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Abstract. Energy lies at the core of ultramodern society, empowering everything from heating, 
lighting, computers, and food products to manufacturing and transport. A rising realization of the 
harmful climatic belongings of anthropogenic greenhouse gas emissions is boosting governmental 
pressure to alleviate or avoid CO2 discharge into the ambiance. Wind turbines are one of the most 
likely initial applications for renewable sources. The major challenge in the wind turbine field is 
designing a machine that performs efficiently, boosting its reliability and producing power. The 
necessity for computational and experimental proceedings for probing aeroelastic stability has 
increased with the increase in output power and the size of the turbines. Due to the complexity and 
high costs of experimental investigations, several modeling methods have been practical solutions 
for design and analysis objectives. In this context, this paper presents an evaluation study for the 
aerodynamic performance of wind turbines - by concentrating on analyses of aerodynamic 
workforces that act on the rotor, employing Blade Element Momentum (BEM) and with the usage 
of the Computational Fluid Dynamic (CFD) solver. The computed results show a reasonable 
agreement with the previous results found in the literature. This indicates that it is possible to 
predict the characteristics of wind turbines from analytical and numerical approaches with 
plausible reliability.  
Introduction 
The conversion of wind power into beneficial power has placed the foundations for one of the 
most significant technological progress of the 20th century. Wind turbines—elaborated to harness 
and utilize wind power to generate electricity—are the technology behind one of the speedy 
promoting industries for power production. They are currently an ordinary sight worldwide in the 
countryside and urban regions [1]. 

For successful and outsize wind energy employment, the cost of wind turbines must be reduced 
to be competitive with the instant options. The conduct of a wind turbine is formed by a 
complicated relationship of elements and sub-systems [2]. The main parts are the rotor, tower, hub, 
and nacelle. Extrapolating the interactive actions between the parts provides the basics for trusty 
design computations, optimized machine arrangements, and reduced wind electricity expenses 
[30]. In the aspect of rotor aerodynamics, many phenomena (e.g., atmospheric boundary layer 
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flow) still need to be fully understood. Consequently, some methods are used to analyze the 
aerodynamic performance, such as wind tunnel tests or field measurements, analytical models, and 
Computational Fluid Dynamics (CFD) [3]. 

Many researchers [4-7] provided extensive surveys of the literature on the analytical and semi-
empirical models (e.g., Blade Element Momentum (BEM) model). However, CFD is a vital tool 
for flow simulation in different cases [8–17]. With the evolution of computing implementations, 
using the CFD approach makes it possible to resolve wind turbine rotors fully. In this context, 
Ferziger and Peric [19], Jorge et al. [20], and Jiyuan et al. [21] explored the dynamic capability of 
CFD. They pointed out the descriptions of fundamental theories, basic techniques, and practical 
guidelines. 

The present work aims to examine the performance characteristics of the HAWT rotor from an 
aerodynamics perspective and, in general, to validate the capabilities of BEM and CFD techniques 
applied in the wind energy field.  
Method of Analysis  
Analytical Study  
The wind turbine performance can be predicted analytically by applying the BEM theory. In this 
approach, the blade is split into several separated parts along with the spread of the blade. For 
every part, a force equilibrium is utilized concerning two-dimensional lift and drag with the thrust 
and torque delivered by the part. Simultaneously, an equilibrium of axial and angular momentum 
applies to it. This outputs several equations that can be resolved iteratively [22]. The equations of 
the BEM theory given by [6] are utilized to compute the output power of the NREL turbine (see 
Table 1), and the details about the blade and measurement conventions can be found in [23]. 

 
Table 1. Characteristics of NREL Phase VI wind turbine [23]. 

Blades number 2 
Blade profile S809 
Rotor radius 5.029 m 

Rotational speed 72 rpm 
Turbine power 19.8 kW 

Power regulation Stall 
 
Numerical Study  
Here, we investigate the aerodynamic characteristics of the S809 airfoil, represented in the blade 
profile. A commercial, finite volume-based solver has been used to implement this analysis. 
Generally, three main configurations point out commercial CFD codes corresponding to three 
stages of problem-solving- pre-processor, solver, and post-processor [24]. The computational 
domain for 2D airfoil analysis is shown in Fig 1. During the creation of the mesh around the airfoil, 
great care must be taken in the vicinity close to the airfoil surface to consider the boundary layer 
flow that might be formed, as illustrated in Fig 2. Also, the k-ε model is applied as a turbulence 
model.  
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Fig. 1. Mesh generated for the airfoil section 
 

 
 

Fig. 2. Concentrated mesh generated around the airfoil.  
 
Results and Discussion 
BEM code results 
The BEM code splits the blade into ten elements to determine the power generated over a range of 
wind speeds for each element. This has been done at wind speeds ranging from 5 to 15 m/s. Fig. 3 
shows the comparison of present code results (BEM) with measured data (Exp.) [25] and other 
BEM predictions [26, 27] for the NREL Phase VI rotor. 
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Fig. 3. Power predicted at different wind speeds. 

 
It is illustrated by Fig. 3 that the power computed from the present BEM code compared well 

with experimental results at all wind velocities, except at 13m/s, where an under-prediction of 13% 
is realized. 
 
2D Airfoil analysis results 
Fig. 4 shows the computed pressure coefficient (Cp) distribution in the present analysis (CFD) at 
zero angles of attack (AOA) and 106 Reynolds number, compared with experimental data (Exp.) 
[28] and another computational study CFD [28] for the same airfoil and operating conditions. 

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Pressure coefficient for S809 airfoil. 
The distribution of Cp with referenced data was validated on both airfoil surfaces. In addition, 

table 2 compares the numerical and experimental lift coefficient (Cl) and drag coefficient (Cd), 
calculated at 2x106 Reynolds number and different attack angles. Lift coefficient results are very 
close to the experimental data at all AOA (within 8%), while the predicted drag coefficients are 
up to 40% higher than the experiment results. This over-prediction of drag could be reasonable 
due to the laminar flow over the airfoil's forward half. 
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Fig. 5 (a) displays the pressure contours over the airfoil for the zero-degree angle of attack. The 
maximum pressure is generated at the airfoil leading edge. Also, negative pressure is created at 
both airfoil surfaces (i.e., top and bottom). The variation between these pressures is the source of 
the lift force. With the increase of AOA (Fig. 5 (b)), the negative pressure at the upper surface 
increases, while the negative pressure at the lower surface decreases, so the lift increases (and 
consequently, the lift coefficient, as indicated in Table 2). 

 

 

 
 
 
 
 
 

Fig. 5. Pressure contours of S809 at 2x106 Reynolds number for (a) 0 and (b) 5.13 AOA 
Table 2. Comparisons between CFD and experimental Cl and Cd [28]. 

 

Conclusion  
The main goal of this paper is to carry out a characteristic aerodynamic evaluation of the blade of 
a HAWT. For this, the NREL Phase VI blade is analyzed analytically using the BEM method and 
numerically using the CFD. The results were quite satisfactory and can represent a well-grounded 
basis for coming research in this field. Fundamentally, the effects of changing the geometric and 
aerodynamic factors on the performance of wind turbines could be understood through BEM 
theory. More importantly, the reliability of CFD for calculating performances on a HAWT blade 
was confirmed. As evident from this work, the numerical investigations involved the assumption 
of a fully turbulent flow using the k-ε model. Nonetheless, a more advanced model with different 
setups needs to be considered to obtain optimal results. 
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