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ABSTRACT 
 
All around the world, a rapid growth of energy demand during the 
last decades. An ideal alternative to meet this additional 
increasing demand would be through renewable energy resources 
such as wind energy. With over 300 GW of installed wind 
capacity worldwide and the target for future increase of capacity 
of more than 15% per year, the research to improve wind energy 
technology is further required. For countries around the equator 
where wind speed is low, the need for new innovative design of 
wind turbine for low wind speed condition or class 1 wind is of 
primary urgency. A new type of airfoil for low wind speed 
turbine blade need to be designed. 

The objective of this study is to investigate the design 
parameters influencing the performance of three blades 
Horizontal Axis Wind Turbine (HAWT). Blade Element 
Momentum Theory was used to find the optimal performance, in 
term of the coefficient of power (Cp), which rates the turbine 
blade’s ability to extract energy from the available wind stream. 
The result shows the relationship between the changes of the 
power coefficient with tip speed ratio. The maximum power 
coefficient found was 0.57 at tip speed ratio 4.8. It was then 
shown that Cp reduced for higher tip speed ratio. 
 
 
KEY WORDS: Energy, horizontal axis wind turbine, tip speed 

ratio, power coefficient. 
 
 
NOMENCLATURE 
Cp power coefficient of wind turbine rotor 
P power output from wind turbine rotor 
Urel relative wind velocity 
A area of wind turbine rotor 
R radius of wind turbine rotor 
r radial coordinate at rotor plane 
ri blade radius for the ith blade element 
T rotor thrust 
Q rotor torque 
CD drag coefficient of an airfoil 
CL lift coefficient of an airfoil 
F tip-loss factor 
Fi tip-loss factor for the ith blade element 
N number of blade elements 
B number of blades of a rotor 
a axial induction factor at rotor plane  
a′ angular induction factor  
λ tip-speed ratio of rotor 
λd design tip-speed ratio  
λr  local tip-speed ratio  
λr,I local tip-speed ratio for the ith blade element  
c blade chord length  
ci blade chord length for the ith blade element  
ρ air density  
α angle of attack  
α design: design angle of attack  
θ pitch angle  
θi pitch angle for the ith blade element  
�opt optimum relative wind angle  
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σ solidity ratio 
HAWT horizontal-axis wind turbine  
BEMT blade element-momentum theory 
 
 
1.0 INTRODUCTION 
 

Wind turbines can extract kinetic energy from the wind and 
convert it into mechanical energy by the blades and then into 
electrical energy by the generator [1]. Based on power output, 
wind turbines can be categorized as three different types: small 
(<40 kW), medium (40 kW – 1 MW) and large (1 MW+) [2]. 
Small is used to produce electrical energy locally being 
particularly suitable for villages or isolated homes off the grid, 
while the large ones turbines are connected directly to the grid 
and used in big power plants.  

To predict wind turbine performance, there is significant 
number of approaches. Among those methods are the blade 
element theory (BEMT) which has been considered as one of the 
oldest and the most widely used. Momentum theory refers to a 
control volume analysis of the forces at the blade based on the 
conservation of linear and angular momentum. Blade element 
theory refers to an analysis of forces at a section of the blade, as a 
function of blade geometry. The results of these approaches can 
be combined into what is known as strip theory or blade element 
momentum (BEM) theory [7]. This theory has been developed by 
Betz and Glauert in the 1930s to analyze the wind turbine 
performance [3]. 

The mathematical mode based on the blade element 
momentum (BEM) theory offers the possibility to perform 
aerodynamic design of rotor blades, and to evaluate wind turbine 
performance [4, 5]. With the implementation of this model it is 
possible to design the rotor, to choose the design parameters of 
the turbine (blade radius, aerodynamic airfoil profile, chord 
length, pitch and twist distribution, number of blades), and to 
evaluate the forces acting on the blades, and so the torque and the 
power at the rotor shaft with different wind speeds. With this 
mathematical model it is also possible to evaluate turbine 
performance with a wide range of wind velocities [6]. However, 
many corrections have been added to that original theory 
developed by Glauert theory to adapt it for wind turbine design. 
The corrections added includes Prendtl tip loss correction , 
Glauert and Buhl empirical corrections , hub loss correction , 
skewed wake correction, and ‘3D correction’ of Snel et al. [3]. 
For this study the corrections considered are the Prendtl tip loss 
correction and the Glauert and Buhl empirical corrections. 
 
 
2.0 METHODOLOGY 
 
In this work, we obtained the NACA2424 airfoil data of the 2D 
airfoil to analyze and combined with the BEM theory to calculate 
the suitable blade shape by using the iteration solution. We 
obtained the NACA2424 airfoil data by using the XFoil software 
this software combine a variety of techniques to optimize 
boundary layer characteristics and airfoil shapes to achieve 
specified performance criteria. Figure 1 shows a cross-section of 
the rotor blade and the velocities relating to the airfoil. It also 
shows that it is possible to obtain the distribution of the angle of 
relative wind (φ) which consists of section pitch angle (θp), and 

angle of attack (α) on one of the blade sections (airfoil) by 
employing BEM theory [7].  
Firstly, we assume a blade shape and predict its performance, try 
another shape and repeat the prediction until a suitable blade has 
been chosen. The blade shape used in this study is a NACA2424 
airfoil set with a design angle of attack (α) of 10°and a wind 
speed of 8 m/s. The power that is generated by the wind turbine 
depends on the aerodynamic forces that act on the blades of the 
wind turbine. The majority of the design of a wind turbine is on 
the individual blades. The first design choice we made in the 
design of the wind turbine was to select the different airfoils that 
would compose a turbine blade. Because there are so many 
different airfoils that can be chosen, each with their own different 
characteristics, we decided to only focus on NACA four digit 
series airfoils. From analyzing the design of current wind turbines, 
and researching their construction, we noticed that the airfoils are 
fairly thin and significantly curved. We then looked at which 
NACA profiles matched this particular shape.  

Determining this compatibility was fairly easy because the 
NACA profiles have a very particular classification. The four 
digit series consist of four digit numbers that describe the curve, 
or camber, of the airfoil, the placement of maximum thickness 
from the leading edge, and the maximum thickness as a 
percentage of chord length. For example, a NACA 2424 has a 
camber value of 2, has a maximum thickness located 4/C, and a 
thickness of 24/C.  

The airfoil that was selected had to have a high camber, and 
overall thin shape, but also had to have more of a thickness 
towards the root of the blade. It was also more difficult to align 
the airfoil sections since they had different center of pressures. 
For the final design the NACA 2424 was chosen. The tip speed 
ratio of 4 because for the electrical generation we considered 
4<λ<10, the power requirement required is 1MW, also the overall 
efficiency (η=0.9), air density (1.25Kg/m^3), number of a blade, 
B=3, and we divide the blade into N element, N=20 elements.  

Secondly, from the empirical curve for the aerodynamic 
properties of the airfoil NACA2424 that results in a lift 
coefficient (Cl) and a drag coefficient (Cd) at angle of attack. 
 
2.1 Blade Element-Momentum Theory (BEMT) 
 

Blade Element Momentum Theory (BEMT) of depending on 
the axial and tangential induction factors by equating the torque 
and force relations derived from each blade element and 
momentum theories [1]. In the Theory of momentum, the model 
of flow around a wind turbine can be express by actuator disc. 
The theory use is homogeneous, steady, uniform, incompressible 
flow; wake is use for Basic assumptions is assumed non-rotating 
and turbulence effects are assumed unimportant. Across the 
section the total mass flow rate per unit time is also assumed to be 
constant [2]. 

 
2.2 Corrections used in BEM Theory 
 
Blade Element Momentum Theory is a simple theory which is 
based on some small assumptions. To compensate for certain 
inaccuracies some corrections are usually applied. These 
corrections are the tip loss corrections and turbulent wake 
correction. Basically, when the turbulence effects become strong, 
induction factors are evaluated with a modified formula. In 
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addition, Prantl’s tip loss model is applied on the blade for to the 
loading distribution for the tip loss correction [2]. Prandtl tip-loss 
factor is given by the following equation (1): 
 
 

        (1) 

In the theory of Blade Element, we divide the blade into several 
elements and in each element it is assumed that the performance 
of the overall blade can be derived from the 2D airfoil which is 
used at that section by integrating it throughout the blade. Using 
the induction factor definitions, conservation of angular 
momentum and conservation of linear momentum equations are 
derived from blade element and momentum theories separately. 
The detailed derivations and explanations may be found in [2,3,4]. 
Hence, in the theory of Blade Element Momentum (BEM), a, a′ 
and are given by: 
 

                 (2) 

              (3) 

          (4) 

To find out the maximum power coefficient for a selected airfoil 
type, dividing the blade length into N-elements, the speed ratio of 
local tip for each blade element can then be calculated with the 
use of following equation (5): 
 
Local Tip Speed Ratio   
 

              (5) 

Optimum Relative wind angle for each blade element 
 

           (6) 

           (7) 
 
Tip loss factor for each blade element 
 
 

             (8) 

Twist distribution: 
 

              (9) 

 
Chord length distribution: 
 

      (10) 

 

 
Figure 1: Blade geometry for analysis of a horizontal axis wind 

turbine. 
 

 
Using the improved BEM theory, five parameters are needed to 
define a blade shape design: (1) rated power; (2) rated wind 
speed; (3) design tip speed ratio; (4) number of blades; and (5) 
design angle of attack (Table 1). In this paper, the design angle of 
attack has been set to 100. All the design parameters are 
summarized in Table 1. 
 

Table 1: The blade design parameter 

Design parameters Values 

Rated power (MW) 1 

Rated wind speed (m/s) 8 

Design tip speed ratio 4 

Number of blades 3 

Design angle of attack (0) 10 

Airfoil type NACA2424 

 
2.3 The Horizontal Wind Turbine Blade Aerodynamics 
 
The airfoil that has been used for the blade of wind turbine 
mentioned is NACA2424 airfoil, the aerodynamic data for 
NACA2424 airfoil were taken from the XFoil software as shown 
in Figure 2 and the shape of the airfoil is shown in Figure 3. 
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Figure 2: The airfoil aerodynamic data 

 

 
Figure 3: NACA2424 airfoil shape 

 
 
3.0 RESULT 
 
This figure illustrates the change of the power coefficient with tip 
speed ratio. It can be seen the max power coefficient is 0.57 at tip 
speed ratio =4.8, then the Cp begin to reduce for higher tip speed 
ratio. So the blade geometry is then determined at this tip speed 
ratio (4.8) as will be shown in next Figure 4. 
 
 

 
Figure 4: power coefficient curve for the proposed wind turbine. 

 
By assuming with wake rotation the next figure shows axial and 
angular induction factors for a turbine with a tip speed ratio of 4.8 
it can be seen that the axial induction factors are close to the ideal 
of 1/3 near the hub, and the angular induction factors are close to 

zero in the outer part of the rotor, but increase significantly near 
the hub. 
 

 
Figure 5: Induction factor along non-dimensional blade radius 

 
Also it can be seen that blades for optimum power production 
have an increasingly large chord as one gets closer to the blade 
root. But the design provides insight into the blade shape that 
might be desired for wind turbine. 
 

 
Figure 6: curve of chord and blade local radius 

 
From figure 6, we notice that the chord length have a large value 
at the hub and a small value at the tip. 
 
 
5.0 CONCLUSION 
 
In this work a computer program for aerodynamic design of 
horizontal axis wind turbine, based on blade element momentum 
theory, has been implemented. It is expected that the development 
of HAWT by using this program is suitable modifications for low 
wind speed turbines. This program can be implemented for the 
study, design and evaluation of wind turbine rotor performance. 
The results of this work would help in analyzing and optimizing 
future wind turbine design. 
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