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Abstract - Continuous rise of energy demand and need for 

cleaner environment emphasizes efficient conversion of energy 

from renewable sources. Wind energy is the most viable 

sources of renewable energy and it is environmentally friendly 

alternative energy sources. Energy extraction from wind 

energy is rapidly competitive to power production from other 

sources like coal. In this paper, Computational Fluid 

Dynamics (CFD) is used to predict the aerodynamic efficiency 

of wind turbine blades. A blade's aerodynamic efficiency is 

expressed in terms of its lift-to-drag ratio. The design and 

analysis of blades is one of the critical areas of wind turbine 

design. In this paper, a review of aerodynamics of the two 

dimensional NACA 0015 airfoil for vertical axis wind turbine 

(VAWT) is attempted. The main focus of this investigation is to 

analyze the flow behavior around the airfoil body and to 

calculate the performance coefficients at velocity 10.5 m/s and 

angle of attack from 0° to 20°.  Comparisons of the CFD 

results with numerical predictions from the XFOIL result and 

NACA report showed a good agreement. 
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I. Introduction 

A wind turbine transfers fluid energy to mechanical energy 

through the use of blades and a shaft and converts that form of 

energy to electricity through the use of a generator. Depending 

on whether the flow is parallel to the axis of rotation or 

perpendicular determines the classification of the wind turbine 

[1]. In the case of horizontal axis wind turbines (HAWT), blade 

rotates around the axis which is parallel to the flow while a 

vertical axis wind turbine (VAWT) rotates around the axis which 

is perpendicular to the flow direction. HAWTs are better suited 

for large scale energy generation while VAWT suited for small-

scale micro power generation. HAWTs are currently exploited 

around the world because it offers several advantages over 

VAWTs. HAWT give a high efficiency at high tip speed ratio 

and high self-starting capability [2].  But in recent years, there 

has been a resurgence of interest in VAWT. In this paper, the lift 

and drag performances of NACA 0015 wind turbine airfoil is 

investigated and numerical results are compared with NACA  

report and XFOIL result.VAWTs are small, quiet, and easy to 

install, can take wind from any  

direction, and operate efficiently in turbulent wind conditions 

(Fig1). Simple in configuration is the main advantage of VAWT.  

It is relatively simple with major moving components and 

complex parts like rotor, gearbox and generator are located at the 

base of the wind turbine, therefore reducing the loads on the 

tower and facilitating the maintenance of the system [3]. VAWT 

do not require a yaw control system because of insensitive to the 

wind direction capability.  Manufacturing a VAWT is much 

simpler than a HAWT due to the constant cross-section blades. 

Because of the VAWTs simple manufacturing process and 

installation, they are perfectly suited for residential applications. 

The main drawback of VWAT is low self-starting capability and 

high starting wind speed. 

 

Fig. 1  Horizontal and Vertical axis wind turbine 

 

Fig. 2 Various concepts of vertical axis turbines 
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The VAWT rotor, comprised of a number of constant cross-

section blades, is designed to achieve good aerodynamic 

qualities at various angles of attack. Unlike the HAWT where 

the blades exert a constant torque about the shaft as they rotate, a 

VAWT rotates Perpendicular to the flow, causing the blades to 

produce an oscillation in the torque about the axis of rotation. 

This is due to the fact that the local angle of attack for each 

blade is a function of its azimuthally location. Because each 

blade has a different angle of attack at any point in time, the 

average torque is typically sought as the objective function. 

Even though the HAWT blades must be designed with varying 

cross-sections and twist, they only have to operate at a single 

angle of attack throughout an entire rotation. However, VAWT 

blades are designed such that they exhibit good aerodynamic 

performance throughout an entire rotation at the various angles 

of attack they experience leading to high time averaged torque 

[4]. The blades of a Darrieus VAWT (D-VAWT) accomplish 

this through the generation of lift, while the Savonius-type 

VAWT (S-VAWT) produce torque through drag. Fig. 2 shows 

the various concepts of vertical axis turbines. 

Symmetric airfoils of finite thickness have similar theoretical lift 

coefficients; the lift coefficients would increase with increasing 

angles of attack (α) and continue to increase until the α reaches 

90°. The behaviour of real symmetric airfoils does indeed 

approximate this theoretical behaviour at low α. The theoretical 

lift coefficient of a symmetrical airfoil is: 

2lC                                                             (1) 

There are significant differences between actual airfoil operation 

and the theoretical performance at higher α. The differences are 

due primarily to the assumption, in the theoretical estimate of the 

lift coefficient, that air has no viscosity. Surface friction due to 

viscosity slows the airflow next to the airfoil surface, resulting in 

a separation of the flow from the surface at higher α and then 

rapid decrease in lift. The lift coefficient of symmetric airfoil is 

about zero at an angle of attack zero and increases to over 1.0 

before decreasing at higher α. The drag coefficient is usually 

much lower than the lift coefficient at α. It increases at higher α.  

Also, there are significant differences in airfoil behaviour at 

different Reynolds numbers [5, 6]. Fig. 3 shows the NACA 0015 

airfoil. 

High rotor efficiency is essential for extraction of maximum 

energy from the wind [7]. Therefore, maximization of this 

parameter within affordable limits of production is of paramount 

importance. Wind turbine rotor performance is given by its 

power coefficient, Cp 
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A physical limit exists to the quantity of energy that can be 

extracted, independent of design. The energy extraction is 

maintained through reduction of kinetic energy and a 

consequential drop in velocity of the wind.  The magnitude of 

energy harnessed is a function of the reduction in air speed over 

the turbine. 100% extraction would imply zero final velocity and 

therefore zero flow. The zero flow scenarios are not realistic and, 

hence, it is never possible to utilize the entire kinetic energy. This 

principle is widely accepted [4, 8] and indicates that wind turbine 

efficiency cannot exceed 59.26%. This parameter is commonly 

known as the power coefficient Cp, where max Cp = 0.5926 

referred to as the Betz limit [9]. The Betz theory assumes constant 

linear velocity. Therefore, any rotational forces such as wake 

rotation, turbulence caused by drag or vortex shedding (tip losses) 

will further reduce the maximum efficiency. Efficiency losses are 

generally reduced by [8, 9]: i) avoiding low tip speed ratios which 

increase wake rotation or ii) by selecting airfoils which have a 

high lift to drag ratio and specialized tip geometries. 

             
Fig. 3 NACA 0015 airfoil.   

  
Fig. 4 Lift and Drag vectors 

The lift force L arises in a direction that is perpendicular to the 

air stream caused by the Bernoulli’s principle that lowers the 

pressure on top of the airfoil compared with the pressure at its 

bottom. The curvature on the top leads to a higher stream 

velocity than at the bottom and hence a lower pressure. The drag 

force is parallel to the direction of motion. Fig. 4 shows the lift 

and drag vector for an airfoil [10]. 

In this study, numerical analyses are performed with 10.5 m/s 

wind velocity (v). Lift and drag coefficient of NACA 0015 

airfoil at different α between 0° and 20° are measured. Lift and 

drag coefficients for two dimensional solutions are given as 

below: 

Lift coefficient:        
cv

L
Cl 2
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Drag coefficient:       
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Where L and D, are lift and drag force respectively, Cl and Cd 

are lift and drag coefficient of airfoil respectively, c is airfoil 

chord length, v is velocity of wind and ρ is density of air. 

II. Numerical Evaluation of Airfoil 

CFD is a numerical method used to simulate physical problems 

with use of governing equations. In this numerical analysis, C 

mesh was used as shown in Fig. 5 and 6. The top bottom and left 

boundaries were placed at a distance of 12.5 chords from airfoil 

whereas the right boundary was placed at 20 chords. The mesh is 

constructed to be very fine at regions close to the airfoil and with 

high energy, and coarser farther away from the airfoil. For this 

airfoil, a structured quadratic mesh was used. A grid 

independence study was performed to verify that the solution 

would not change subsequent additional refinements and 10750 

grids number suitable for our model [11, 12]. 

 

 
Fig.  5 Structure of C mesh using numerical analysis 

 

                   Fig. 5 Mesh around the airfoil 

III. Results and Discussion 

Fig.7 to 14 shows the contours of pressure, velocity magnitude, 

velocity vector and pressure coefficient of NACA 0015 airfoil, 

there is a region of high pressure at the leading edge (stagnation 

point) and region of low pressure on the upper surface of airfoil. 

It can be seen that the velocity at the upper region has the higher 

magnitude, also at bottom region has lower magnitude. The 

coefficient of pressure is analyzed       in the upper and lower 

surface of the airfoil for α varies from 0° to 20°. 

The variation of Cl and Cd for the various α has been simulated. 

The airfoil was computationally tested for different α. The angle 

of attack is increased to get an increment in the lift of the airfoil 

but however it increases drag also to a considerable amount but 

α cannot be increased beyond a certain limit as the lift begins to 

decrease. The particular α at which a first decrement of lift 

appears is known as the stalling angle. Stall angle is a function 

of the Reynolds number. Drag coefficient is highly dependent on 

Reynolds number 

 

Fig. 6 Static Pressure at 8° angle of attack 

 

 

Fig. 7 Velocity Contour at 8° angle of attack 

 

 
Fig. 8 Velocity Vector at 8° angle of attack 

        

 
Fig. 9 Pressure Coefficient at 8° angle of attack 
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Fig. 10 Static Pressure at 16° angle of attack 

           
Fig. 11 Velocity Contour at 16° angle of attack 

            
Fig. 12 Velocity Vector at 16° angle of attack 

        

      Fig. 13 Pressure Coefficient at 16° angle of attack 

The conventional NACA 0015 airfoil stalls α of 16°. The 

maximum Cl of NACA 0015 is 1.1058 at 14° α. The 

maximum Cl/Cd ratio attained at the velocity of 10.5 m/s is 

25.69 at α of 8°. As the angle of attack increases the Cl 

increases till α = 14° but after α = 14°, the airfoil stalls and 

the lift starts to decrease and drag increases rapidly. Below 

shown plots are comparisons of Cl, Cd, and Cl/Cd for an airfoil 

NACA 0015. The CFD results are compared with XFOIL 

data and NACA report [13, 14].  

 
Fig. 14 Cl Vs angle of attack 

 

 

Fig.15  Cd Vs angle of attack 

 

 

Fig. 16. Cl and Cd Vs angle of attack 

 

 

Fig. 17 Comparison of Cl and Cd Vs angle of attack   
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Fig.18  Comparison of Cl Vs angle of attack 

 

Fig. 19 Comparison of Cd Vs angle of attack 

 

Fig. 20 Comparison of Cl /Cd Vs angle of attack 

IV. Conclusion 

This paper showed the behavior of the NACA 0015 airfoil at 

various α. The k-epsilon turbulent viscosity model is used, 

which had a good agreement with the validation after 

investigation for a wider range of α. The coefficient  of  lift  and  

drag  is  calculated  for  NACA 0015 for the α varies from 0°  to 

20°. The coefficient of pressure is analyzed in the upper and 

lower surface of the airfoil for α varies from 0° to 20°. 

Numerical lift and drag coefficients of the NACA 0015 airfoil 

results are compared with NACA report and XFOIL results. 

NACA 0015 airfoil shows suitable option for VAWT and hence 

it is planned to conduct 3D flow analysis to analyze the flow 

behavior over VAWT blade with appropriate turbulence model 

in future.   
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