
Citation: Sang, L.Q.; Phengpom, T.;

Thin, D.V.; Duc, N.H.; Hang, L.T.T.;

Huyen, C.T.T.; Huong, N.T.T.; Tran,

Q.T. A Method to Design an Efficient

Airfoil for Small Wind Turbines in

Low Wind Speed Conditions Using

XFLR5 and CFD Simulations. Energies

2024, 17, 4113. https://doi.org/

10.3390/en17164113

Academic Editor: Frede Blaabjerg

Received: 9 June 2024

Revised: 2 August 2024

Accepted: 15 August 2024

Published: 19 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

A Method to Design an Efficient Airfoil for Small Wind Turbines
in Low Wind Speed Conditions Using XFLR5 and
CFD Simulations
Le Quang Sang 1,2, Tinnapob Phengpom 3 , Dinh Van Thin 4, Nguyen Huu Duc 4,* , Le Thi Thuy Hang 1 ,
Cu Thi Thanh Huyen 1, Nguyen Thi Thu Huong 1 and Quynh T. Tran 1,5,*

1 Institute of Science and Technology for Energy and Environment, Vietnam Academy of Science and
Technology, Hanoi 10072, Vietnam; lehang212@gmail.com (L.T.T.H.)

2 Faculty of Materials Science and Energy, Graduate University of Science and Technology, Vietnam Academy
of Science and Technology, 18 Hoang Quoc Viet, Cau Giay, Hanoi 10072, Vietnam

3 Institute for Innovative Learning, Mahidol University, 999 Phuttamonthon 4 Road, Salaya, Phutthamonthon,
Nakhon Pathom 73170, Thailand

4 Faculty of Energy Technology, Electric Power University, 235 Hoang Quoc Viet, Hanoi 11355, Vietnam;
thindv@epu.edu.vn

5 Hawaii Natural Energy Institute, University of Hawaii at Manoa, Honolulu, HI 96822, USA
* Correspondence: ducnh@epu.edu.vn (N.H.D.); tranttq@hawaii.edu (Q.T.T.)

Abstract: Small wind turbines operating in low wind speed regions have not had any significant
success. In addition, small wind speed regions occupy a large area of the world, so they represent
a potential area for installing small wind turbines in the future. In this paper, a method to design
an efficient airfoil for small wind turbines in low wind speed conditions using XFLR5 and CFD
simulations is implemented. Because the impact of the airflow on the blade surface under low
Re number conditions can change suddenly for small geometries, designing the airfoil shape to
optimize the aerodynamic performance is essential. The tuning of the key geometric parameters
using inversion techniques for better aerodynamic performance is presented in this study. A two-
dimensional model was used to consider the airflow on the airfoil surface with differences in the angle
of attack. The original S1010 airfoil was used to design a new airfoil for increasing the aerodynamic
efficiency by using V6.57 XFLR5 software. Subsequently, the new VAST-EPU-S1010 airfoil model
was adjusted to the maximum thickness and the maximum thickness position. It was simulated
in low wind speed conditions of 4–6 m/s by a computational fluid dynamics simulation. The lift
coefficient, drag coefficient, and CL/CD coefficient ratio were evaluated under the effect of the angle
of attack and the maximum thickness by using the k-ε model. The simulation results show that the
VAST-EPU-S1010 airfoil achieved the greatest aerodynamic efficiency at an angle of attack of 3◦, a
maximum thickness of 8%, and a maximum thickness position of 20.32%. The maximum value of
CL/CD of the new airfoil at 6 m/s was higher than at 4 m/s by about 6.25%.

Keywords: airfoil; CFD; XFLR5; low wind speed; lift and drag coefficients

1. Introduction

Wind energy is one of the most developed renewable energy sources. Areas with
medium and high wind speeds have been exploited in most of the convenient locations.
Specifically, according to the report of the GWEC organization, the onshore installed wind
power capacity is about 68.8 GW, and the offshore wind power capacity has gone beyond
8.8 GW in 2022 [1]. This growth has increased by 9% compared with in 2021.

The IEC61400-1 standard is divided into four wind class categories and corresponds
to four different wind turbine technologies [2]. Type 1 is suitable for areas with high wind
speeds above 10 m/s, type 2 is suitable for average wind speeds of 8.5 m/s or more, type 3
is suitable for low wind speeds of 7, 5 m/s or more, and category 4 is according to actual
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requirements. However, the areas of low wind speed with a very large area in the world
have not yet been exploited. Therefore, to effectively exploit the wind energy in low wind
speed areas, more research is needed to come up with reasonable and high-efficiency wind
turbine blades.

In previous studies, high-power wind turbine blades in low wind speed regions are
often designed based on the wind turbine blades in a high wind speed region [3–5]. The
research results on wind turbines in low wind speed regions at the NREL have shown
several criteria, such as longer blades, taller towers, and modern control methods [6]. The
purpose of designing this wind turbine technology is to increase the output of electricity
produced and reduce the investment rate. However, this also leads to an increase in the
blade mass and affects the aerodynamic efficiency of the entire wind turbine. A longer blade
will increase the blade’s mass, which requires a corresponding increase in the nominal
speed to ensure the turbine’s operating efficiency is maintained. Even though the mass
does not directly affect the value of the power factor, it does indirectly affect it through
its relationship with the structure of the blade. The longer the blade, the larger and more
rounded the parts near the rotor center point. For more circular and symmetrical blade
sections, the value of the axial induction factor (a) will be smaller. This leads to a decrease
in the value of the power factor according to the blade element momentum (BEM) theory,
as shown in the following Formula (1) [7]:

CP = 4a(1 − a)2; a =
U1 − U2

U1
(1)

where: a is the axial induction factor and U1 and U2 are, respectively, the free wind velocity
and the wind velocity hitting the front of the blade (the rotor’s plane), m/s.

In fact, to ensure structural strength, the blade sections near the center must be
rounder and larger as the blade length increases. This will cause the total mass of the blade
to increase accordingly. Therefore, we have explained in this paper that the increased mass
may affect the Cp of the turbine. In such a case, to keep the value of Cp from decreasing,
it is necessary to design so that the nominal wind speed increases accordingly. However,
for areas with low wind speeds, this turbine must operate at wind speeds lower than the
nominal wind speed. Then, the rotation speed of the rotor will be decreased and lead to a
corresponding decrease in the aerodynamic efficiency of the turbine.

To fully design a wind turbine blade, aerodynamic design and blade load design
are required. Aerodynamic design is influenced by the outer shape of the wind turbine
blade. Most aerodynamic design goals are to maximize the ability to harness the energy
in the wind to maximize the power output of the wind turbine. The airfoil load design
depends on the internal structure of the airfoil and takes into account characteristics such
as durability, stable operation, and vibration [8,9]. Different methods of designing and
simulating wind turbine blades, such as the finite element method (FEM), -OpenFAST
software [10], and Qblade [11], were studied. Specifically, to reduce the wind turbine
blade weight and to analyze the blade load, the authors used a combination of OpenFAST
software and the particle swarm optimization (PSO) algorithm [12]. Another study used
the BEM and FEM theories and a multi-target genetic algorithm to get the maximum power
output and minimum blade mass [13].

Blade models operating in low wind speed regions will often have a flow separation
from the wind turbine blade’s upper surface. This flow separation is due to an adverse
pressure differential across the blade surface as a result of the influence of the blade
thickness. When wind blows across the blade surface, it creates interactions and flow
separation on the blade surface at low wind speeds or creates wake effects behind the blade
at high wind speeds. This is a physical interaction phenomenon between the fluid flow
and the surface of a solid object. When the wind speed is high, the incoming flow will
dominate the flow that hits the surface and is bounced back. Therefore, there is no flow
separation phenomenon right on the blade surface. On the contrary, when the incoming
flow and reverse flow have approximately the same magnitude, they will interact to create
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vortices right on the blade surface, causing the phenomenon of flow separation to appear.
Flow separation can occur on the blade surface even under low and high Reynolds number
conditions. This phenomenon can be divided into two cases: a laminar separated shear
layer and a turbulent separated shear layer. Under low Reynolds number conditions, the
first case will dominate and form a wide wake region at the upper, rear part of the blade.
The laminar boundary layer separation phenomenon reduces lift force and increases drag
force, leading to a decrease in the wind energy extraction efficiency of the blade [14,15].
According to [14], the authors have tested the NACA 0025 airfoil model experimentally
with a chord of 0.3 m and Reynolds numbers of 55,000, 100,000, and 150,000. The obtained
results show that the laminar flow separation phenomenon occurs when the Reynolds
value is 55,000 and the turbulent flow separation phenomenon begins to appear when the
Reynolds value is 150,000. Some similar results are also published in [15].

For a fixed low wind speed value region, this phenomenon will only depend on
the thickness and curvature of the blade pattern. In this study, we propose a method to
change the thickness and curvature of the airfoil pattern, then to determine which airfoil
pattern is least affected by this laminar flow separation phenomenon. From there, the
airfoil model with the best aerodynamic performance in a wind speed range of 4–6 m/s
was determined. Several studies have shown the effect of the blade thickness on the
aerodynamic performance. A sample of 18% thicker wind turbine blades operating in a Re
coefficient region from 2 × 105 to 3 × 105 showed a higher efficiency than the original blade
model in low wind speed conditions [16]. Another study showed that when the maximum
thickness was increased to 28.5%, the power factor did not change and the starting torque
was better (i.e., the starting wind speed decreased [17,18]). However, when the thickness of
the wind turbine blades exceeds the permissible limit, it will cause difficult starting torque
due to the large drag coefficient, particularly in a low angle of attack (AOA) region. On
the other hand, the NACA 2412 airfoil works well in low wind speed conditions with a
maximum camber of 0.02 times and a maximum thickness of 0.12 times the chord [19,20].
The vortex generator mounted on the surface of the wind turbine blade was tapered and
eliminated the delamination bubble at the higher angle of attack [21].

The thickness of the wind turbine blades in low wind speed conditions is designed
to be thinner to reduce adverse pressure differentials [22,23]. Some original blade models
operating in low wind speed areas have launched, including specific applications of those
airfoils in different areas. Specifically, NREL introduced seven blade pattern sequences
with 23 different models for horizontal axis wind turbines [24]. The Delft University
of Technology (DUT) wind turbine blade models have chord thicknesses ranging from
15 to 40% [25]. Three series of Risø blade samples were presented and tested in wind
tunnels for wind turbines of several hundred kilowatts to megawatts [26]. For small wind
turbines, the Re coefficient is usually less than 5 × 105 [27,28]. Research on airfoils of
the form SG6040–SG6043 at a Re coefficient from 1 × 105 to 5 × 105 also showed a good
performance [29]. Some optimization studies to calculate the shape of wind turbine blades
focus on increasing the radius of the tip and reducing the curvature of the wind turbine
blades [30–32]. An important issue with wind turbine blades operating at low wind speeds
is having a good starting torque [5,33]. Other research from the NACA 2412 showed that
the lift increased at various angles of attack [34]. Thus, to optimize the aerodynamics and
structure of the wind turbine blade model at low wind speeds, it is necessary to consider
parameters such as the chord, torsion, tip radius, and thickness. For small wind turbines,
the aerodynamic design parameters and wind turbine blade structure are considered to
be variables [35]. The chord and torsion angle are considered as variables to maximize the
power of small wind turbines. The starting wind speed and power output are the objective
functions [36].

By 2022, Vietnam had many large wind power projects with a total capacity of 4667 MW
in operation. These systems focus on exploiting areas with good wind speeds, and the
wind turbines are all imported. With the best-rated wind energy potential in Southeast
Asia, Vietnam has many opportunities to develop wind energy on both large and small



Energies 2024, 17, 4113 4 of 19

scales. However, research on wind turbine blade models operating in low wind areas in
Vietnam is completely lacking.

This paper present a method to design an optimal blade model suitable for low
wind speeds as a basis for designing wind turbine blades suitable for Vietnam’s wind
conditions, using XFLR5 and computational fluid dynamics (CFD) simulation tools. The
CFD simulation has been widely used to analyze the influence of airflow on the blade
model and the entire blade of a wind turbine [34]. This method can accurately simulate
boundary layers on the whole airfoil. The publicized original airfoils were considered and
selected from famous organizations [37,38]. The shape of the original S1010 airfoil will
be adjusted to design a new airfoil for increasing the aerodynamic efficiency by using the
V6.57 XFLR5 software. Then, the new airfoil is simulated in a low wind speed region to
estimate the aerodynamic performance of the airfoil. The focused parameters for improving
the aerodynamic performance are the maximum thickness, maximum thickness position,
maximum curvature, and maximum curvature position. The results of this study help to
better understand the new airfoil design method and improve the blade performance in
low wind speeds. From there, it is possible to build a complete wind turbine blade with a
high aerodynamic efficiency for further studies.

This paper is organized into four sections. Section 2 presents the methodology, ex-
plaining the techniques used in the research. Section 3 describes the application of the
methodology and results, providing detailed insights and analysis. Section 4 offers a
comparison of the results with existing studies, followed by a discussion of the findings.
Finally, Section 5 concludes this paper, summarizing the key outcomes and implications of
the research.

2. Methodology

This section details the comprehensive methodology employed for designing a wind
turbine blade model using the XFLR5 and CFD simulation tools, based on Ansys Fluent-
2023 student version. The methodology encompasses several crucial steps, each aimed at
optimizing the aerodynamic performance of the blade under low wind speed conditions:

• Step 1: Selection of airfoil models.
The initial step involved selecting suitable airfoil models that have been proven to
perform effectively in low wind speed conditions, typically ranging from 4 m/s to
6 m/s. This selection was based on a thorough review of the existing literature
and previous studies that identified the airfoil models capable of stable operation
under such conditions. The data on the original airfoil samples were sourced from
website [36]. The blade models were selected from the original blade models that
operate stably in low wind speed conditions from 4 m/s to 6 m/s.

• Step 2: Modify the airfoil model using XFLR5 software.
Once the airfoil model was selected, the next step was to import the original airfoil
data into the XFLR5 software. This software is adapt at analyzing the aerodynamic
properties of airfoils, particularly at low Reynolds numbers. The process of data im-
portation was followed by reverse engineering to adjust the key geometric parameters.
Specifically, the parameters of maximum thickness and the position of maximum
thickness were modified. These adjustments aimed to enhance the lift-to-drag ratio
(CL/CD), thereby improving the overall aerodynamic efficiency of the airfoil. This step
was critical in tailoring the airfoil geometry to better suit the operational requirements
of low wind speed conditions.
The XFLR5 software was used to analyze the wind turbine blade at a low Re number.
The lift coefficient, drag coefficient, and lift/thrust coefficient ratio were evaluated
with different angles of attacks at a low Re number.
When the number of panels had been determined, XFLR5 calculated the velocity and
the AoA values on the surface of each panel, thereby determining the values of vortex
strength (γ), lift force (L), and drag force (D) over the entire surface of the airfoil. The
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characteristic values, such as the pressure coefficient (Cp), lift coefficient (CL), and drag
coefficient (CD), of the airfoil were determined as in Equations (2)–(5):

CL =
L

1
2 ρU2

1 c
(2)

CD =
D

1
2 ρU2

1 c
(3)

Cp = 1 −
(

γ

U1

)2
(4)

where: c is the chord of the airfoil [m]; ρ is the density of air [kg/m3].
The formula for calculating the Reynolds number to the flow velocity at any position
in the model is given as follows:

Re =
ρU1c

µ
(5)

• Step 3: Model selection and evaluation using computational fluid dynamics (CFD).
The modified airfoil model was then built and analyzed using a CFD simulation.
Initially, the new airfoil models were created by changing the MT and MC (MT is the
maximum thickness and MC is the maximum camber of the airfoil) characteristics
based on the S1010 model. Then, all the samples were analyzed based on the CFD
model. This model helps determine the interaction processes of the incoming flow
with each position on the surface of the blade samples. This entire calculation process
was based on equations such as the conservation of mass, conservation of energy,
and conservation of momentum. This system of equations is commonly known
as the Navier–Stokes system of equations. Solving these conservation equations is
based on the Reynolds-Averaged Navier–Stokes (RANS) method. The accuracy and
convergence of this method depends largely on the selection of the model parameters
such as the mesh size, the thickness of the first mesh layer in contact with the airfoil
surface, the number of mesh layers, and the size of the space surrounding the airfoil
pattern. The RANS equations for the wind velocity variable are defined in Cartesian
coordinates as in the following equation system (6):

∂ρ
∂t +

∂(ρUi)
∂xi

∂(ρUi)
∂t +

∂(ρUiUj)
∂xj

= − ∂p
∂xi

+ ∂
∂xj

[
µ
(

∂Ui
∂xj

+
∂Uj
∂xi

− 2
3 δij

∂Ui
∂xi

)]
+

∂
(
−ρUi

′Uj
′
)

∂xj

(6)

where: ρ is the density of the air, kg/m3; µ is the dynamic viscosity of the air, Pa.s; and
Ui

′Uj
′ is the Reynolds stresses. Once the wind speed at each point was determined

according to the system of Equation (6), the lift forces L and drag forces D of the
corresponding airfoil model were also calculated. From there, the values of the lift
coefficient CL and drag coefficient CD of the airfoil model were also found based on
Formulas (1) and (2). The k-ε turbulence model was employed to simulate the airflow
around the airfoil. The turbulence model used in this study was the Realizable k-ε
Turbulence Model, as shown in Equation (7):

∂(ρε)

∂t
+

∂(ρεUj)

∂xj
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ ρC1Sε − C2ρ

ε2

k +
√

νε
+ C1ε

ε

k
C3εGb (7)

where: C1 = max
[
0.43, η

η+5

]
and η = S k

ε

S is the scalar measure of the deformation.
The values σk, σε, C1ε, C3ε, C1, and C2 are constants.
The simulation results, including the lift coefficient (CL), drag coefficient (CD), and the
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lift-to-drag ratio (CL/CD), were compared with those of the original airfoil to evaluate
the improvements in low wind speed conditions from 4 m/s to 6m/s.

• Step 4: Final model selection.
The final step in the methodology was the detailed design of the airfoil, incorporating
the dimensions that would optimize its aerodynamic performance. These dimensions
were selected based on the simulation results and aimed at maximizing the efficiency
of the wind turbine blade. The design specifications were meticulously chosen to
ensure that the blade could harness low wind speeds effectively, thereby enhancing
the overall performance of the wind turbine.

3. Application and Results

Much previous research has published suitable wind turbine blades in low wind
speed conditions [24–26,36–39]. In this paper, the S1010 airfoil was specifically chosen
due to its demonstrated stability and favorable aerodynamic characteristics in low wind
speed environments, as shown in Figure 1. The parameters of the maximum thickness and
maximum thickness position were analyzed to obtain a better CL/CD ratio.
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Figure 1. Two-dimensional design of S1010 airfoil.

To determine the reliability of the CFD model in this paper, the NACA64A010 and
S1210 airfoils were used [40]. NACA64A010 is a symmetrical airfoil, similar to S1010 and
analyzed under the Reynolds number of 203,100. Some effects of the mesh characteristics
on the simulation results were also determined as in [41].

Similarly, S1210 is an asymmetrical airfoil, similar to VAST-EPU-S1010 and analyzed
under the Reynolds number of 204,100 [40].

A comparison of the results obtained from the CFD model and previously published
experiments is shown in Figures 2 and 3. The deviation between the results is very small,
which proves that the CFD model used in this study has an acceptable accuracy.

The S1010 airfoil was analyzed using XFLR5 with a wind speed of 5 m/s and an AoA that
ranged from an AoA = −10◦ to AoA = 15◦. The results show that the (CL/CD)max = 47.62 at
an AoA = 5◦, as shown in Figure 4.
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The parameters of the S1010 airfoil model were adjusted to create new models. There
were eight new airfoil models surveyed and named based on the maximum thickness (MT)
and maximum camber (MC) values, respectively: S86.5, S68, S87.5, S69.5, S8.6, S67.5, S810,
and S612.5, as shown in Figure 5. The analysis results show that the airfoil with a MT = 8
and MC = 6.5 has the largest (CL/CD)max value. From here, this airfoil model was selected
to build a more accurate analysis model using the CFD method, and the name of the selected
model was VAST-EPU-S1010. A new VAST-EPU-S1010 airfoil model was proposed, as
shown in Figure 6. The new airfoil had changed maximum thickness, maximum thickness
position, maximum camber, and maximum camber position values. The parameters of
the S1010 and VAST-EPU-S1010 airfoils are listed in Table 1. For the airfoil models with
symmetrical layouts, the wind interaction process on the top and bottom sides of the airfoil
model was almost the same. From there, the lift and drag forces were approximately the
same, leading to the CL/CD ratio of model S1010 (symmetrical) having a small value. In
contrast, for the asymmetric airfoil models, the wind interaction process at the two surfaces
was very different. For the lower surface, due to the appropriate curvature, large lifting
forces from the vortices were created, helping the CL/CD ratio of these models to increase
sharply. Therefore, when designing with different wind speed value regions, finding an
airfoil model with the appropriate curvature is very necessary and can bring great benefits
in the efficiency of wind energy exploitation.
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Table 1. Airfoil model parameters of S1010 and VAST-EPU-S1010.

S1010 VAST-EPU-S1010

Thickness 6.02% 8.00%

Max. Thick. Pos. 23.42% 19.32%

Max. Camber 0.00% 6.4%

Max. Cam. Pos. 0.00% 59.56%

4. Comparison Results and Discussion

In this section, the efficiency performance of the new airfoil model VAST-EPU-S1010
are evaluated and compared with the original airfoil S1010 under the impacts of various
factors. Specifically, the effects of low wind speed conditions, variations in the angle
of attack (AoA), and changes in the airfoil thickness are the focus. These simulations
aim to provide a comprehensive understanding of how these parameters influence the
aerodynamic performance and overall efficiency of the new wind turbine blade model.

The CFD simulation software, Ansys Fluent-2023 student version, was used to simulate
the split flows on the surface of the airfoil. The airfoil was built in a two-dimensional model
using the SpaceClaim graphics software, it’s belong to Ansys Fluent-2023 student version.
The distance from the inlet layer to the tip of the airfoil was 6m, and the distance from the
endpoint of the airfoil to the outlet layer was 18 m. The boundary conditions included the
inlet surface, the outlet surface, the airfoil’s surface, and the model’s symmetry surface, as
shown in Figure 7.
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The models were meshed with a combination of triangular and quadrangular grids,
with an average mesh size of 0.03 m. The boundary condition layer surrounding the airfoil
was divided into a quadrangular grid, with the size of the first mesh layer adjacent to the
surface of the airfoil being 0.005 m. The total number of these boundary condition classes
was five layers, and each layer had a difference of 1.1 times, as exhibited in Figure 8.

The total number of the meshes of the models built in this paper was approximately
300,000 meshes, and the mesh quality of each model was 0.95 or more. This value ensures
the convergence of the models. The details of the comparison results are presented in the
next subsections.
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4.1. Airfoil Performance in Low Wind Speed Regions

To evaluate the effect of wind speed on aerodynamic performance, the lift coefficient
(CL), drag coefficient (CD), lift/drag coefficient ratio, and the relationship between the lift
and drag coefficient were considered when the AoA varied from −10◦ to 15◦. The analysis
parameters of the Ansys Fluent software, 2023 student version, for the two airfoils were the
same, only changing the wind speed from 4–6 m/s. The comparison results are shown in
Figure 9.

From Figure 9, it can be seen that the lift coefficient CL reaches the maximum values
of 1.422, 1.433, and 1.442 with wind speeds of 4–6 m/s at the angle of attack of 11◦. The
tendency of the lift coefficient is to increase rapidly from −9◦ to 11◦, then decrease in the
range of 11◦ to 15◦, and finally decrease slightly at the remaining angles of attack. The
simulation results indicate that the maximum lift coefficient for the new airfoil, VAST-EPU-
S1010, is 35.7% to 45.5% higher than that of the original S1010 airfoil. The value of the
drag coefficient CD decreases gradually in the range of the AoA from −10◦ to 0◦, increases
slightly for the angle of attack from 0◦ to 5◦, and finally increases rapidly at the higher
angles of attack. Clearly, the flow separation phenomenon has created a large difference
between the two airfoil designs. The S1010 airfoil model has two symmetrical faces, so the
flow separation phenomenon on both faces has the same magnitude but opposite directions.
This does not contribute to the increase in the lift force. In contrast, the VAST-EPU-S1010
model has two different curvatures, and the upper surface tends to be flat and only curves
heavily at the ends. This prevents the flow from separating from the upper surface layer.
The lower surface has a large curvature and is concave at the tip of the airfoil and curved
high at the tail of the airfoil, helping the incoming wind flow stream to stick close to the
surface, increasing the value of the lift force and reducing the value of the drag force.

The relationship figures between the CL and CD coefficients in the simulation results
show that the new airfoil has a higher value than the original airfoil. To provide a more
comprehensive comparison, Figure 10 consolidates the new airfoil’s CL/CD ratio values
at wind speeds of 4, 5, and 6 m/s. The optimal value of the aerodynamic efficiency are
the maximum CL/CD ratio values of 38.74, 40.14, and 41.32 at an AoA of 3◦ with wind
speeds of 4, 5, and 6 m/s, respectively. These maximum CL/CD values do not differ much.
This clearly shows that the flow separation phenomenon for wind speeds in the range of
4–6 m/s almost do not change for the same airfoil design.



Energies 2024, 17, 4113 11 of 19Energies 2024, 17, x FOR PEER REVIEW 11 of 19 
 

 

 CL coefficient CD coefficient CL/CD ratio CL and CD relationship 

4 m/s 

-15 -10 -5 0 5 10 15 20 25 30
-1.0

-0.5

0.0

0.5

1.0

1.5
 S1010
 VAST-EPU-S1010

C
L

AoA  
-15 -10 -5 0 5 10 15 20 25 30

0.0

0.1

0.2

0.3

0.4

0.5
 S1010
 VAST-EPU-S1010

C
D

AoA  
-15 -10 -5 0 5 10 15 20 25 30

-30

-20

-10

0

10

20

30

40  S1010
 VAST-EPU-S1010

C
L/C

D

AoA  
0.0 0.1 0.2 0.3 0.4 0.5

-1.0

-0.5

0.0

0.5

1.0

1.5
 S1010
 VAST-EPU-S1010

C
L

Cd  

5 m/s 

-15 -10 -5 0 5 10 15 20 25 30

-1.0

-0.5

0.0

0.5

1.0

1.5
 S1010
 VAST-EPU-S1010

C
L

AoA  -15 -10 -5 0 5 10 15 20 25 30

0.0

0.1

0.2

0.3

0.4

0.5
 S1010
 VAST-EPU-S1010

C
D

AoA  
-15 -10 -5 0 5 10 15 20 25 30

-30

-20

-10

0

10

20

30

40  S1010
 VAST-EPU-S1010

C
L/C

D

AoA  
0.0 0.1 0.2 0.3 0.4 0.5

-1.0

-0.5

0.0

0.5

1.0

1.5
 S1010
 VAST-EPU-S1010

C
L

CD  

6 m/s 

-15 -10 -5 0 5 10 15 20 25 30
-1.0

-0.5

0.0

0.5

1.0

1.5

 

 S1010
 VAST-EPU-S1010

C
L

AoA  
-15 -10 -5 0 5 10 15 20 25 30

0.0

0.1

0.2

0.3

0.4

0.5
 S1010
 VAST-EPU-S1010

C
D

AoA  
-15 -10 -5 0 5 10 15 20 25 30

-30

-20

-10

0

10

20

30

40

50

 

 S1010
 VAST-EPU-S1010

C
L/C

D

AoA  

0.0 0.1 0.2 0.3 0.4 0.5
-1.0

-0.5

0.0

0.5

1.0

1.5
 S1010
 VAST-EPU-S1010

C
L

CD  
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4.2. Effect of Angle of Attack on the Airfoil Performance

To understand more about the effect of the AoA on the performance of the airfoil,
the velocity contours and velocity vectors around the airfoil are evaluated in this section.
The simulation results for the velocity contours and the velocity vectors are shown in
Figures 11 and 12 for the angles of attack of −5◦, 0◦, 5◦, 10◦, and 15◦. The CL and CD
depend on the Reynolds number, but they also depend on the thickness, the curvature
of the airfoil pattern, and the angle of attack during actual operation. In this study, our
main purpose is to provide a method and to find an airfoil design with the most suitable
thickness and curvature parameters for the wind speed region of 4–6 m/s and then to give
the quantitative comparison values. The results show that the same airfoil design operating
at a wind speed of 6m/s will have a 6% higher efficiency than at a wind speed of 4 m/s.
This result can also contribute to the actual control and operation of these turbines.

At the angle of attack of −5◦, the airfoil edge underside and the tail upper side have a
high velocity, which is indicated by the orange color. At the angle of attack of 0◦, around
the maximum CL/CD ratio value, the red and orange colors can be seen covering the entire
upper surface of the airfoil, which means that the aerodynamic efficiency is great within
this AoA region. The angle of attack of 5◦ shows that around the upper surface of the
airfoil, the yellow color covers most of the surface, the orange color occupies about 40% of
the upper surface area, and very little of the red color remains at the tip of the airfoil. The
angle of attack of 10◦ exhibits the beginning of the zero-velocity region on the underside
of the edge of the airfoil and the tail of the upper side of the airfoil. At an angle of attack
of 10◦, a delamination layer begins to appear on the surface of the airfoil at the tail. When
the AoA is 15◦, the area of the flow velocity equal to 0 extends to almost the entire upper
surface of the airfoil at the angle of attack of 15◦.
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It can be seen that, when the airfoil rotates to change the angle of attack, the wind
velocity passing over the upper surface of the airfoil will move faster than the wind velocity
moving along the lower edge of the airfoil. The increased velocity at the upper curvature
creates a corresponding pressure drop in that region. The appearance of vortices at the
lower curvature of the airfoil leads to a higher pressure below, as seen in Figure 11. Thus,
the range of the angle of attack from 0 to 5 degrees is the area where the airfoil operates
with the best performance. If the angle of attack goes beyond this range, the aerodynamic
efficiency is reduced due to the reduction in lift and the increase in drag.
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In Figure 12, the direction of the vector and the magnitude of the velocity are shown in
colors from blue to red. At a 0◦ angle of attack, the red and orange velocity vectors account
for a large proportion; at other angles of attack, this number of vectors is significantly
reduced as the angle of attack is higher. At the 10◦ angle of attack, velocity vectors with
different directions appear at the tail end of the airfoil. Seen more clearly with a 15◦ angle
of attack, the magnitude and direction of the velocity vector form vortices on the surface
of the airfoil. This phenomenon occurs at a high angle of attack because the friction force
of the airflow with the surface of the airfoil increases significantly against the inertia force
of the wind. Furthermore, with a larger angle of attack (see where the angle of attack is
10 degrees), gradually wider separation layers appear, due to increased vortices on the
upper airfoil. Thereby, the airfoil performance is reduced.

With the above simulation results, it can be seen that, when increasing the larger
angle of the AoA, the delamination layer begins to appear gradually from the tail of the
airfoil. The direction and magnitude of the eddies are expressed as the velocity vectors.
The higher the angle of attack, the more turbulent the eddies on the surface of the airfoil.
This phenomenon will cause significant drag on the airfoil.
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4.3. Effect of Thickness on the Airfoil Performance

In this section, the CL/CD ratio, which indicates the effect of the thickness on the airfoil
performance, is evaluated at the optimal angle of attack of 3◦ at wind speeds of 4–6 m/s.
The simulation results are shown in Table 2.

Table 2. CL/CD ratio value at AoA = 3◦, according to different blade thicknesses.

Thickness
%

CL/CD Ratio
4 m/s

CL/CD Ratio
5 m/s

CL/CD Ratio
6 m/s

6 36.608 37.852 38.882

7 36.746 37.998 39.035

8 38.739 40.141 41.323

9 35.219 36.159 37.266

At a wind speed of 4 m/s, the maximum value of the CL/CD ratio reaches 38.739 at a
maximum thickness of 8%. Similarly, at wind speeds of 5 m/s and 6 m/s, the maximum
values of the CL/CD ratio are 40.141 and 41.323 at the maximum thickness of 8%, respec-
tively, as shown in Figure 13. Figure 14 illustrates the velocity contour changing with the
thicknesses varying from 6 to 9%
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Figure 13. Optimal value of CL/CD ratio at the AoA = 3◦, according to different maximum thicknesses.

From Figure 14, it can be seen that, as the blade thickness increases, the surface velocity
increases, represented by the red and orange areas. The simulated results at the optimal
angle of attack of 3◦ and a wind speed of 6 m/s for airfoil with thickness, t/c, of 6% and 7%
show a smaller velocity contour on the upper surface compared to airfoils with thicknesses
of 8% and 9% This is due to the effect of the airfoil thickness caused when the airflow
impacts the airfoil’s leading edge. For an airfoil with a thickness t/c of 8%, the suction
surface has a velocity contour with a larger green area, so the performance of an airfoil
thickness of 8% is higher than that of 9%. Looking at the figure, the difference in the
upper and lower surface pressures at the maximum thickness of 8% is higher than at other
thicknesses, resulting in the highest aerodynamic efficiency of the airfoil model.
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In summary, the flow separation phenomenon for low wind speed regions has little
difference for the same airfoil design. However, this phenomenon has a big change for
airfoil designs with a different thickness curvature and when the wind comes with different
attack angles. The obtained results show that the airfoil design with a maximum thickness
of 8%, a maximum thickness position of 20%, and an attack angle of 3◦ will give the best
wind energy exploitation efficiency, suitable for designing small capacity wind turbines
operating at nominal wind speeds in the range of 4–6 m/s.

5. Conclusions

In this paper, a new wind turbine blade model, VAST-EPU-S1010, redesigned based
on the original blade model S1010, was created considering the maximum thickness and
maximum thickness position. The performance of the new airfoil was simulated by using
CFD under low wind speeds conditions. The lift coefficient, drag coefficient, and lift/drag
ratio were evaluated under the influence of different angles of attack from -10◦ to 15◦. Some
of the results are summarized as follows:

• The new VAST-EPU-S1010 airfoil was redesigned and simulated in low wind speed
conditions of 4–6 m/s. The maximum value of the lift/drag ratio of the new airfoil
increased from 35.7% to 45.5% compared to the original airfoil model. The maximum
value of CL/CD was 41.32 at a wind speed of 6 m/s. Furthermore, the wind speed also
affected the CL/CD ratio, with the maximum value of CL/CD at 6 m/s being higher
than at 4 m/s by about 6.25%.

• At a low wind speed, the influence of the angle of attack from −5◦–15◦ was also
simulated and evaluated. The results show that the airfoil efficiency around the
optimal angle of attack of 3◦ was the highest and that the airfoil efficiency decreased
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as the angle of attack increased. From an angle of attack of 10◦ or more, the tail of
the airfoil appeared as a separate layer and the velocity vector moved in different
directions. The higher the angle of attack, the earlier the separation layer appeared
and occupied a larger surface area of the airfoil.

• Thickness also affects the aerodynamic performance of the airfoil. The new VAST-EPU-
S1010 airfoil model was optimized at a maximum thickness of 8% and a maximum
thickness position of 20.32%.

The performance of the VAST-EPU-S1010 airfoil, improved through redesigning the
shape of the original airfoil, showed increases in aerodynamic performance. The improved
CL, CD, and CL/CD ratios were demonstrated through the simulation results due to the
changes in the airfoil’s shape. The changes in the shape of the airfoil were the maximum
thickness, the maximum thickness position, the maximum camber, and the maximum
camber position. The airfoil shape was aerodynamically studied and exhibited improved
aerodynamic performance in low wind speed regions of 4–6 m/s.

Future work: With the above simulation results, it can be seen that there is still a
lot of opportunity to improve the efficiency of the wind turbine and reduce the starting
wind speed for the wind turbine in low wind speed conditions. With increasingly modern
simulation tools and the application of artificial intelligence algorithms, the ability to
optimize the blade pattern and the entire wind turbine blade will increase. Soon, an
optimal design method for wind turbine blades will be developed to improve the power
production efficiency in low wind speed conditions. The method will apply a combination
of artificial intelligence tools to select the optimal parameters of the chord, thickness, and
airfoil length. The simulation results will be compared with the original airfoil and the
complete design of the wind turbine blade using the new airfoil. In addition, after a
simulation with positive results, as above, real airfoils should be fabricated and tested in
the wind tunnel to further evaluate the actual results.
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