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Abstract— In view of the requirements to access the wind 

energy efficiently, a model of three bladed horizontal axis 

wind turbine is to develop and analyse for its aerodynamic 

efficiency by considering an idealized wind turbine rotor. 

The model for rotor hub is also developed for structural 

analysis. This study introduces important concepts and 

illustrates the general behavior of wind turbine rotors and 

the airflow around wind turbine rotors. The analysis is also 

used to determine theoretical performance limits for wind 

turbines. This study includes increase the efficiency or 

power coefficient of horizontal axis wind turbine rotor, to 

carry out performance analysis and power prediction of 

horizontal axis wind turbine, Comparison of power 

prediction with an existing turbine, Structural design of 

wind turbine rotor components like blade and hub, Create an 

efficient finite element model with enough elements for 

accurate modelling of minimization the stresses and 

deflection in rotor and compared with an existing design. 
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I. INTRODUCTION 

About 70% of India's energy generation capacity is 

from fossil fuels with coal accounting for 40% of India's 

total energy consumption followed by crude oil and natural 

gas at 24% and 6% respectively. India is largely dependent 

on fossil fuel imports to meet its energy demands — by 

2030, India's dependence on energy imports is expected to 

exceed 53% of the country's total energy consumption. In 

2009-10, the country imported 159.26 million tonnes of 

crude oil which amount to 80% of its domestic crude oil 

consumption and 31% of the country's total imports are oil 

imports. The growth of electricity generation in India has 

been hindered by domestic coal shortages and as a 

consequence, India's coal imports for electricity generation 

increased by 18% in 2010.  

Wind energy is one of the most cost effective of all 

types of renewable energy. The wind velocity varies on a 

daily and hourly basis, the maximum amount of power 

produced by a wind turbine at a given time cannot be 

controlled by the operator. This leads to a different criterion 

for optimum design than that used for other equipment 

where the rate of electricity production can be controlled up 

to the equipment maximum rating. However, to make wind 

a viable source of energy—electricity in particular— careful 

design of wind-capturing machines is necessary. A variety 

of theories are used to create wind turbines that can 

efficiently capture energy from the wind.  

In order to better understand and place the research 

area into perspective, a literature review is conducted. A 

selection of relevant papers to the author is shortly 

reviewed. This investigation served as a basis and starting 

point for several decisions made during the research project. 

Mahmood and Abbas (2011) designed a computer program 

in visual basic to predict the performance of fast running 

horizontal axis wind turbine for electricity generation by 

using blade element theory and momentum theory. NACA 

4415 was chosen for the aerofoil section of blade. The 

design parameters ( design tip speed ratio , rotor radius and 

blade number ) represented in scroll bars was designed in 

visual basic, and by changing these parameters , solidity, 

chord line and twist angle curves along the blade, in addition 

to the rotor performance curve (relation of power coefficient 

with tip speed ratio), will be draw instantly. The numerical 

integration (trapezoidal method) was used to compute the 

area under rotor performance curve, the program will record 

the value of this area, and by change parameter design and 

by knowing the maximum value of area, and we will know 

the optimal design for turbine rotor. The three and four rotor 

blades and the values of design tip speed ratio between S (5-

9) give the best performance of rotor. The effect change of 

rotor radius on performance rotor was found very small, and 

there is no noticed effect to rated wind speed on rotor 

performance when changing parameter design in computer 

program.  
Kusiak and Zheng (2010) developed a model for 

optimization of power factor and power output of wind 

turbines. An evolutionary strategy algorithm solves the data-

derived optimization model and determines optimal control 

settings. Computational experience has demonstrated 

opportunities to improve the power factor and the power 

output by optimizing set points of blade pitch angle and 

generator torque. It is shown that the pitch angle and the 

generator torque can be controlled to maximize the energy 

capture from the wind and enhance the quality of the power 

produced by the wind turbine with a DFIG generator.  

Thumthae and Chitsomboon (2009) used CFD to 

predict the optimal angles of attack that produce maximum 

power outputs for an untwisted horizontal axis wind turbine 

for four wind speed cases. By using the 80% span as the 

basis for design, the finding indicates that the optimal angles 

of attack are the ones near the maximum lift point. The 

angles are slightly larger as the speeds are higher and this is 

consistent with the shift of the curves as the Reynolds 

numbers are increased. Under typical design conditions lift 

to drag ratio was proved theoretically and confirmed by the 

computation as insignificant design parameter. The power 

outputs reach maximum at pitch angles: 4.12°, 5.28°, 6.66° 

and 8.76° for the wind speeds 7.2, 8.0, 9.0 and 10.5 m/s, 

respectively. The optimal angles of attack were then 

obtained from the data. Ceyhan. et al. (2009) developed a 

method for aerodynamic optimization of horizontal axis 

wind turbines by using the BEM theory and the Genetic 

Algorithm. First, the BEM analysis is validated with the 

field test data of three different wind turbines. It is shown 

that the BEM theory analysis gives satisfactory results 
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especially at low speeds. A 100kW constant speed and stall 

controlled wind turbine optimization is then performed by 

combining the BEM theory with the genetic algorithm 

optimization method. Three different optimization strategies 

are implemented in order to explore the optimization space. 

Optimization studies improve the power production by 40 to 

80 percent at certain wind speeds at the expense of increased 

thrust force. The optimization tool developed performs well 

for the optimization of wind turbine parameters to maximize 

power production. Kulunk et al. (2009) design a method 

based on blade element momentum (BEM) theory for 

horizontal-axis wind turbine (HAWT) blades. The method is 

used to optimize the chord and twist distributions of the 

blades. Applying this method a 100kW HAWT rotor is 

designed. Also a computer program is written to estimate 

the aerodynamic performance of the existing HAWT blades 

and used for the performance analysis of the designed 

100kW HAWT rotor. Ajao and Adeniyi (2009) modeled a 

small three-bladed horizontal axis wind turbine and tested 

for power performance. The turbine blades were fabricated 

from Mansonia Altissima wood with a rotor swept area of 

3.65 sq. metres and a blade pitch angle of 7
0
. The cut-in 

wind speed, that is, the speed at which the wind turbine 

starts to produce power was determined to be 3.5 m/s. One 

minutes averages of wind speed and power output have been 

used to determine the power curve for the wind turbine in 

accordance with IEC (International Electro technical 

Commission) 61400-12-1 guideline for small wind turbines.  

Vardar et al. (2008) Shows strong correlation 

between rotor rotation rate and blade angle, between power 

coefficient and blade angle, and between power coefficient 

and rotor blade number. An increase in wind speed rate 

resulted in a higher correlation between rotor rotation rate 

and wind profiles, between rotor rotation rates and wind 

speed, between power coefficient and blade profiles, and 

between power coefficient and blade twisting. Best rotor 

models with high rotation rate are moderately effective in 

terms of power coefficient, while best rotor models with 

high power coefficients generate moderately successful 

results in terms of rotation rates. Larson et al. (2008) 

analyses that the chord length and the amount of taper for 

the blades can have a significant effect on the performance 

wind turbine. Increasing the cord length or decreasing the 

amount of taper can increase the power captured from the 

wind but at the cost of an increased thrust force. The amount 

of power generated proportional to the resulting torque does 

not vary. This means that to maximize the performance of 

our final design, one critical feature of the blades is their 

strength. Stronger blades will be able to support more of a 

thrust load which is necessary for harnessing more power. 

Xiong et al. (2007) presents an optimization model for rotor 

blades of horizontal axis wind turbines. The model refers to 

the wind speed distribution function on the specific wind 

site, with an objective to satisfy the maximum annual energy 

output. 

II. METHODOLOGY 

A. Design and Theoretical Considerations: 

In this detail information about the modern horizontal-axis 

wind turbines components, design concepts, efficiency 

of wind turbine and airfoil terminology will be 

discussed. Wind-powered ships, grain mills, water pumps 

and threshing machines all exemplify that extraction of 

power from wind is an ancient endeavour. With the 

evolution of mechanical  insight  and  technology,  

machines  to  efficiently  extract  power  from wind have 

been  developed,  in  particular over the last few decades 

of the 20th century ‖Wind turbines‖ is now being used as a 

generic  term  for  machines  with  rotating blades that 

convert the kinetic energy of wind into useful 

power[8].Horizontal axis wind turbine dominates the 

majority of the wind industry. Horizontal axis means the 

rotating axis of the wind turbine is horizontal, or parallel 

with the ground. In big wind application, horizontal axis 

wind turbines are almost all you will ever see. However, in 

small wind and residential wind applications, vertical axis 

turbines have their place. The advantage of horizontal wind 

is that it is able to produce more electricity from a given 

amount of wind. The disadvantage of horizontal axis 

however is that it is generally heavier and it does not 

produce well in turbulent winds [9]. 

B. Airfoil Selection in HAWT Blade Design: 

The efficiency of wind rotors with high tip speed ratio are to 

a great extent determined by the aerodynamic properties of 

the airfoils used. . Lift forces operate through the generation 

of circulation and do not involve large viscous losses in the 

flow and the associated loss of total head, while drag forces 

function through flow separation on the blade and the loss of 

total head. 

 

 
Fig. 1: Airfoil characteristics lift and drag 
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When the lift to drag ratio drops the maximum power 

coefficient also decreases. The power coefficient’s optimum 

shifts to lower design tip speed ratios. When lift to drag ratio 

and tip speed ratio are high the number of rotor blades (B) 

has relatively little influence on the achievable power 

coefficient value, but when the L/D ratio and tip speed ratio 

are low, the number of blades has a higher significance. 

The most significant flow factor influencing the 

behavior of low speed airfoils is that of viscosity, which 

indirectly causes lift and directly causes drag and flow 

separation. This influence is characterized by the Reynolds 

number of the airfoil fluid combination. For an airfoil with a 

chord length of c (m) Reynolds number is: 

Re=    V c/ט 
Where V total is relative velocity and ν is 

kinematic viscosity of air (m
2
/s).  

C. Blade Geometry: 

 Designing a blade shape from a selected airfoil type for an 

optimum rotor means determining the blade shape 

parameters; chord length distribution and twist distribution 

along the blade length for a certain tip-speed ratio at which 

the power coefficient of the rotor is maximum. Therefore 

first of all the change of the power coefficient of the rotor 

with respect to tip-speed ratio should be figured out in order 

to determine the design tip-speed ratio, λd corresponding to 

which the rotor has a maximum power coefficient. The 

blade design parameters will then be according to this 

design tip-speed ratio. 

III. MATHEMATICAL MODELING 

Progressive improvements in aerodynamics, controls, 

material technology, structural analysis, electrical power 

generation, and power distribution have led to the modern 

large horizontal axis wind turbine being able to compete 

with any other source of electrical power.  Overall, a wind 

turbine will be judged by the ratio of the annual cost to the 

amount of energy it will produce per year. 

Horizontal axis wind turbines (HAWTs) such as 

the ones shown in Figure 2 form   most common wind 

turbine type in use today. In fact all grid-connected 

commercial wind turbines today are designed with 

propeller-type rotors mounted on a horizontal axis on top 

of a vertical tower. In contrast to the mode of operation of 

the vertical axis turbines, the horizontal axis turbines need 

to be aligned with the direction of the wind such that the 

wind flows parallel to the axis of rotation. 

 
Fig. 2: Three-Bladed Upwind and Downwind Turbines 

A. Designed Tip - Speed Ratio:  

To determine the design tip-speed ratio, λd corresponding to 

which the rotor has a maximum power coefficient the blade 

length is divided into N elements. In this thesis the length of 

blade is 21m and blade is divided in to twenty one elements 

in radial direction. Power coefficient at different radial 

location is calculated by considering tip loss factor by blade 

element momentum theory as discussed in previous chapter 

from the following equations: The blade design parameters 

will be taken according to this design tip-speed ratio.  

Local tip-speed ratio for each blade element 
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B. Power Coefficient: 

     
 

  ∫     
  

  
                         

       *  
  

  
     +           ...3.6 

   

∑ (
    

  )      
        (          

 
   

             )(                       ) *  
  

  
          +     

         ...3.7 

Using the equations from 3.1 to 3.7 for a selected 

airfoil S-809, power coefficient for various tip speed ratio 

(from λ=1 to 14) are calculated for each blade element 

(N=1to 21) with the help of computer program. the power 

coefficient is maximum for λ=7. Therefore designed tip 

speed ratio is λd=7 is used for further calculation.   

C. Efficiency of the Wind Turbine: 

The efficiency of a rotor is the fraction of the wind energy, 

which is extracted from the wind when it passes through 

the rotor disc. It can be shown that the maxi-mum 

efficiency is 0.59 and is achieved when the turbine 

reduces the wind speed to one-third the free wind speed.  

The rotor efficiency ηrotor is defined as the ratio between 

the rotor power and the maximum possible power available 

in the wind. 

Betz has shown that the maximum power available 

in the wind is given by  
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Here A= π R
2
 is the swept area of the rotor, R is 

the rotor radius,   is the density of air, and U is the airfield 

wind speed in front of the wind turbine.  

η
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The efficiency of wind turbines generally 

improves with increasing tip speed ratio. However, the 
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higher the speed of the blade tip, the larger is the noise 

from the rotor. Today, tip speeds for turbines are limited to 

about 70 m/sec due to concern about noise. The tip speed 

increases with rotor speed and radius [10]. 

D. Calculation of Power Coefficient for Modified Blade 

Geometry: 

Now that the known parameters are chord-length and twist 

distribution along the blade length, the analysis is just 

reverse of the one which was done for designing optimum 

blade shape in section 4.5. In the previous case design angle 

of attack, design lift coefficient and glide ratio 

corresponding to design lift coefficient were chosen and by 

so the parameters of blade geometry was found for an 

optimum rotor. In this case lift coefficient and angle of 

attack have to be determined from the known blade 

geometry parameters.  

 This requires an iterative solution in which for each 

blade element the axial and angular induction factors are 

firstly taken as the values which were found for the 

corresponding designed blade elements and then determined 

within an acceptable tolerance of the previous guesses of 

induction factors during iteration. The computer program 

written for this iteration procedure calculates the induction 

factors. (According to the flow chart) 

Local thrust coefficient  

                                          ..3.10 
    Axial induction factor 
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 Angular induction factor 
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Glauert empirical relation for axial induction factor 
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IV. AERODYNAMIC EFFICIENCY PREDICTION OF HAWT 

 
Fig. 3: Flow chart for calculating the power coefficient and performance parameter of HAWT 

In this chapter a design procedure is explained using BEM 

theory for aerodynamic design of the horizontal axis wind 

turbine blades and performance analysis using different 

airfoil profiles, also to build a computer program, finally to 

determine the aerodynamic efficiency and validate it’s with 

actual turbine. Power increases with wind speed, it is 

maximum at nominal wind velocity 14 m/s and maximum 

power generated by NACA-2415 airfoil. But in low wind 

velocity from 6 to 10 m/s, the performance of S809 airfoil is 

much better as compared with other airfoils.  

The rotor’s capability to convert the highest 

possible proportion of the wind energy flowing through the 

rotor swept area into mechanical power is obviously a result 

of its aerodynamic properties. The overall efficiency of 

energy conversion in the wind turbine is determined mainly 

by rotor. 
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The efficiency of wind turbines relies on many 

factors and variables for the selected airfoil sections, 

including blade number (B); blade pitch (β), the angle 

between the chord line and the plane of rotation; and tip 

speed ratio (λ), the ratio of peripheral tip speed to wind 

speed. 

Applying the design procedure explained a computer 

program was developed to predict the output power 

production of a HAWT, written in C-Sharpe language using 

.NET framework-4.  

  A number of results were obtained by using this 

program, based on ―BEM Theory‖, and some comments 

were carried out on those results. In the preceding sections 

this phenomenon will be discussed. 

The design strategy for the blade can be defined as a four 

step process: 

1) Step-1 Selection of Airfoils. 

2) Step-2 Prepared the Airfoil Database. 

3) Step-3 Find out blade geometry for designed tip 

speed ratio. 

4) Step-4 Calculation of power coefficient for blade 

geometry obtained.  

Computer program based on Flow chart uses above four 

equations with previous equations developed in blade 

element momentum theory. 

V. COMPUTATIONAL ANALYSIS 

As it was stated before, the main objective of aerodynamic 

design is to develop a high efficiency horizontal axis wind 

turbine rotor. Applying the design procedure explained a 

computer program is written in C-Sharpe language using 

.NET framework-4 to estimate the efficiency if wind turbine 

of the various airfoil profiles. C-Sharpe language is intended 

to be a simple, modern, general-purpose, object-oriented 

programming language. It was developed 

by Microsoft within its .NET initiative.  C-Sharpe 

applications are intended to be economical with regard to 

memory and processing power requirements, the language 

was not intended to compete directly on performance and 

size with ―C‖ or assembly language. A detailed flow chart of 

the program is given in Figure 3. The program take airfoil 

data, wind speed, radius of rotor, no of blades, density of air, 

no of blade elements and cut-out wind velocity as input. 

After calculation aerodynamic characteristic of different 

airfoil blades are plotted as output. In the blade design, same 

airfoils are taken from root to tip section. For comparing the 

characteristic of airfoils, blade length taken as 21m and rotor 

diameter 45m. 

A. Introduction to Microsoft .Net Framework & C# 

Programming Language: 

The .NET Framework (pronounced dot net) is a software 

framework developed by Microsoft that runs primarily on 

Microsoft Windows. It includes a large library and provides 

language interoperability (each language can use code 

written in other languages) across several programming 

languages. Programs written for the .NET Framework 

execute in a software environment (as contrasted to 

hardware environment), known as the Common Language 

Runtime (CLR), an application virtual machine that 

provides important services such as security, memory 

management, and exception handling. The class library and 

the CLR together constitute the .NET Framework. 

The .NET Framework's Base Class Library 

provides user interface, data access, database connectivity, 

cryptography, web application development, numeric 

algorithms, and network communications. Programmers 

produce software by combining their own source code with 

the .NET Framework and other libraries. The .NET 

Framework is intended to be used by most new applications 

created for the Windows platform. Microsoft also produces 

a popular integrated development environment largely for 

.NET software called Visual Studio. 

B. Steps for Development of HAWT Blade: 

 We have to create a database called HAWTADB 

with single table called Aerofile Detail all the 

information related to aerofoil are stored into this 

table.  

 For interaction to database we have used LINQ 

(language integrated query) to SQL. 

 We have to develop this program based on the 3 

Layer architectures. First layer called Database 

Layer (DL) is responsible for fetch the data from 

database and send to business Logic layer.  

Above DL there is a Business Logic Layer (BLL) that will 

handle all the programming logic. 

Finally presentation layer above the BLL used to 

present the data to user and received the input from the user 

and trigger various events. 

1) Aerofoil Value:  class is used to calculate the λd by 

calculating minimum glide ratio. First the aerofoil 

data fetched from data base then by selecting 

minimum glide ratio the λd of design calculated for 

each blade.  

2) Design Tip speed Ratio Calculation: - This class is 

used to calculate cp at different tip speed and 

design tip speed ratio. A separate class called 

Design Tip speed Ratio Value is defined to store 

the value for each tip speed in design. 
3) Utility: this class is defied  various helping 

methods used across the application 

4) Trend Line: - this class calculates the trend line for 

given values. 

5) Radial Location Value: - this object store various 

radial location in list form so that it can be used in 

application. 

6) Power Curve Value: this class is used as a 

container for power curve value calculated by 

Power curve Validation object. 

7) Power Curve Validation: - this object performs 

power curve validation. 

8) Power CP Value: this class is used as a container 

for power CP value calculated by Power cp 

calculation object. 

9) Power CP Calculation: this object calculates power 

cp. 

10) Modified Value Calculation: - this object calculates 

the modified values. 

11) Modified Value: this class is used as a container for 

Modified value calculated by modified value 

calculation object. 
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12) Equations: - this object provides various equations 

used in calculation this class provides static 

methods. These methods accept some parameters 

and return the value based upon the defined 

formula. 

VI. CONCLUSIONS 

This study is to be conducted for Development of High 

Efficiency Horizontal Axis Wind Turbine Rotor. For this 

purpose aerodynamic and structural design of horizontal-

axis wind turbine rotor is to be investigated. A user-interface 

computer program has to design for aerodynamic design of 

rotor; outputs of this program can be used in further studies. 

The thesis has chosen the finite element method as a means 

to accurately predict the wind turbine loading and response.  

It is hoped that through such a method, new designs and 

ideas, unconstrained by conventionality, might materialize 

for wind turbine applications. In the course of the study, the 

following conclusions have accepted: 

1) The aerodynamic model developed for horizontal 

axis wind turbine by developed program can be 

efficiently used for analysis of different aerofoil 

and for any size of turbine from kW to MW. 

2) The power can be generated by model is increased 

by approximately 20 percent to 40 percent at 

nominal wind velocity therefore the aerodynamic 

efficiency will be increased. At low wind velocity 

power curve is very close to curve of the actual 

wind turbine. 
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