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ABSTRACT 

This paper compares the stress on flat and twist wind turbine blades at different aerodynamic 

loads. For estimating stress on wind turbine blades, firstly calculate aerodynamic loads at 

different wind speed on wind turbine blades. The general theory used for calculating 

aerodynamic load is Blade Element Momentum theory (BEM). Modelling of blade is done 

through CATIA V5 and Finite Element Analysis of blade is done from ANSYS 14. During 

analysis aerofoil from Root region, Maximum region and Tip region is NREL S-series. The 

material taken for both wind turbine blade is E-glass. Thickness taken for both wind turbine 

blades which is 2mm. 
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___________________________________________________________________________ 

INTRODUCTION 

Most of the present demand in the world is met by fossil and nuclear power plants. A small 

part is met by renewable energy technologies, such as the wind, solar, biomass, geothermal 

and the ocean. Among the renewable power sources, wind and solar have experienced a 

remarkably rapid growth in the past 10 years. Both are pollution free sources of abundant 

power. Additionally, they generate power near the load centers; hence eliminate the need of 

running high voltage transmission lines through rural and urban landscapes. Since the early 

1980s, the wind technology capital costs have declined by 80 percent, operation and 

maintenance costs have dropped by 80 percent and availability factors of grid-connected 

plants have risen to 95 percent. These factors have jointly contributed to the decline of the 

wind electricity cost by 70 percent to 5 to 7 cents per kWh. The grid-connected wind plant 

can generate electricity at cost under 5 cents per kWh [1]. 

 

Aerodynamic forces governed the design for the past and present commercial blades, but as 

the blade continues to become larger the inertial forces seem to act as the design driver and 

affect the structural behavior [2]. This paper presents the stress analysis of 55 kW which is of 

fixed-pitch variable wind speed wind turbine.  

 

An aerodynamic modelling is made using two aerodynamic theories, the first one is the axial 

momentum theory and the second is the blade element theory. In the first theory the flow is 

considered to be completely axial, while in the second theory, the effect of wake rotation is 

included. When both theories are combined, the equations defined by the two models can be 

solved to provide the aerodynamic loads [3]. Aerodynamic loads used for estimating the 

stress in wind turbine blades. 
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GENERAL THEORIES OF AERODYNAMIC CALCULATION 
 

Wind turbine aerodynamic analysis is mainly concerned with the prediction of rotor loads 

and power output. This analysis is one of the first and most critical steps in designing rotors 

and has, consequently, received a great deal of attention from a number of researchers. 

Because of the complexity of the unsteady three-dimensional flow field around the rotor, the 

use of some simplification hypotheses are necessary. Different approaches are used to carry 

out this analysis ranging from very complex unsteady three-dimensional models to simple 

one dimensional analysis.  

 

So far, the blade element/momentum (BEM) formulation is the most widely used technique 

for such analysis, since it has demonstrated its capabilities for the conception and the design 

of turbines operating under normal flow conditions. In this aerodynamic modelling two 

aerodynamic theories are used, the first one is the axial momentum theory or Actuator disk theory or 
Betz Limit and the second is the blade element theory [3]. 

 

ACTUATOR DISK THEORY OR BETZ LIMIT OR AXIAL MOMENTUM THEORY 

 

A simple model, generally attributed to Betz (1926) can be used to determine the power from 

an ideal turbine rotor, the thrust of the wind on the ideal rotor and the effect of the rotor 

operation on the local wind field. The simplest aerodynamic model of a HAWT is known as 

„actuator disk model‟ in which the rotor becomes a homogenous disk that removes energy 

from the wind. Actuator disk theory is based on a linear momentum theory developed over 

100 years ago to predict the performance of ship propeller. 

 

 The theory of the ideal actuator disk is based on the following assumptions: 

1. Homogenous, Incompressible, steady state fluid flow. 

2. No frictional drag. 

3. The pressure increment or thrust per unit area is constant over the disk. 

4. The rotational component of the velocity in the slipstream is zero. Thus the 

actuator disk is an ideal mechanism which imparts momentum to the fluid in the 

axial direction only. 

5. There is continuity of velocity through the disk. 

6. An infinite number of blades. 

 

A complete physical representation of this actuator disk may be obtained by considering a 

close pair of tandem propellers or turbine blades rotating in opposite direction and so 

designed that the element of torque at any radial distance from the axis has the same value for 

each blade in order that there shall be no rotational motion in the slipstream; also each turbine 

actual blade must be replaced with its small number of blades by another of the same 

diameter having a very large number of very narrow equal frictionless blades, the solidity at 

any radius being the same as for the actual turbine and finally to have the blade angles 

suitably chosen to give a uniform distribution of thrust over the whole disk.  

 

The analysis of the actuator disk theory assumes a control volume, in which the control 

volume boundaries are the surface of a stream tube and two cross sections of the stream tube 

as shown in Figure 1. 
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Figure 1. Idealized flow through a wind turbine represented by a non-rotating actuator disk 
 

From the assumption that the continuity of velocity through the disk exists; 

 

                 𝑈2 = 𝑈3 = 𝑈𝑅  
 

For steady state flow, air mass flow rate through the disk can be written as; 

 

                 𝑚 =  𝜌𝐴𝑅                      (1) 

 

Applying the conservation of linear momentum to the control volume enclosing the whole 

system, the net force can be found on the contents of the control volume. That force is equal 

and opposite to the thrust, F which is the force of the wind on the wind turbine. Hence from 

the conservation of linear momentum for a one-dimensional, incompressible, time-invariant 

flow the thrust is equal and opposite to the change in momentum of air stream; 

 

𝐹 =  𝑚   𝑈∞ − 𝑈𝑤                                                                                   (2) 

 

No work is done on either side of the turbine rotor. Thus the Bernoulli function can be used 

in the two control volumes on either side of the actuator disk. Between the free-stream and 

upwind side of the rotor (from section 1 to 2 in Figure 1). 

 

The thrust can also be expressed as the net sum forces on each side of the actuator disk; 

𝐹 = 𝐴𝑝′                                                                                              (3) 

 

Where  

 𝑝′  =   𝑝𝑢  −  𝑝𝑑                                                                                      (4) 

 

By using equations 2.1.3 and 2.1.4, the pressure decrease, 𝑝′ can be found as; 

 

𝑝′  =  
1

2
 𝜌  𝑈∞

2  −  𝑈𝑤
2                                                                               (5) 

 

And by substituting equation 2.1.7 into equation 2.1.5; 
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𝐹 =  
1

2
 𝜌𝐴  𝑈∞

2  −  𝑈𝑤
2                                                                              (6) 

 

The power output, P is equal to the thrust times the velocity at the rotor plane [4]; 

            

           𝑃 = 𝐹 𝑈𝑅                                                                                                      (7) 

 

The power coefficient, C
P
, is defined as the ratio of available power of wind to that extracted 

by the turbine, and defined as: 

  

𝐶𝑝  =  
𝑃

1

2
 𝜌𝑈∞𝐴

3                                                                                                             (8) 

 

Introducing the axial interference factor, a, which is defined as the fractional decrease in 

wind velocity between the free stream and the rotor plane: 

 

𝐶𝑝  =  4𝑎  1 − 𝑎)2                                                                                                      (9) 

 

Then thrust is   𝐹 = 2𝜌𝐴𝑈∞
2𝑎(1 − 𝑎)                                                                      (10) 

 

And power is  𝑃 = 2 𝜌𝐴𝑈∞
3𝑎(1 − 𝑎)2                                                                     (11) 

 

Theoretically, the maximum value for the power coefficient is achieved for a = 1/3. 

 
𝑑𝐶𝑝

𝑑𝑎
 = 4 1 − 𝑎  1 − 3𝑎 = 0                                                                                     (12) 

 

Giving a power coefficient of 

 

𝐶𝑝𝑚𝑎𝑥  =  
16

27
 = 0.593                                                                                                   (13) 

 

This is known as the Betz limit, for which no wind turbine has achieved this value. The 

reason being is not related to the performance of the turbine design, but to the approach used 

to obtain the coefficient. 

 

A non-dimensionalized form of the force equation can be used to calculate the Coefficient of 

Thrust 

 

𝐶𝑇  = 4𝑎 (1 − 𝑎)                                                                                                          (14) 

 

When the axial induction factor a ≥ ½, the description given of the rate of change of 

momentum is no longer valid under the given conditions; thus, an empirical approach such as 

the rotor blade theory must be implemented. 

 

BLADE ELEMENT MOMENTUM THEORY 

 

An annular ring is created when a blade element is swept in the axial direction of the blade 

while the blade rotates. If two dimensional airfoil characteristics along with an angle of attack 

Calculations are utilized, and then the forces present on this blade element can be calculated. 

In the Case of the axial flow induction factor a and the tangential flow induction factor a’, 
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values can be calculated with information about the aerofoil characteristic coefficient of drag 

𝐶𝑑   and coefficients of lift𝐶𝑙 . 

 

Consider a wind turbine with N blades of tip radius R each with chord c. Let the blades be 

rotating at angular velocity Ω and let wind speed be U∞, angle φ is the angle between the drag 

vector and the lift vector and angle α is the angle of attack. 

 

 
 

.Figure 2: Blade Element Velocities and Forces 

 

As shown in Figure 2, we can conclude that the resultant relative velocity W at the blade is 

 

𝑊 =   𝑈∞
2 (1 − 𝑎)2  + Ω2  𝑟2  (1 +  𝑎′)2                                                                (15) 

 

The lift force can be expressed as 

 

𝛿𝐿 =  
1

2
 𝜌𝑊2𝑐𝐶𝑙𝛿𝑟                                                                                                    (16) 

 

And the drag force will be 

 

𝛿𝐷 =  
1

2
 𝜌𝑊2𝑐𝐶𝑑𝛿𝑟                                                                                                   (17) 

 

According to BEM theory, the force of a blade element is exclusively responsible for the 

change of momentum of the air which passes through the annulus swept by the element. This 

is an assumption that only holds if there is no interaction between the flows through 

contiguous annuli. The only way to comply with this assumption is having the axial flow 

induction factor a not varying radially. In real life situations this is not achieved due to 

different factors in the blade which cause losses. 

 

The component of aerodynamic force on N blade elements resolved in the axial direction is 

 

𝛿𝐿 cos𝜑 +  𝛿𝐷 sin 𝜑 =  
1

2
 𝜌𝑊2𝑁𝑐( 𝐶𝑙  cos𝜑 + 𝐶𝑑  sin 𝜑 )𝛿𝑟                             (18) 
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For our convenience, before presenting the equations we can let 𝐶𝑋  and 𝐶𝑌   

 

𝐶𝑋  =  𝐶𝑙  cos 𝜑  +  𝐶𝑑  sin 𝜑                                                                                      (19) 

 

𝐶𝑌  =  𝐶𝑙  sin 𝜑  −  𝐶𝑑  cos 𝜑                                                                                       (20) 

 

The equations for finding the induction factors are 

 
𝑎

1−𝑎
 =  

𝜍𝑟

4 sin 𝜑2  [  𝐶𝑋  −  
𝜍𝑟

4 sin 2 𝜑
 𝐶𝑌

2]                                                                           (21) 

 

 
𝑎

1+𝑎
 =  

𝜍𝑟  𝐶𝑌

4 sin 𝜑 cos 𝜑
                                                                                                       (22) 

 

Where 𝜍𝑟  is the chord solidity. The chord solidity is defined as the total blade chord length at 

a given radius divided by the circumferential length at that radius. It can be expressed as 

  

𝜍𝑟  =  
𝑁𝑐

2𝜋𝑟
 =  

𝑁𝑐

2𝜋𝜇𝑅
                                                                                                        (23) 

 

That BEM theory is strictly only applicable if the blades have uniform circulation. This 

means that a must be uniform throughout the whole blade. When this is not the case, a radial 

interaction and an exchange of moment will be present between flows through adjacent 

element in the annulus ring. BEM theory takes only into consideration the pressure drop 

As the only force that acts on the flow that goes through a given annular ring. If a is not 

uniform, more forces will be needed to take into account [5]. 

 

SELECTION OF AIRFOIL AND MODELLING OF THE BLADE 

 

The development of special-purpose airfoils for horizontal-axis wind turbines (HAWTs) 

began in 1984 as a joint effort between the National Renewable Energy Laboratory (NREL), 

formerly the Solar Energy Research Institute (SERI), and Airfoils, Incorporated. Since that 

time nine airfoil families have been designed for various size rotors using the Eppler Airfoil 

Design and Analysis Code. A general performance requirement of the new airfoil families is 

that they exhibit a maximum lift coefficient (𝐶𝑙𝑚𝑎𝑥
) which is relatively insensitive to 

roughness effects. The airfoil families address the needs of stall-regulated, variable-pitch, and 

variable-rpm wind turbines. For stall-regulated rotors, better peak-power control is achieved 

through the design of outboard airfoils that restrain the maximum lift coefficient. Restrained 

maximum lift coefficient allows the use of more swept disc area for a given generator size. 

Also, for stall-regulated rotors, thicker tip airfoils help accommodate overspeed control 

devices. For variable-pitch and variable-rpm rotors, outboard airfoils having a high maximum 

lift coefficient lend themselves to lower blade solidity. Airfoils having greater thickness 

result in greater blade stiffness and tower clearance. Airfoils of low thickness result in less 

drag and are better suited for downwind machines. In NREL series there are nine airfoils 

families consisting of 25 airfoils have been designed for various size rotors since 1984.  

 

Modelling of both blades is done by CATIA V5. The airfoil is chosen for designing the blade 

is NREL S821which is same at the three stations from Root region, Maximum region, Tip 

region. The appropriate blade length and generator size for each airfoil family along with the 

corresponding airfoils comprising each family from blade root to tip are shown in Table 1.  
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Blade Length  

(meters) 

Generator 

 (kW) 

Thickness  

category 

Airfoil families 

(root--------------tip) 

1-5 2-20 Thick  S823  S822 

5-10 20-150 Thin  S804 S801# S803# 

5-10 20-150 Thin S808 S807 S805A S806A 

5-10 20-150 Thick  S821 S819 S820 

10-15 150-400 Thick S815 S814 S809 S810 

10-15 150-400 Thick S815 S814 S812 S813 

10-15 150-400 Thick S815 S814 S825# S826# 

15-25 400-1000 Thick  S818 S816 S817 

15-25 400-1000 Thick  S818 S827 S828 

 

Table 1. NREL Airfoil Families 

 

Shaded- - - - - Ohio State, Univ. of III 

Bold numbers- - - - - Delft tested 

Cross hatch - - - - - high 𝐶𝑙𝑚𝑎𝑥
 tip airfoils, S825 LTPT test     

 

The airfoil designations starts with the S801 and ending with the S828 represent the 

numerical order in which the airfoils were designed between 1984 and 1995. The “A” 

designation stands for an improved version of an airfoil based on wind-tunnel test results for 

a similar airfoil. The three airfoils having underlined bold lettering have undergone 

comprehensive tests in the Delft University low-turbulence wind tunnel. Seven of the airfoil 

Families are designated "thick" which indicates that the outer-blade airfoils are 16% to 21% 

thick. Greater thickness helps provide greater blade flap stiffness for tower clearance, lower 

blade weight important for large machines, and helps accommodate aerodynamic overspeed 

control devices for stall-regulated machines. The two airfoil families labeled "thin" (11% to 

15%) are more suited to downwind rotors of small to medium blade length. For most all 

blades, very thick airfoils are desired for the blade-root to accommodate structural and 

dynamic considerations. The blade-root airfoil thickness falls in the range of 18% to 24%. 

Thicknesses greater than 26% were found to result in undesirable performance 

characteristics. The following reasons to choosing this airfoil are: 

1. It is utilized for medium size wind turbines which is rated the power up to 20-100 

kW. 

2. This airfoil having thick tip region. 

3. The greater tip region thickness helps accommodate overspeed- control mechanisms 

for stall-regulated rotors and provides greater stiffness at the expense of slightly 

higher drag. 

4. The S821 blade-root airfoil was designed to have a high 𝐶𝑙𝑚𝑎𝑥
 which is largely 

insensitivity to roughness was not a design requirement for their root airfoils (S804, 

S807 and S808) [6]. 

 

DIMENSIONS 

  

1. FLAT BLADE dimensions and figure 3 are: 

ROOT CHORD = 457 mm 

MAXIMUM CHORD = 749 mm 

TIP CHORD = 406 mm 
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Figure 3. Flat Blade 

 

2. TWIST BLADE dimensions and figure 4 are: 

ROOT CHORD = 457 mm 

MAXIMUM CHORD = 749 mm 

TIP CHORD = 406 mm 

 

Here given the TWIST at the TIP chord is 7° [7].  

 

Figure 4. Twist Blade 

 

BOUNDARY CONDITIONS, MATERIAL PROPERTIES AND MESHING (FEM 

MODELLING) 

 

(A). BOUNDARY CONDITIONS 

 

During analysis three boundary conditions is considered which are same on both wind turbine 

blades as follows: 

1. Fixed support at the root end. 

2. Standard gravitational is also taken for analysis. 

3. Force acted at the tip end which is calculated from Blade Element Momentum Theory 

at different wind speed 10m/s to 15 m/s.  
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Figure 5(a), 5(b) 5(c), 5(d) shows the boundary conditions acted on the wind turbine blade in 

ANSYS 14. 

 

 
Figure 5(a). Fixed Support in Flat Blade 

 

 
 

Figure 5(b). Standard Earth Gravity in Flat Blade 
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Figure 5(c). Fixed Support in Twist Blade 

 

 

Figure 5(d). Standard Earth Gravity in Twist Blade 

(B) MATERIAL PROPERTIES AND MESHING  

Material used for blade is E-glass whose properties are same for both blades in ANSYS 14 

Are [8]: 

Young‟s Modulus E = 72.3 GPa, Poisson‟s Ratio 𝜐 = 0.28, Tensile Strength = 3445 MPa 

Compressive Strength = 2000 MPa, Density 𝜌 = 2.58 gm/cc, Thickness = 2 mm. 
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During analysis default meshing method is used in ANSYS 14 for both blades is and fine 

sizing type also is shown in figure 5(e), 5(f). 

 

Figure 5(e). Meshing of Twist Blade 

 

Figure 5(f). Meshing of Flat Blade 

RESULTS AND COMPARSION TABLE 

Results obtained at various forces which are same on both blades which is acted on tip  at 

different wind speeds ranging from 10 m/s to 15 m/s is discuss below, these forces got from 

blade element momentum theory: 

A. Force = 341.14 N where wind speed 10m/s, then the Equivalent (von-Mises) stress on 

flat blade and twist blade are shown in figure 6(a), 6(b). 
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Figure 6(a). Equivalent (von-Mises) Stress in Flat Blade 

 

Figure 6(b). Equivalent (von-Mises) Stress in Twist Blade 

 

B. Force = 415.52 where wind speed 11 m/s, then the Equivalent (von-Mises) stress on 

flat blade and twist blade are shown in figure 6(c), 6(d). 
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Figure 6(c). Equivalent (von-Mises) Stress in Flat Blade 

 

 

Figure 6(d). Equivalent (von-Mises) Stress in Twist blade 

C. Force = 491.6 N where wind speed is 12m/s then the Equivalent (von-Mises) stress on 

flat blade and twist blade are shown in figure 6(e), 6(f). 
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Figure 6(e). Equivalent (von-Mises) Stress in Flat Blade 

 

Figure 6(f). Equivalent (von-Mises) Stress in Twist Blade 

D. Force = 622.43 N where wind speed is 13.5 m/s then the Equivalent (von-Mises) 

stress on flat blade and twist blade are shown in figure 6(g), 6(h). 
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Figure 6(g). Equivalent (von-Mises) Stress in Flat Blade 

 

Figure 6(h). Equivalent (von-Mises) Stress in Twist Blade 

 

E. Force = 622.43 N where wind speed is 15 m/s then the Equivalent (von-Mises) stress 

on flat blade and twist blade are shown in figure 6(i), 6(j). 
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Figure 6(i). Equivalent (von-Mises) Stress in Flat Blade 

 

Figure 6(j). Equivalent (von-Mises) Stress in Twist Blade 
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Table 2 shows the comparison of Equivalent (von-Mises) Stress in flat and twist blade. 

Table 2 

S.No. Force (N) Max. Equiv. Von-Mises Stress in 

Flat Blade (MPa) 

Max. Equiv. Von-Mises Stress in 

Twist Blade (MPa) 

1. 314.14 1.3962e8 7.7259e7 

2. 415.52 2.0264e8 1.312e8 

3.     491.60 2.6712e8 1.8744e8 

4.  622.43 3.7681e8 2.8368e8 

5.  768.18 4.9795e8 3.8957e8 

 

CONCLUSION 

This paper shows the stress developed in twist blades are less as compared to flat blade in 

same force condition, material properties, thickness and boundary condition. In this paper 

Blade Element Momentum Theory is used for calculate the aerodynamic load, But more 

accurate result is obtained experimentally and optimal result also obtained through 

Computational Fluid Dynamic Analysis (CFD) which gives exact force on the blades, its 

helps to calculate the exact stress developed on wind turbine blades in Finite Element 

Analysis .           
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