minimise specific
costs (EUR kW−1). Improved aerodynamic design and
increased tower height and turbine size have allowed
for a significant reduction in unit power generation
costs [20].

The general equations of an engineering problem
form a set of coupled and nonlinear partial differential
equations. Solving such equations analytically is usu-
ally difficult or even impossible for most engineering
problems, hence the need for a CFD application [21–
24], which is a branch of fluid mechanics that uses
numerical methods and algorithms to analyse and
solve fluid flow problems [25].

A 2D CFD simulation is simpler compared to the
3D CFD simulation, but at the same time, it is less
accurate for complex flow cases and is limited to a
single plane case. A 3D CFD simulation provides an
accurate prediction of the flow field, but requires a
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long computation time and large data storage [26].
Meanwhile, the Blade Element Momentum (BEM)

method can be used for the blade structure analy-
sis. The BEM method consists of dividing the flow
into annular control volumes and applying momen-
tum balance and energy conservation in each control
volume. These models can implement different analy-
sis algorithms: the single-stream tube model, which
considers one stream tube for the entire rotor, the
multiple-stream tube model, which considers an arbi-
trary number of adjacent and aerodynamically inde-
pendent stream tubes, and the double-multiple-stream
tube model, where the rotor is represented by a pair
of actuator discs in tandem on each stream tube [27].

Several studies have been developed to design and
evaluate the performance of HAWTs. Ngala, G.M et
al. [6–8], Younes El khchine, and Mohammed Sriti [28]
have investigated the performance of a micro-HAWT
blade using a combination of Computational Fluid Dy-
namics (CFD) and Blade Element Momentum Method
(BEM) methods to simulate the flow field around a
wind turbine rotor with horizontal axis in 2D. The
result shows that the power output increases consis-
tently with increasing wind speed.

Hasan et al. [29] and Khaled et al. [30] have con-
ducted a comparative study between BEM and CFD
analysis of small-scale horizontal axis wind turbine
blades. Both studies showed good a performance pre-
diction which was a positive step to accelerate the
continuous development in the wind energy sector.
Chandrala et al. [31] conducted a study on the aero-
dynamic efficiency of wind turbine blades in a wind
tunnel. A CFD analysis of the HAWT blade at differ-
ent blade angles was carried out using ANSYS CFX.
They found that the HAWT efficiency is highly depen-
dent on the blade profile and its orientation. Khlaifat
et al. [32] have shown that the performance of a wind
turbine is affected by the wind conditions and the
blade shape.

Rossetti and Pavesi [33] compared the BEM ap-
proach with two-dimensional and three-dimensional
CFD simulations. The curves of tip–speed ratio versus
power coefficient and the evolution of the trust forces
over one blade revolution highlighted the limitations
and strengths of each approach.

Zhang et al. [34] investigated the effect of yaw speed
and delay time on the power generation and stress of
a wind turbine. The results show that the step control
of the yaw speed can avoid power loss and improve
the reliability of the wind turbine during operation.

Our research focuses mainly on investigating the
aerodynamic performance of the WG/EV100 micro-
HAWT using Computational Fluid Dynamics (CFD).
All main parts of the WG/EV100 HAWT were de-
signed in SOLIDWORKS. Only the blade design was
reverse engineered due to the unavailability of the
CAD model and the complexity of its geometric char-
acteristics. The impeller blade is scanned using a
Coordinate Measuring Machine (CMM), and the ob-

Figure 1. a) Cloud data from CMM. b) Impeller
Blade.

tained 3D scan data are exported from the PC-DMIS
software to GEOMAGIC design X to obtain a CAD
model of the blade.

2. Methodology
2.1. 3D scanning of a wind turbine blade
In order to simulate the performance of the wind
turbine under consideration, a numerical study of
the three-dimensional flow is carried out by means of
CFD using the commercial CFD code ANSYS Fluent.
Due to the sensitivity of the flow field in the blade
passage to the geometric properties of the blade, the
CAD model of the blade was created using reverse
engineering because of the lack of a 3D model of the
wind turbine blade.

The reverse engineering technique was required to
extract the geometric features from the physical model
at different angles using a 3D scanner.

For reverse engineering purposes, the wind turbine
blade was 3D scanned using a coordinate measuring
machine (CMM) to create highly accurate 3D models.
This process is critical for manufacturing replacement
parts, improving the design of existing components,
or repairing damaged components. The CMM used
in this study has three axes and is highly capable of
measuring large and complex geometries with a high
level of precision (1 µm) [35]. The scanning process
involved a mechanical method using a tactile trigger
probe to collect data by physically touching the blade
surface in a predetermined pattern and generating a
continuous stream of point cloud data. This ensured
that the entire surface of the blade was scanned and
any defects or variations in the shape of the blade
were accurately captured. Once the scanning process
was completed, the collected data were converted into
a digital format using PC-DMIS software. This soft-
ware allowed the collected data to be processed and
analysed, ensuring that any imperfections or inaccu-
racies were corrected. The digitised data were then
exported to Geomagic Design X software, which was
used to generate the final CAD model.

As can be seen in Figure 1, the point cloud data of
the wind turbine blade were extracted.
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Figure 2. a) CAD model of the wind turbine blade.
b) Deviation of the CAD model of the blade from the
measured point cloud data.

Figure 3. Wind turbine model.

By analysing the survey data, a robust design of a
wind turbine was created that ensures its deflection on
the cloud remains within ±0.1 mm. The CAD design
is shown in Figure 2.

2.2. Geometric model
After reverse engineering the 3D model of the wind
turbine blade, the CAD model can be processed by
various CAD programs. For our specific study, we
used SOLIDWORKS to create the CAD model. The
ANSYS Space Claim program was used to generate
the fluid domain that consists of cylindrical geometry
with specific dimensions. Due to the complexity of the
meshing, an inner cylinder was created as shown in Fig-
ure 3. In order to match the geometry input required
for the CFD analysis by FLUENT software, the solid
structures must be subtracted from the field using
Boolean operations. Once the geometry is complete,
it is imported into the AN-SYS FLUENT MESHING
program to generate the mesh.

Because of the symmetric nature of the fluid domain,
only one third of the entire cylinder was included in
the simulation, as shown in Figure 4. This significantly

Figure 4. Arithmetic range of a wind turbine blade.

reduced the computational time and the calculating
resources required for the simulation.

2.3. Meshing
Because ANSYS fluent supports a wide range of mesh
types, a wide variety of tools, such as ANSYS Meshing,
ICEM CFD, and CFX, it can be used to generate the
mesh required for a fluid dynamics analysis. The mesh
resolution was performed using the ANSYS fluent
meshing program after the geometry was completed
and imported into the fluent meshing program to
create the mesh. The mesh is structured and consists
of cells and nodes which can be of any shape and size.

It is assumed, based on a fundamental understand-
ing of fluid mechanics, that the flow behind the blades
of wind turbines is the most turbulent and that this is
the location where a fine mesh is required to capture all
the physical effects of the flow. The outflow is where
the coarsest mesh is used because it is least affected
by the wind turbine blades. This mesh resolution re-
duces the computational time without compromising
the accuracy of the numerical results.

A cylindrical computational domain was performed
without a large and unnecessary re-meshing process,
since the flow was symmetric and the rotating blades
were determined periodically, only one blade was con-
nected using the 120◦ periodic feature of the third
model to reduce the computational cost, and thus
the computational domain consists of one blade. In
the third axis, we used two types of fields, the inner
field containing the wind turbine blade with a fine
mesh and the outer field surrounding it with a coarse
mesh. To ensure mesh independence, we performed
successive mesh refinements and simulations. During
steady state simulations, we monitored the moment
around the Z-axis to perform a mesh sensitivity analy-
sis. The mesh refinement was focused on the blade and
followed a smooth transition from low to high mesh
density. We determined that fur-ther refinement was
unnecessary once the grid surpassed 6 494 745 nodes,
as it would be computationally inefficient. Ultimately,
we used 5 574 675 poly-hex core cells to achieve a
mesh-independent solution. A computational mesh
and the inflation layers on the blade surface are shown
in Figure 5.
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Figure 5. Computational mesh.

Figure 6. Y+ distribution on the blade surface.

A series of simulations were carried out to accurately
model the viscous sublayer of the boundary layer to
meet the requirements of the SST turbulence model,
which include automatic wall treatment. To ensure
that the non-dimensional parameter y+ stays below 1,
the height of the first layer normal to the wall surface
was adjusted. This was achieved by using a fine mesh
in the near-wall region with a minimum of 12 prism
layers perpendicular to the walls. The distribution
of y+ on the blade surface is shown in Figure 6. The
mesh resolution was suffi-cient enough to ensure that
y+ remained within the recommended limit.

2.4. Boundary conditions
After the meshes for each part have been generated in
the Fluent Meshing software, the next step is to define
the boundary conditions, analysis type, interfaces, etc.
It is essential to define the flow variables at the bound-
ary of the selected physical model in an appropriate
manner. In this research, the fluid dynamics analysis

Figure 7. Boundary conditions in Fluent.

was carried out using the ANSYS FLUENT software
during unsteady simulation, the converged solutions
obtained from a steady-state simulation were used as
the initial value for the unsteady simulation. The rota-
tional speed of the rotor is N = 400 rpm. Based on the
blade cord length, the tip speed is equal to 21.77 m s−1.
The corresponding rotation frequency and impeller
period are defined as RF = N/60 = 6.66 Hz and
T = 1/RF = 0.15 s, respectively. To ensure numerical
stability, a small-time step size is used, corresponding
to a rotation of 2.4◦ of the impellers. In our case, a
complete rotation of the impellers is performed every
150 steps, therefore, the time step size, defined as
the impeller period divided by 150 steps, is equal to
0.001 s.

At the inlet of the domain, a constant velocity con-
dition of 8 m s−1 was applied as a boundary condition
with a turbulence intensity of 0.2 %, while the eddy
viscosity was 10 and the air density was 1.2 kg m−3.
At the arithmetic outlet, the ambient pressure was
set as a boundary condition and the outlet pressure
was set to zero, i.e. the external pressure, and the
standard k−ω turbulence model was also chosen due
to the characteristic of this model. Figure 7 shows the
boundary conditions and field domains set to perform
the simulation.

2.5. The governing equations
All fluid dynamics is based on three physical principles:
the principle of conservation of mass, Newton’s second
law, and the principle of conservation of energy.

2.5.1. The mass conservation equations
The equation for the conservation of mass, or conti-
nuity equation, can be written as follows [36]:

∂ρ

∂t
+ ∇ · (ρ−→v ) = Sm . (1)

The source Sm is the mass added to the continuous
phase from the dispersed second phase and any user-
defined sources.

2.5.2. Momentum conservation equations
∂

∂t
(ρ−→v )+∇·(ρ−→v −→v ) = −∇p+∇·

(
τ
)
+ρ−→g +−→

F , (2)
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Figure 8. Time evolution of the moment on the blade
surface in the Z-axis.

where ρ is the static pressure, τ is the stress tensor,
ρ−→g is the gravitational body, and −→

F is the force and
external body forces, −→

F also includes other model-
dependent source terms, such as porous-media and
user-defined sources.

2.5.3. Energy conservation equation
∂

∂t
(ρE)+∇·(−→v ·(ρE+p)) = −∇

( ∑
j

hjJj

)
+Sh , (3)

where hj is the heat transfer coefficient of species j,
Jj is the broadcast stream of species j, and Sh is the
volumetric rate of heat generation.

2.6. Reynolds (ensemble) averaging
In Reynolds averaging, the solution variables in the in-
stantaneous Navier-Stokes equations are decomposed
into the mean and fluctuating components [37].

∂ρ

∂t
+ ∂

∂xi
(ρui) = 0 , (4)

∂

∂t
(ρui) + ∂

∂xi
(ρuiuj) = − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui

∂xj
+ ∂ul

∂xl
− 2

3δij

)
+ ∂

∂xj
(ρu′

iu
′
j)

]
. (5)

The Reynolds-averaged Navier-Stokes (RANS)
equations are Equations (4) and (5). The velocities
and other solution variables now represent ensemble
averaged values, but the equations retain the same
overall structure as the instantaneous Navier-Stokes
equations. There are now more words to describe the
effects of turbulence. To complete Equation (5), these
Reynolds stresses, ρu′

iu
′
j , must be modeled.

3. Results and discussion
In this section, we present the results of the wind tur-
bine blade simulation. The design of the blade follows
a 120◦ axial symmetry approximation, taking into

Figure 9. Pressure contours for the 3D blade at
0.032 s; a) pressure side, b) suction side.

Figure 10. Pressure contours for the 3D blade at
0.064 s; a) pressure side, b) suction side.

account the symmetric nature of the computational
domain. CFD was used to perform the simulation and
solve the flow governing equations (3D Navier-Stokes)
around the turbine blade. In order to assess the con-
vergence of the time-periodic results, we monitored
the moment around the Z-axis during the unsteady
simulation. A visual representation of the moment
around the Z-axis of the blade is shown in Figure 8.

According to the graph, the unsteady solution ini-
tially shows instability but eventually transitions to
periodic behaviour, indicating that the solution has
converged during the unsteady simulation. To achieve
this, 40 iterations were performed at each time-step,
effectively reducing the residuals for continuity, mo-
mentum, and turbulence quantities below 10−5. Fig-
ures 9, 10, and 11 present the distribution of air pres-
sure on both sides of the wind turbine blade at three
specific time points: 0.032, 0.064, and 0.096 s.

The pressure distribution shows significant varia-
tions at different locations along the blade of the wind
turbine, with notable differences observed from the
leading edge to the trailing edge and from the root to
the tip on both the suction and pressure sides.

To compare the velocity field around the blade
surface obtained from the numerical calculations, Fig-

254



vol. 63 no. 4/2023 3D CFD model for the analysis of the flow field through a HAWT

Figure 11. Pressure contours for the 3D blade at
0.096 s; a) pressure side, b) suction side.

Figure 12. Velocity along clean wind turbine blade
profile sections, 0.032 s.

ures 12, 13, and 14 show the results at a constant speed
of 8 m s−1. These comparisons have been made using
the plane section option in the CFD post-processing,
specifically in three selected sections (0.1, 0.3, and
0.5) of the 3D wind turbine blades. The figures show
the results at three different time points: 0.032, 0.064,
and 0.096 s.

The velocity profiles shown in the figures illustrate
the velocity filed around the blade surface at three
differ-ent sections (0.1, 0.3, and 0.5) of the airfoil
profiles. At the time instant 0.032 s and section 0.1,
the velocity at the trailing edge is higher than that
at the leading edge of the airfoil, while the direction
of the velocity change remains the same as in the
other sections. In the remaining sections, the speed
increases on the upper side. The subsequent times,
0.064 and 0.096 s, show similar velocity changes to
the initial time, but with some variations in the three
sections.

Figure 13. Velocity along clean wind turbine blade
profile sections, 0.064 s.

Figure 14. Velocity along clean wind turbine blade
profile sections, 0.096 s.

Furthermore, Figures 15, 16, and 17 show the pres-
sure distribution on the airfoil coil of the wind turbine
blade within three different sections (0.1, 0.3, and
0.5) at three different times: 0.032, 0.064, and 0.096 s.
These figures were generated at a constant speed of
8 m s−1.

From the figures, it can be clearly seen that the
pressure distribution on the airfoil coil of the wind tur-
bine blade has distinct characteristics in the selected
sections: 0.1, 0.3, and 0.5 of the blade at time 0.032 s.
Notably, the pressure on the upper surface is lower
as compared to the lower surface, and the pressure
values between the sections are relatively close.

However, at times 0.064 and 0.096 s, as shown in
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Figure 15. Pressure contours along wind turbine
blade profiles in 0.032 s.

Figures 16 and 17, there is a noticeable increase in the
pressure distribution around the aileron. Specifically,
there is an observable increase in pressure on the upper
surface, particularly in the 0.5 section at both time
points (0.064 and 0.096 s).

3.1. Pressure coefficients comparisons
The dimensionless pressure coefficient (Cp) was calcu-
lated by CFD numerical simulations for three specific
sections (0.1, 0.3, and 0.5) of the wind turbine blades.
The obtained Cp values were then compared with
results from different time points, as illustrated in
Figure 18. It is important to note that the pressure
coefficient, being a local quantity, is a challenging test
for CFD simulations. The calculation of the pres-
sure coefficient can be computed using the provided
Equation (6) [23, 25, 26].

Cp = 2(P − Pref )
ρ · V 2

∞
, (6)

where P is the absolute pressure across the blade pro-
file, Pref is the static pressure, ρ is the free upstream
flow density and V∞ is the free upstream flow velocity.

The pressure coefficient values show a significant
level of agreement, particularly at the leading edge,
across the three sections (0.1, 0.3, and 0.5) of the
blade at different time points, as can be seen from the
Figure 18. However, slight differences can be observed
in some of the trailing edge values. These variations
arise due to the influence of lift and drag forces, which
impact the flow characteristics and subsequently affect
the pressure coefficient (Cp) parameters.

Figure 16. Pressure contours along wind turbine
blade profiles in 0.064 s.

Figure 17. Pressure contours along wind turbine
blade profiles in 0.096 s.

4. Conclusions
The main objective of this research paper was to inves-
tigate the unsteady three-dimensional flow behaviour
on the WG/EV100 wind turbine model at three differ-
ent time points. Firstly, the CAD model of the blade
was reverse engineered, and then three-dimensional nu-
merical simulations of the complete wind turbine were
performed using the commercial CFD code ANSYS
FLUENT. Due to the computational requirements
and limitations of the available computing resources,
only a single blade was considered to generate the
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Figure 18. Comparison of pressure coefficients between three different times, in three sections along the blade of a
wind turbine.

computational domain by taking advantage of the
symmetry of the flow field. The blade was split into
three sections for the same purpose of data analysis.

The pressure distribution on the blade and the ve-
locity field on the ailerons were observed at different
time points. The results show that the velocity field
and the pressure distribution change over time as a
result of the blade’s shifting position, but the pres-
sure coefficient remains unchanged for the three time
points. When comparing the results between the three
sections, namely 0.1, 0.3, and 0.5, it is found that the
velocity and the pressure are greater in section 0.5,
while the direction of the distribution remains the
same. The simulation results in this study, partic-
ularly the analysis of pressure coefficients, provide
valuable insights into the performance and design
optimisation of wind turbine blades. Due to the sen-
sitivity of the pressure coefficient to factors, such as
blade profile, thickness, and torsion angle distribution,

we observed significant variations in Cp values across
different sections, highlighting the importance of con-
sidering these parameters during the design process.
Using the pressure coefficient values obtained, future
research aims to further improve the performance of
the investigated wind turbine through an improved
blade design. These efforts contribute to the advance-
ment of the wind energy and developing more efficient
and sustainable renewable energy solutions.

List of symbols
Sm Mass added to the continuous
ρ Density of air
p Static pressure
ρ−→g Gravitational body
−→
F Force
hj Heat transfer coefficient of species
Jj Diffusion flux
Sh Volumetric rate
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