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Abstract— Designing horizontal axis wind turbine (HWAT) blades achieves satisfactory levels of performance, starts with 

knowledge of the aerodynamic forces acting on the blades. In this paper, HWAT blade design is studied from the aspect of 

aerodynamic view and the basic principles of the aerodynamic behaviors of HWATs are investigated. Aiming at the 

dynamic performance analysis of aluminum alloy blade, a three-dimension modeling method with ANSYS 14.5 is 

proposed to the actual layer structure and the blade shape parameters are obtained. The important aerodynamic 

parameters which decide the efficiency of the wind turbine blade are analyzed for the NACA 4420 airfoil which is used to 

model the blade from root to tip. The airfoil has high lift to drag force ratio at small angle of attack of 5
0
, even at low 

Reynolds number. The dynamic analysis is performed for the blade by using the Finite Element Method (FEM). The study 

has been successfully applied to the static analysis of the blade. Moreover, stress analysis of blade is carried out by finite 

element numerical analysis and stress distribution is obtained. At last, Strength checking for wind turbine blade is also 

achieved. The results of the analysis are reference for wind turbine blade loads research. In order to reduce the stress on 

the blade the thickness of the blade skin is varied to achieve reduced stress and less bending stress at the time of deflection 

of blade due to high speed winds. 
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I. INTRODUCTION  

Wind Turbines are one of the most useful non-conventional energy sources in present energy crisis scenario. But the initial cost of 

the Wind Turbine plant is very high. The manufacturing cost of the Wind Turbine blade is about 15-20% of the Wind Turbine plant 

cost. So it is likely to reduce the investment cost of the Wind Turbine blade by maximizing the service life of the Wind Turbine 

blades. Different types of loads acting on the Wind Turbine blade and consequential stresses developed in blade. Blade is one of the 

most important components in wind turbine, its exterior shape is needed to ensure that wind power machine has sufficient elevating 

force and pneumatic force moment, and its structure is required to ensure that wind power machine can have sufficient stiffness, 

strength and stability. Therefore, the analysis of loading and strength of wind turbine blade is especially important when it is in 

normal operation. In this work a full scale single layer horizontal axis wind turbine blade is three- dimensionally modeled and 

Finite Element Analysis (FEA) is performed. The important aerodynamic parameters which decide the efficiency of the wind 

turbine blade are analyzed for the NACA 4420 airfoil. 

 

II. LITERATURE REVIEW 

Mahri et al discussed about the dynamic stresses on a blade using the blade element theory. The rotor diameter was 10 meters and 

the dynamic analysis was made using the beam theory and analysis is made using the FEM and also using the blade motion 

equation[1]. Mickael Edon analysied a blade for 38 meters for a 1.5MW power based on the BEM theory [2]. Philippe Giguere et 

al  described blade geometry optimization for the design of wind turbine rotors, pre-programmed software was used to optimize 

structures and cost model[3]. M. Jureczko, M. Pawlak, A. Mezyk [4] used the BEM theory to design and used ANSYS for 

calculation of natural frequencies. They had found out the mode shape of the blades by using the Timoshenko twisted tapered 

beam element theory. Carlo Enrico Carcangiu [6] used CFD tool FLUENT to a better understanding of fluid flow over blades. 

Jackson, et.al [7] made a preliminary design of a 50 meters long blade, two versions one of fiber glass and one with carbon 

composite was used to test the cost and thickness of cross sections was changed in order to improve structural efficiency. Wang 

Xudong, et al [8] used three different wind turbine sizes in order to optimize the cost based on maximizing the annual energy 

production for particular turbines at a general site. In their research using a refined BEM theory, an optimization model for wind 

turbines based on structural dynamics of blades and minimizes the cost of energy. Effective reduction of the optimization was 

documented. Karam and Hani [9] optimized using the variables as cross section area, radius of gyration and the chord length, the 

optimal design is for maximum natural frequency. The optimization is done using multi dimensional search techniques. The 

results had shown the technique was efficient. Ming-Hung Hsu [10] has given a model for analysis of twisted tapered beams using 

the spline collocation method. Rao and Gupta [11] used the finite element method for the analysis of twisted tapered rotating 

Timoshenko beams. J.H.M. Gooden [13] investigated two dimensional characteristics of FX 66 S 196 V1 for various Reynolds 

number. 

III. AIR FOIL THEORY AND AERODYNAMICS 

The most important part in designing a wind turbine blade is the choice of airfoil, as the entire blade is made up of airfoils 

sections and the lift generated from this airfoil at every section causes the rotation of the blade. The forces generated by the airfoil 
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is resolved into lift the force perpendicular to the direction of free flow of wind and the drag force in direction of the free flow of 

wind. The lift and drag force (Fig 5) are given by the expression, 

                                                     FL =
𝟏

𝟐
𝐂𝐥𝛒𝐜𝐕

𝟐,            and,           𝐅𝐃 =
𝟏

𝟐
𝐂𝐝𝛒𝐜𝐕

𝟐 

Where L is lift force, D is drag force and Cl and Cd are the coefficients of lift and drag, C is chord length, V is free stream air 

velocity. 

Reynolds number,the ratio between the inertia and viscous forces as,  

𝐑𝐞 =
𝐕𝐋𝐜
𝛎

 

Where V  is the free stream velocity, Lc is the characteristic length of the chord; ν is dynamic viscosity of air. The choice of 

airfoils (Fig 1) is such that the maximum lift is obtained for a given angle of attack. The Reynolds number for aircrafts are really 

high compared to the wind turbine blades, hence airfoils used in aircraft wings cannot be used to design wind turbine blades. In 

present work the blade with the airfoil NACA 4420 is considered. It has high lift to drag force ratio even at low Reynolds number 

and at small angle of attack. 

 
Figure 1: A typical Airfoil [14] 

The principle of wind turbine is that the kinetic energy from the wind is converted to mechanical energy. The pressure difference 

Δp between upstream and downstream is converted to thrust T of the rotor [14],  

T = A×Δp 

The force F exerted on rotor according to Newton’s second Law, 

CV CS

F VdV V VdA
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 


 
    

Pressure difference due to upstream velocity and downstream velocity according to Bernoulli’s principle, 

2 2

1 2

1
( )
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                Figure 2: Control Volume air flow for rotor                                      Figure 3: Air stream Velocity Profiles 

  

 

IV. AIRFOIL PROFILE 

The wind turbine blade with airfoil NACA 4420 (Fig 4) is taken into consideration for the given parameters like chord length, angle 

of twist, tapering ratio and the length of the blade.  

 
Figure 4: NACA 4420 Airfoil 

The velocity triangle of airfoil profile is used to calculate lift and drag forces shown in Fig 5. The angle of attack,    , 

where   is flow angle and   is local pitch angle. oV  is free stream velocity, Vrel is relative velocity 
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Figure 5: Blade velocity triangle 

The Lift and Drag forces are calculated for the angle of attack from 0 to 12 degree. The Lift/Drag ratio is calculated for different 

angle of attack ranges from 0
o
 to 12

o
 for the velocity ranges from 3 to 12 m/sec. as shown in Table 1. It is concluded that Lift 

Drag ratio is maximum for 4
o
 -5

o
 angle of attack [5]. 

 

Table 1: Lift/Drag Ratio with Angle of attack 

Angle of attack 
  

Lift/Drag Ratio 

oV  5m/s oV  6m/s oV  7m/s oV  9m/s oV  10m/s oV  11m/s oV  12m/s 

0 50.70 53.60 55.60 56.20 57.90 59.10 60.30 

1 59.70 62.40 64.70 68.50 69.90 71.30 72.80 

2 67.20 70.80 73.50 75.00 76.50 78.00 80.40 

3 70.00 73.00 76.30 80.60 82.20 84.70 86.50 

4 75.40 78.70 78.80 83.90 86.30 88.00 88.10 

5 74.30 77.80 81.10 82.60 84.90 85.70 88.00 

6 72.30 75.50 78.40 83.60 85.00 83.20 85.30 

7 69.20 72.50 75.10 79.70 81.50 83.50 85.00 

8 65.80 68.70 71.40 75.50 77.10 78.80 80.10 

9 64.40 64.50 66.80 70.70 72.10 74.00 75.10 

10 59.60 62.20 61.60 65.20 66.70 68.00 69.30 

11 54.60 56.70 58.80 61.90 63.40 64.80 63.60 

12 49.70 51.60 53.30 56.20 57.5 58.70 59.70 

 

 
Figure 6: Correlation between Lift/Drag ratio and angle of attack 

V. FINITE ELEMENT ANALYSIS 

In this section FE based stress analysis piston is carried out using ANSYS Workbench software. The ANSYS software is very 

important tool for the stress analysis, use to solve the problem related to the structure analysis with complex structure and loading 

conditions, heat flow analysis, fluid flow analysis and design optimization.  

 

         
                            (a)                                                                  (b)                                                                 (c) 

Figure 7: NACA 4420 (a) airfoil, (b) Wind Turbine blade of airfoil NACA4420 and (c) Meshing of wind turbine blade 
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A model analysis determines the vibration characteristics (natural frequencies and mode shapes) of a structure or a machine 

component. It can also serve as a starting point for another analysis like harmonic analysis or a spectrum analysis. The natural 

frequencies and mode shapes are important parameters in the design of a structure for dynamic loading conditions [12]. Dynamic 

finite element analysis of the blade mainly refers to the vibration modal analysis using the finite element theory. The modal 

analysis identifies the natural frequencies, especially low-order frequencies and vibration modes of wind turbine blades. 

 

     Table 2: Natural frequencies obtained from analysis 

Mode Frequency (Hz) 

1 11.368 

2 16.366 

3 44.258 

4 89.522 

 5 130.03 

6 145.05 

 

A static structural analysis determines the displacements, stresses, strains, and forces in structures or components caused by loads 

that do not induce significant inertia and damping effects. Steady loading and response conditions are assumed; that is, the loads 

and the structure's response are assumed to vary slowly with respect to time. The number of elements are 49855 and number of 

nodes are 102373. In the analysis two loads are applied. First is force due to gravity and second one is external load by wind 

forces. The Von Mises stresses and deformation due to loads are obtained for 3 m length turbine blade made of aluminium alloy 

for present work from ANSYS. 

Table 3: Properties of Aluminum alloy 

Density 2770 kg/m
3 

Modulus of elasticity 7100 N/mm
2 

Poisson’s Ratio 0.33 

Bulk Modulus 69608 MPa 

Shear Modulus 26692 MPa 

Tensile yield strength 280 MPa 

Compressive yield strength 280 MPa 

Tensile Ultimate Strength 310MPa 

The blade is considered as a cantilever beam and load is applied to the direction of rotor axis for a single blade at surface as 

shown in given Figure 8. The stresses are greater at the hub areas and the deflection greater to that area. The study is taken as the 

blade is made of aluminium alloy. The variation of stress and deflection are plotted with increase the blade thickness for a 

optimum design. The stress is minimum at the increase of surface thickness.  

                
                                                           (a)                                                                                  (b) 

 

Figure 8: (a) Von Mises Stress, (b) Deformation 
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Figure 9: Variation of Equivalent stresses with thickness of blade surface 

 

               
 

Figure 10: Variation of Deflection with thickness of blade surface 

 

 

Conclusions 

It is concluded from the results and discussion that wind turbine blade having airfoil (NACA 4420) is safe as there is no 

resonance and results are verified by doing the modal analysis and comparing the results with the theoretically obtained solution 

of the mathematical modeling. It is also concluded that the allowable equivalent von misses stress is about 392.4N. The stresses 

developed are in the region of hub and is located in very small area. This may be a reason for failure and this could be avoided by 

using stiffeners or by increasing the thickness of the surface of the hub. It is also concluded that the maximum deflection is about 

122mm. The maximum deflection is developed by the load of 700N. It is also concluded that the results obtained by the analysis 

have greater accuracy as the number of nodes and elements are large in number.  
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