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Abstract  

In the current situation of global energy crisis, generation of energy derived from renewable 

energy resource has grown a significant attention. Wind energy is a very interesting due to the 

fact that fuel is free of cost. The most important aspect of wind energy technology is the wind 

turbine and its aerodynamic characteristics of the airfoil forming the blade. Thus predicting the 

performance parameters and determining aerodynamic characteristics of airfoil section are 

important. However, this requires continued experimental wind tunnel test and validation tools 

such as computational fluid dynamics (CFD).  

The primary objective of this study was learning the CFD software and its applications. 

Secondly,   this study was focused on predicting aerodynamic characteristics of an airfoil for 

varying angles of attack (AOAs). Simulation was done to deduce aerodynamic parameters (lift, 

drag, lift to drag ratio, contour plot of velocity and pressure distribution over the airfoil section). 

This can reduce dependence on wind tunnel testing. The simulation was done on airflow over a 

two – dimensional NACA 63-415 airfoil using FLUENT (version 6.3.26) at various angles of 

attack  varied from -50 to 200 using two turbulence models (S-A and SST k- ω) with the aim of 

selecting the most suitable model. Domain discretization was carried out using structured 

quadrilateral grid generated with GAMBIT (version 2.3.16), the fluent pre-processing tool.  

Comparisons and validation were made with available experimental data for NACA 63-415 

airfoil with numerical results. Accordingly, it was found that the two turbulence models achieved 

a reasonable and a good agreement in predicting the coefficients especially for angle of attacks 

prior to stall. Among the model, studied the most appropriate turbulence model for the 

simulations were the SST k- ω two equation models, which had good agreement with the 

experimental data than S-A one equation model.  As a result, it was decided to use the SST k- ω 

turbulence model for the main analysis with acceptable deviations in results (9.028% for lift and 

12.203 % for drag coefficients).  

This study concluded that CFD simulation provides sufficiently accurate results for a majority of 

AOAs. The discrepancy in calculating the lift and drag values comes from limitations in the 

turbulence model behavior. However, the majority of the lift and drag curves match the 

experimental data. Finally, this study includes simulation results of Adama I wind turbine airfoil 

section and predicted results was complied.  
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CHAPTER 1 

INTRODUCTION 

1.1  Background  

Global demands for renewable energy resources have been exponentially increasing in the 21st 

century. This is due to continuous expansion of industrial development, depletion of fossil fuels 

and emerging environmental consciousness. Above all, this increasing in energy demand and 

growing recognition of global warming and environmental pollution, has become an integral and 

cross cutting issue for development of economies of many countries of the world.  However, to 

respond to the energy demand and environmental problem, more and more countries have 

prioritized renewable energy sources such as wind, solar, hydropower, biomass, geothermal, etc., 

as the replacements for nonrenewable sources such as, fossil fuels [1]. 

As compared to other renewable energy sources, wind has long been glorified as the ultimate 

solution to the world’s energy and environmental problems. Wind energy provides virtually 

cheap, clean, inexhaustible, and above all environmentally friendly energy source. In addition to 

the above, application of wind energy improves air quality, reduces greenhouse gases and 

diversifies the global electricity supply [1].  However, even if renewable energy’s overall 

fortunes declined, development of one particular renewable energy technology, the wind 

turbines, continued to make important progress with continuous improvements in reliability, 

efficiency and reductions in capital cost. Thus, as the most promising renewable energy source, 

wind energy is believed to play a critical role in global power supply in the 21st century [1]. As a 

result, wind energy prices in the 21st century have become roughly comparable in many cases 

against conventional forms of electricity generation [2]. 

According a report received from Global Wind Energy Council (GWEC) shows that the total 

amount of wind energy installed capacity has reached 282.5 (GW) by the end of 2012 around the 

world. Moreover, its fast growth ensures that the wind power will be an important part of 

electricity generation in the close future according to the latest annual market report of Global 

Wind Energy Council (GWEC) Report, 2012 [3]. According to the report installed capacity of 

wind power shows a cumulative increase of almost 19 % as compared to 2011. Likewise, new 
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global installations of wind power reached 44.8 GW in 2012, which indicate 10 % increase from 

the new installations recorded in 2011,  GWEC Report, 2012 [3].  

Moreover, record installations in the United States (US) were noted by the wind association, with 

the western country once again regaining the number one spot for global markets. This is the first 

time the US has managed to do that since released the spot to China in 2009. China remained 

strong in 2012, with over 75 GW of installed capacity. The country intends to have around 18 

GW of new installations in 2014 [3] [4]. Likewise, Asian countries such as India, Asia, Pakistan, 

Mongolia, the Philippines and Thailand are expected to see significant installations and market 

growth in 2013. In Latin America, Brazil continues to lead the pack and may surpass the goal of 

2 GW of annual installations in 2013 [3].  

Africa’s wind resource is best around the coasts and in the eastern highlands, but it is in North 

Africa that wind power has been developed at scale. This is where current national policies are 

set to grow the sector further. At the end of 2011, over 98% of the continent’s total wind 

installations of just over 993 (MW) were to be found across four countries - Egypt (550 MW), 

Morocco (291 MW), Tunisia (114 MW) and Cape Verde (24 MW) [5]. 

In South Africa, the World Wind Energy Conference held in November 2003 in Cape Town 

emphasized the imperative role of wind energy for future power generation especially in Africa. 

For example, the west coast of South Africa has been identified as a viable location for wind 

farms. In the meantime, South Africa is also experiencing in solar power projects already under 

construction [3].  

Furthermore, recent wind power developments in east Africa with a total of 171 MW (Adama I 

51 MW and Ashegoda 120 MW) projects completed and 153 MW Adama II wind project under 

development in Ethiopia and a 300 MW project under development in Kenya are to be 

mentioned. Hopefully, these early projects will make a substantial contribution to the total 

generating capacity in each of these countries. If successful, they will herald a much broader 

uptake of wind on the continent in the coming few years [5]. 

According to statistics estimates, the installed capacity of large wind park in Ethiopia is about 

2005MW with wind speed of more than 8.8 m/s at the height of 50m. The country is rich in wind 
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resource and development of wind power generation is considered as one of the important 

measures for solving the energy crisis in Ethiopia.  The Ethiopian Electric Power Corporation 

(EEPCo) has planned to build 200 MW of wind park projects in the country by the end of 

2012/2013 [6]. 

 

Figure 1-1: Global cumulative installed wind capacity 1996-2012 [Source: GWEC] 

 

Figure 1-2: Global annual installed wind capacity 1996-2012 [Source: GWEC] 
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Generally, wind energy could meet global demand yet only provides small fraction of power 

consumption [7]. The wind turbine developed to capture wind power and use it for generating 

electricity is the technology behind and one of the fastest growing industries within the rural and 

urban areas of countries all around the world [7]. Accordingly, the sector started slowly and it is 

now one of the most advanced renewable energy technology. Therefore, wind energy production 

with its relatively safer and positive environmental characteristics has developed in the past few 

decades from a marginal activity into a multi-billion dollar industry.  

Horizontal axis wind turbine (HAWT) is the least expensive and clean way to harness this 

important energy source [8]. However, for the design and implementation of more efficient and 

reliable wind turbine, accurate prediction of aerodynamic behaviour is very crucial, since the 

interaction of the wind with the blades influences the performance. In the meantime, it affects the 

lifetime and reliability of the blades as well. Thus, it is important to note that prediction of 

performance parameters and determination of aerodynamic force coefficients such as lift and 

drag on a HAWT blade airfoil is an indispensable, but a complex process [8].  

Accordingly, aerodynamic performance parameters of wind turbine blade airfoils can be 

determine using computational fluid dynamics (CFD), which is one of the branches of fluid 

mechanics that uses numerical methods and algorithms to solve and analyze problems of fluid 

flows [9] [10]. Prediction of performance parameters in the determination of the aerodynamic 

force coefficients and the effects of various turbulence models in the determination of these 

parameters (lift and drag) is crucial.  At present; CFD method is almost entirely used as a 

rationale tool to predict the aerodynamic performance parameters of airfoil and give a massive 

understanding of the flow physics [10]. However, CFD method is an attractive solution for 

performance prediction and determination of aerodynamic characteristics; reliability and 

accuracy of CFD have become the key factors.  

This study addresses issues that are related to prediction of performance parameters and 

determination of aerodynamic properties; 2D CFD simulations of HAWT airfoil are conducted to 

give a better understanding of flow physics. In addition, comparison analyses have been done to 

validate results with experimental data from literature [36] and simulation are done to verify the 

reliability and accuracy of CFD model. 
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1.2  Problem Description 

Despite the plentiful of wind resources, Ethiopia is gifted with the amount utilized to date for 

power generation is very small and insignificant. It is a well-known fact that growing economy 

of the country demands sufficient and reliable supply of electric energy and this demand could 

be fulfilled by increasing the power generation and broadening its capacity. Accordingly, design 

and development of more efficient and reliable wind turbine is critically significant.  

In the design and development of a commercially viable wind turbine, it is very important that an 

accurate assessment is made on the aerodynamic characteristics of the airfoils employed on the 

blades and performance prediction of the airfoils. Any miscalculations of these characteristics 

may result in wrong estimates of the turbine’s performance as well as economic projections.  

In the past, performance of wind turbine was determined using prototypes and testing their 

performance in wind tunnel or test labs. This required high capital and running cost of labs, skill 

required in manufacturing prototypes accurately and in realization of data, interpretation of result 

etc. 

However, modern wind turbine airfoil design process is improved with the implementation of 

computational fluid dynamics (CFD) software’s. CFD enables the analysis of fluid flow through 

very complex geometry and boundary conditions such as flow over an airfoil. Therefore, if 

airfoil characteristics cannot be determined by experimental tests, one will rely on computational 

fluid dynamics (CFD) methods to minimize the problem related with manufacture of prototypes 

and time spent in wind tunnel or test labs. 

1.3  Aims and Objectives of the Study  

1.3.1 Aims  
The aim of this thesis is to simulate fluid flow over wind turbine airfoils in order to predict the 

performance parameters and determine aerodynamic characteristics, while ensuring good 

agreement result with available experimental wind tunnel data. By using the CFD–software, 

thorough two – dimensional (2D) modeling of the airfoil, prediction of performance parameters 

were made. Out of the different turbulence models available in the solver two of the models will 

also be applied to find the most suitable one for the main analysis of this study. FLUENT with 

CFD package has been employed together with its pre-processor GAMBIT, used for mesh 
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generation and to obtain reliable, at the same time inexpensive simulations. This can be 

effectively employed as flow analysis tools in the framework of performance prediction and 

determination of aerodynamic characteristic of the airfoils. Starting from mesh generation, time 

required to extract aerodynamic parameters of the airfoil behaviour has been shortened by means 

of some simplification, i.e. structured mesh, reduced grid size, incompressible flow assumption, 

etc.  The whole CFD process (pre–processing, processing, and post-processing) has been used 

for the analyses and the chosen final settings are the results between numerical accuracy and 

required solution. 

1.3.2  Objectives of the Study 

1.3.2.1 General Objective 

The general objective of this study is to predict the performance parameters and 

determine the aerodynamic characteristic of an airfoil through two- dimensional 

computational fluid dynamics (CFD) modeling.   

1.3.2.2 Specific Objectives  
The specific objectives include: 

  Generation of numerical mesh around two–dimensional (2D) airfoil model using 

GAMBIT; 

 Analyses of the aerodynamic performance parameters of wind turbine blade airfoil 

and compare with available experimental data;  

 Analyses of the lift, drag , moment and lift to drag  coefficients employed on the wind 

turbine blade airfoil; 

  Determination of pressure contours, velocity contours and pressure coefficient at 

various angle of attacks; and  

 Analyses of the fluid flow field around the model which are all solved using 

turbulence model of FLUENT;  
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1.4 Significance of the Study   

Wind turbine blade airfoils need performance test using expensive wind tunnel before 

installation on the actual size. However, every aerodynamic surface must be tested under an 

expensive process of testing of its performance in a wind tunnel. This thesis minimizes the need 

of undertaking costly experiment by introducing numerical simulation modeling, using 

commercially available software computational fluid dynamics (CFD) solver such as FLUENT. 

FLUENT is software which is applied for the performance test of several existing airfoils and 

which is frequently used in many wind turbines industries. In addition to, the determination of 

the aerodynamic characteristic of the airfoil, the simulation modeling implemented in this study 

reduces the cost of production of prototypes. 

1.5 Scope of the Study  

A number of researchers worldwide have been investigating the performance parameters and 

aerodynamic characteristics of HAWT blade and tried to identify the optimum design which 

gives better performance compared to VAWTs.  

Previously, two - dimensional (2D) airfoil data were determined from test carried out in wind 

tunnels; even though wind tunnel tests and the airfoil prototypes are expensive. It is not 

economical to manufacture prototypes from each design and analyze it in wind tunnel; different 

computational options are available like CFD, even though time consuming. It is the scope of 

this study to consider the CFD for the simulation and validate the CFD results as well as to show 

the level of agreement between that of simulation result with experimental data available [36]. 

The other scope of this study is to predict the aerodynamic characteristics of blade airfoil as air 

flows over the surface of the airfoil. In this case, a horizontal axis wind turbine blade 

GW77/1500, which is the same as LM 37.3P2 blade type [6], the aerodynamic profile of which 

is the  same as the oldest five (5) digit series of NACA 63-4xx airfoil is considered to predict the 

performance parameters and determine aerodynamic characteristics using two - dimensional 

(2D) simulation. Because of limited resources available, this study is limited to two CFD code 

(GAMBIT +FLUENT) and one airfoil section (NACA63-415).  
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1.6  Organization of the Report 

In this thesis some issues related with modeling the aerodynamics of HAWT airfoils are 

discussed. The main body of the report study deals with determination of performance 

parameters of an airfoil using computational tools (GAMBIT and FLUENT) which are used for 

reproducing the aerodynamic characteristics of the airfoil and to compare with experiment in 

order to validate and verify results which are previously determined by experiment. This section 

also presents the basic outline of the thesis and offers some description about each chapter. 

Chapter 1 is concerned with a brief introduction to the field of renewable energy, global wind 

energy installation and energy generation, specifically from HAWT. The research problem, aims 

and objectives, significance of the study as well as the scope of the study are outlined in this 

chapter. In Chapter 2 literature review, which includes both theoretical frameworks as well as 

previous numerical studies by different scholars across time, are described. Chapter 3 is 

concerned with discussion of fundamental principles of HAWT aerodynamics including the 

different types of aerodynamic flows and how to solve an aerodynamics problem. This is 

followed by a description of airfoils, their aerodynamic properties and the various types of flow 

phenomena associated with them and some of important performance parameters. This chapter 

also describes the basics of computational fluid dynamics (CFD) and criteria for CFD selection 

are discussed besides the structure of a CFD code. The methodologies for CFD analysis of 

typical HAWT blade airfoil are included. In this chapter mathematical formulation and 

turbulence modeling is also discussed. In Chapter 4 the full two - dimensional (2D) airfoil 

modeling is presented. The next chapter, Chapter 5 deals with experimental comparison and 

validation of the 2-D airfoil simulation results. This chapter also provides the results and 

discussion of the simulation results of the case study. The final chapter of this study is Chapter 6 

which outlines the conclusion drawn from the experiences gained over the course of this study.  
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CHAPTER 2  

 LITERATURE REVIEW 

2.1 Historical Development of Wind Turbines 

The utilization of wind energy is not a new technology; it is the reemerge of a long tradition of 

wind power. Since long time, people have used the energy of the wind and conversion of wind 

energy into useful form which has laid the foundations for one of the most significant 

technological developments of the 21th century [8]. Wind turbines developed to harness wind 

power and use it for generating electricity are the technology behind and one of the fastest 

growing industries for power generation, and are now a common sight within the rural and urban 

areas of countries all over the world [7].  Wind energy is a continually growing source of 

alternative power generation in many countries around the world. It is a clean, renewable energy 

source that has many inherent advantages when compared with other alternative and even some 

conventional power generation methods. 

The first reliable information about the existence of wind turbine as windmills on record was 

built by the Persians, present day Iran. Persians used windmills to grind grain into flour 

approximately in 644 A.D. It is noted that these had vertical axes and were drag type devices. 

They were characteristically inefficient and particularly susceptible to damage in high winds [11] 

[12]. A later description, including a sketch, dates back to the year 945 and depicts a windmill 

with a vertical axis of rotation. It was obviously used for milling grain. Similar, extremely 

primitive windmills have survived in Afghanistan up to the present time [12]. Some centuries 

later, the first news arrived in Europe that the Chinese were also using wind wheels for draining 

rice fields. Whether the Chinese knew windmills even before the Persians and whether the 

European mills might have been only an offshoot of the Chinese invention, can no longer be 

determined with certainty today. It is remarkable, however, that the Chinese wind wheels were 

simple structures made of bamboo sticks and fabric sails and that they had a vertical axis of 

rotation [12]. 

In 11th century, windmills have begun to be used in Europe to grind grain. All windmills had 

horizontal axes. They were used for mechanical tasks, including water pumping, grinding grain, 

sawing wood, and powering tools. Although there is no reliable information as to whether the 
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first post and tower windmills could already be yawed into the wind, yawing became a 

commonly found property of post windmills. The post windmill in its simple and serviceable 

form remained not in existence right into the 20th century [12]. These mills normally had four 

blades [11].  

In 14th century improvements were slowly made to European windmills to increase the 

aerodynamic lift of the blades and raise rotor speeds, allowing for superior grinding and 

pumping. By late 1700s, windmills had become the “electrical motor” of pre-industrial Europe, 

supplying an estimated 1500 MW of power in Europe, a level not reached again until the late 

1980s. This wind power was used for draining lands, grinding grain, milling timber and 

processing commodities such as spices and tobacco. One of the major players in advancing 

windmills to create wind turbines was the Danish scientist Poul La Cour, in the year 1891 [13]. 

La Cour was one of the first to use wind tunnels to establish guidelines for optimum rotor 

performance [13]. 

 At the end of the 19th century, interest increased in using wind power for electrical generation. 

At that time, it had to be direct-current (DC) power if only because of the varying speed on the 

windmill. For example, in 1888 a US scientist and businessman Charles Brush built the first 

wind turbine to generate electricity in Cleveland, Ohio; it had a capacity of 12 kW of DC power 

for charging storage batteries. The upwind rotor was a solid wheel type, with its 17 m rotor 

diameter and 144 blades on a tower of 18 m high. The whole system was operated automatically. 

It had been operated for 20 years until the rotor was removed in 1908. The Brush wind turbine 

was a milestone, because it was the first attempt to combine the best developed structural and 

aerodynamic windmill technology with newly developing electrical technology [13]. 

 However, for much of the 20th century there was little interest in using wind energy other than 

for battery charging for remote dwellings. This is because, wind energy is considered as low-

power system which was quickly replaced by electricity grid. This does not mean that all wind 

energy system had vanished; there were some. For example, one notable exception was the 1250 

kW Smith–Putnam wind turbine constructed in the US in 1941. This remarkable machine had a 

steel rotor 53 m in diameter, full-span pitch control and flapping blades to reduce loads. 

Although a blade spar failed catastrophically in 1945, it remained the largest wind turbine 

operated for some 40 years [13].  
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In early 1930’s thousands of small wind turbines were built in rural areas across the US with 1 to 

3kW in capacity. The turbines were at first installed to provide lighting for farms and to charge 

batteries for crystal radio sets. Later, their use was extended to power appliances and farm 

machinery. In late 1970s the interest in wind power generation returned as response to the oil 

crises in 1973 and 1979 [3]. The oil crisis of 1973 caused interest in large wind turbines and 

encouraged government-sponsored renewable energy research programs in Germany, Sweden, 

Canada, Great Britain and the United States. These programs caused the development and use of 

new wind turbine designs, helping to cut the cost of wind power significantly over the next two 

decades. Countries like Germany, US and Sweden developed large-scale wind turbine prototypes 

in the MW range, others concentrated on creating the right market conditions for deployment of 

the technology [13]. 

Further advancements in wind power were virtually changed during World War II and would not 

see change until the fuel crisis of the 1970s [12]. This renewed interest in wind energy generated 

new innovative turbine designs, including many variations of the Vertical Axis Wind Turbine 

(VAWT).  More recently, governments all over the world have begun offering incentives to build 

and operate renewable energy power production facilities, and with the oil crisis as a catalyst, 

wind turbines once again moved to the forefront of alternative energy production. Advancements 

made in wind turbine technology through the latter part of the 20th century culminated in the 

common configuration of wind turbines seen today, known as Horizontal Axis Wind Turbines 

(HAWTs) [14]. While the VAWTs designed in the latter part of the 20th century were innovative 

and provided certain advantages over HAWTs; eventually, they were ignored to be operated in 

large scale utilities due to their destructive tendencies at high wind speeds and reduced efficiency 

at low speeds [14]. It is estimated that by 2008 the U.S had 25,000 MW of wind energy based 

power generation capability. By 2030, the U.S. hopes to use wind power for 20% of its electrical 

generation requirements [14] [15].  

While it is noted that concerns exist regarding the impact of wind turbines on the environment, 

further research is needed to accurately determine causes and possible solutions for any adverse 

impacts discovered on local and/or migratory bat and bird species [15]. The other major concern 

with wind turbines is the noise. This concern can also be improved by further research into blade 
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design and wind turbine siting, in order to decrease the overall acoustic effects of wind turbines 

and to keep turbine far enough away from homes remove unnecessary noise [14][15]. 

The wind turbines commonly used for large-scale power generating applications today are 

typically referred to as utility-scale turbines. The typical size of a utility scale turbine can range 

from 1 to 6 MW depending on the available wind energy at the location at which the turbine will 

be installed. 

2.2 Previous Numerical Studies    

With intensive progress of computer technology in recent time, computational fluid dynamics in 

the form of steady RANS has made significant improvements in the prediction of airfoil 

performance. Some of the two-dimensional (2-D) airfoil studies are discussed below. 

Eleni et al., (2012) performed the analysis of a two dimensional subsonic flow over a NACA 

0012 airfoil at various angles of attack and operating at a Reynolds number of 3×106. The flow 

was obtained by solving the steady-state governing equations of continuity and momentum 

conservation combined with one of the three turbulence models [Spalart-Allmaras, Realizable 

and shear stress transport (SST)]. The aim of the work was to validate the models through the 

comparison of the predictions and the free field experimental measurements for the selected 

airfoil and to show the behavior of the airfoil and to establish a verified solution method, at the 

same time. Their work highlighted two areas in computational fluid dynamics (CFD) that require 

further investigation: transition point prediction and turbulence modeling. The laminar to 

turbulent transition point was modeled in order to get accurate results for the drag coefficient at 

various Reynolds numbers [16].  

 Saraf et al., (2011) developed a procedure to numerically model airflow over airfoils using 

GAMBIT and FLUENT. This model presented the analysis of two - dimensional subsonic flow 

over NACA 4412 airfoil at various angles of attack and operating at a velocity of 50 m/s. The 

flow was obtained by solving the steady-state governing equations of continuity and momentum 

conservation combined with one of the two turbulence models: Spalart Allmaras and k-ω 

standard. The main attention was to validate those models through the comparison of the 

predicted results and the free field experimental measurements for the selected airfoil. At the 

same time the work was to show the behavior of the airfoil and to establish a verified solution 
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method. Calculations were done for constant air velocity altering only the angle of attack for 

every turbulence model tested. The study highlighted two areas in computational fluid dynamics 

(CFD) that require further investigation: transition point prediction and turbulence model. The 

calculations show that the turbulence models used in commercial CFD codes do not give 

accurate results at high angles of attack [17].  

Wolfe (1997) is the other researcher who worked on the capabilities and accuracy of a 

representative CFD code to predict the flow field and aerodynamic characteristics of typical 

HAWT airfoils. He made comparisons of the computed pressure and aerodynamic coefficients 

with wind tunnel data.  Like other [16] [17] , the work indicated  two areas in CFD that require 

further investigation and improvement in order to facilitate accurate numerical simulations of 

flow about wind-turbine airfoils: transition prediction and turbulence modeling. The result of the 

studies shows that the laminar-to-turbulent transition point must be modeled correctly to get 

accurate simulations for attached flow. Calculations also show that the standard turbulence 

model used in most commercial CFD codes, the k-ε model, is not appropriate at angles of attack 

with flow separation [18].  

 Rajendran (2011) focused on the potential of an incompressible Navier–Stokes CFD method 

for aerodynamic performance analysis of horizontal axis wind turbines. The main objective of 

the analysis was to put side by side the CFD results obtained from the simulation and validated 

against experimental data of the NREL power performance testing activities. Comparisons were 

shown for the surface pressure distributions at several stations along the blades as well as for the 

field domain. The selected case corresponded to 12.5 m/s up-wind wind turbine at zero degree of 

yaw angle and a rotational speed of 25 rpm. The simulation result obtained suggest that the 

method can cope well with flows encountered around horizontal axis wind turbines providing 

useful results for their aerodynamic performance in the meantime revealing flow details near and 

off the blades [19].  

Kays (2010) evaluated the performance of three commercially available computational codes to 

determine the aerodynamic coefficients of airfoils. The methodology followed in the analysis 

was to select two airfoil models, design codes and apply CFD that solves and evaluates their 

accuracy and eases reproducing the coefficients of the two wind turbine airfoils, previously 

determined by wind tunnel experiment. The major conclusion of the work, using CFD was found 
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to be more labour intensive in both the airfoil analysis and design codes. However, it was shown 

to be more accurate and flexible for determining the behaviour of complex turbulent flows. At 

the same time three turbulence models were used in the CFD solver to analyse their accuracy for 

modeling the flow over airfoils. Also it was shown that a turbulence model must be equipped to 

model the behaviour of adverse pressure gradient flows in order to accurately model the forces 

experienced by a wind turbine airfoil. The SST k-ω and Spalart-Allmaras models proved to 

satisfy criterion which makes it the best out of three analysed models. The accuracy of CFD was 

also shown to be largely dependent on the standard of the mesh used [7].  

According to the investigation done by L. X. Zhang et al., (2013) numerical simulation had 

become an attractive method to carry out researches on structure design and aerodynamic 

performance prediction of wind turbines, while the prediction accuracy was the major concern of 

CFD. The main objectives of the simulation was to develop a two - dimensional CFD model, at 

the same time a series of systematic investigations were conducted to analyze the effects of 

computational domain, grid number, near-wall grid and time step on prediction accuracy. Then 

efforts were devoted into prediction and analysis of the overall flow field, dynamic performance 

of blades and its aerodynamic forces.  The final out came of the results well agrees with 

experimental data. It demonstrates that RNG k-ε turbulent model is great to predict the tendency 

of aerodynamic forces, but with a high estimate value of turbulence viscosity coefficients [20]. 

Kandwal et al., (2012) investigated an inviscid flow over an airfoil surface using CFD. The 

major objective was to deduce the lift and drag properties using computational methods, aimed 

to reduce the dependency on wind tunnel testing. The study is done on air flow over a two-

dimensional NACA 4412 airfoil using ANSYS FLUENT (version 12.0.16), to obtain the surface 

pressure distribution, from which drag and lift were calculated using integral equations of 

pressure over finite surface areas. The drag and lift forces can be determined through 

experiments using wind tunnel testing; the experimental data was taken from Theory of Wing 

Sections by Abbott et al., for comparison.  The CFD simulation results show close agreement 

with those of the experiments, thus suggesting CFD is a reliable alternative to experimental 

method in determining drag and lift coefficients [41]. 
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CHAPTER 3 

MODERN WIND TURBINES AND AERODYNAMICS OF HAWT 

3.1 Modern Wind Turbine  

From the past, power generated from nonrenewable sources like coal, natural gas, nuclear 

and fuel was considerably economical than wind power. However, with increased fossil fuel 

price and improvements in wind turbine technology and environmental problems, the field is 

starting to increase interest to many countries of the world. As a result of the increased 

interest for wind turbine technology, modern wind turbines have increased in size and 

capacity considerably in the last several years. Their power generating capability also varied 

greatly with some turbines producing just a few kilowatts and others producing a few 

megawatts [21]. The size of commercial wind turbines has increased dramatically, from 

approximately a rated power of 50 kW and a rotor diameter of 10-15 m up to today’s 

commercially available 5-7 MW turbines with a rotor diameter of more than 120 m [21]. 

 

Figure 3-1: Growths in size of commercial wind turbine designs.  

 [Source: www.intechopen.com] 
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3.2 Orientation   

Modern wind turbines can be classified according to their aerodynamic functions or conceptual 

design. Whether wind energy converter captures its power exclusively from aerodynamic drag of 

airstream acting on rotor surfaces, or whether it is able to utilize the aerodynamic lift created by 

the flow against surfaces characterizes the rotor’s aerodynamic function. Accordingly, they are 

named as drag rotors and rotors which use the aerodynamic lift. Classification according to 

design aspects is more practicable and common. There are different designs of wind turbines to 

accommodate different needs. The most common design types are the horizontal-axis design, 

with the axis of the blades horizontal to the ground and the less common are the vertical-axis 

turbines: the Savonius and the Darrieus.  

3.2.1  Horizontal Axis wind Turbines (HAWTs)  
Horizontal axis wind turbines designs are the most common turbine configuration used today. 

They consist of a tall tower, atop which sits a fan-like rotor that faces into or away from the 

wind, a generator, a controller, and other components. Most horizontal axis wind turbines built 

today are two- or three-blades spin upwind of the tower. They sit high atop towers to take 

advantage of the stronger and less turbulent wind or more aboveground [22]. Each blade acts like 

an airplane wing, so when wind blows, a pocket of low-pressure air forms on the downwind side 

of the blade. The low-pressure air pocket then pulls the blade toward it, which causes the rotor to 

turn. The force of the lift is actually much stronger than the wind's force against the front side of 

the blade, which is called drag [22]. The combination of lift and drag causes the rotor to spin like 

a propeller, and the turning shaft spins a generator to make electricity. 

3.2.2  Vertical Axis wind Turbines (VAWTs) 
Vertical axis turbines are of two types: Savonius and Darrieus. Neither type is in wide use. The 

Darrieus turbine was invented in France in the 1920s [22]. Often described as looking like an 

eggbeater, it has vertical blades that rotate into and out of the wind. The Giromill and cyclo-

turbine are variants on the Darrieus turbine. The Savonius turbine is S-shaped if viewed from 

above. This drag-type turbine turns relatively slowly but yields a high torque. It is useful for 

grinding grain, pumping water, and many other tasks, but due to its lower rotational speeds, is 

not suitable for generating electricity [22].   
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(a) HAWT                                             (b) VAWT 

Figure 3-2: Horizontal (a) and vertical (b) axis design wind turbines 

3.3 HAWT Aerodynamics  
Before discussing some of the issues related with modeling HAWT airfoil, it is indispensable to 

have some thoughts behind the aerodynamics characteristics associated with horizontal axis wind 

turbine airfoils. Wind turbine power production depends on the interaction between the rotor and 

the wind. The wind is considered to be a combination of the mean wind speed and turbulent 

fluctuations about that mean flow. Experience has shown that the major aspects of wind turbine 

performance are determined by the aerodynamic forces generated by the mean wind speed [11].  

Aerodynamics is a very important aspect of wind turbines and aerodynamics of one wind turbine 

to the other can be very different. An aerodynamic force generated by the mean wind speed is 

fundamentally important. The following section will first introduce fundamental concepts behind 

aerodynamic flows and the mathematical equations used to describe them. It will then provide 

some insight into airfoils and their applications to wind turbines. 

3.3.1  Fundamental Concepts of Aerodynamics 
Designing wind turbines starts with basic concepts of the aerodynamic forces acting on the wind 

turbines. The subject ‘Aerodynamics’ relates to the study of relative flow of air past an airfoil or 

any other object of interest [23]. The term ‘air’ is used in a common sense. It basically means the 

flowing fluid medium which could be air, or any other for that fluid matter depending on 
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situation [24]. An airfoil is a body which is able to rotate because of aerodynamic forces and 

moments generated by the action of air flowing past it. This flow of air could be due to the 

motion of an airfoil through air during operation or due to the motion of flowing air past an 

airfoil model fixed in the test section of a wind tunnel. Aerodynamics is an important branch of 

fluid dynamics and Aerospace Engineering [24]. 

3.3.2  Components of Modern Aerodynamics  
 Generally, there are three components in modern aerodynamic studies which include the 

experimental, theoretical (analytical) and computational fluid dynamics (CFD) approaches 

respectively. Each approach has its own advantages and disadvantages too. Usually the most 

effective approach is to combine both experimental and theoretical/ CFD investigation in a most 

rational manner to solve particular flow problems [24]. 

Experimental studies are conducted in wind tunnels. Wind tunnels are used to conduct 

aerodynamic measurements on an airfoil surface in scaled down models of prototypes. Usually 

measurement of pressure on model surface, forces and moments acting on the model, wake 

survey, flow visualization, etc., are performed to obtain valuable understanding of the flow 

physics. However, the high capital and running cost of wind tunnels, skill required in 

manufacturing prototypes accurately and in realization of data, interpretation of results, etc. are 

the major limitation of this approach. Above all, maintaining simultaneously the Mach number 

and Reynolds number experienced airfoils under operation is the other problem [24]. Mach 

number is the ratio of relative air velocity and speed of sound through air. Reynolds number is 

the ratio of inertia force and viscous force which will be discussed in detail later. It is a well-

known fact that in order to maintain dynamic similarity between the flow past a scaled down 

model in a wind tunnel and that around an actual prototype under operation needs to maintain 

equality of the above non dimensional numbers [24]. If they are not simultaneously satisfied, 

there would be some differences in the flow character between the two situations and therefore 

corrections would have to be made in the wind tunnel data before they could be used. 

In addition, the theoretical and CFD studies have led to valuable understanding of wide range of 

flow problems. In opposition, these approaches suffer some limitations too. The basic limitation 

is in solving governing equation of real viscous compressible or incompressible flow around a 
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body, the Navier-Stokes equations cannot in general be solved theoretically. Navier-Stokes 

equations, in principle, are capable of giving a totally adequate description of all flow regimes of 

interest to the aerodynamicist [24]. However, that needs highly accurate numerical solution of 

governing equations subject to initial and suitable boundary conditions. Levels of accuracy 

required make the numerical simulations extremely expensive and therefore unreasonable to 

practice on a routine basis.  

Therefore, very often, instead of solving the full Navier Stokes equations its simplified forms are 

used. Following this approach, significantly easier to solve numerically as compared to Navier 

Stokes equations exist that give valuable inputs about certain flow problems. A variety of 

correction schemes have also been developed to incorporate effects due to viscosity and 

compressibility in the solution. These ‘correction schemes’ have played an important role in 

providing alternative solutions to Navier-Stokes equation and other approaches [24].  

3.3.3  Forces and Moments Acting on an Airfoil  
Airfoils are structures with specific geometric shapes that are used to generate mechanical forces 

due to the relative motion of the airfoil and a surrounding fluid [24]. Wind turbine blades use 

airfoils to develop mechanical power. The cross-sections of wind turbine blades have the shape 

of airfoils. The width and length of the blade are functions of the desired aerodynamic 

performance, the maximum desired rotor power and the assumed airfoil properties [11]. 

In general, there are two forces and one moment that act on an airfoil; these being lift, drag and 

pitching moment [7]. In aerodynamic studies, the wind velocity is usually designated as free 

stream velocity which suggests that flow at infinite distance from the turbine blade airfoil is 

completely unaffected by the presence of the airfoil. As the flow approaches the airfoil, it gets 

disturbed and the local velocity on the surface of the airfoil is changed. At different points on the 

surface of the airfoil, different values of velocity will be observed which may be significantly 

different from the free stream velocity. Consequently the pressure distribution on the surface of 

the airfoil differs from the undisturbed pressure of the free stream at infinity [24]. 

The two main reasons which are responsible for a body to move through a fluid are pressure and 

shear stress distribution on its surface [7] [24]. The main focus of aerodynamics is determination 

of this pressure and shear stress distribution on a surface and integrating their distribution to 
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obtain the resultant force and moment acting on a surface. Pressure acts normal to the surface of 

the body while shear stress acts tangential to it. Pressure on the upper surface of the airfoil is 

usually lower and on the lower surface is higher. This difference in pressure between the upper 

and lower surfaces provides the necessary lift force which makes the airfoils rotate. Shear stress 

acts tangential to the body surface and it arises due to the viscous nature of the flow. It acts in the 

direction of the flow and has an effect on slowing down the relative flow between the body and 

the fluid [24] [40]. Due to this stress the relative flow appears as a perfect halt at the body 

surface, which is comparatively lower than the free stream velocity. The effect of viscous 

stresses is felt within a small region called the boundary layer where the velocity changes 

rapidly from zero at the wall to free stream velocity some distance away from the wall in the 

surface normal direction. Viscous stresses are proportional to coefficient of viscosity and 

velocity gradients.  

In general, the resultant force and moment acting on an airfoil in motion could be resolved into 

three components each. Resultant force could be resolved into lift, drag and thrust force and 

resultant moment could be resolved into pitching moment, rolling moment and yawing moment 

respectively [24]. Lift force (L) acts upwards perpendicular to the direction of oncoming 

airflow or undisturbed stream. It is formed as a consequence of the unequal pressure on the upper 

and lower airfoil surfaces.  Drag force (D) acts in parallel direction to oncoming airflow which is 

in the same direction as the motion of the undisturbed stream [11]. The drag force is due both to 

viscous friction at the surface of the airfoil and unequal pressure on the airfoil surfaces facing 

toward and away from the oncoming flow. It is the force which resists the motion of the airfoil. 

Trust force acts in the span wise direction of the airfoil. Pitching moment (M) acts in the plane 

containing the lift and drag forces.   

 
Figure 3-3: Forces and moments on an airfoil section [13]  
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In figure 3-3, α is the angle of attack and c the chord length of the airfoil. The directions of 

positive forces and moments are indicated by the direction of the arrows [13]. 

The aerodynamic characteristics of wind turbine airfoil strongly depend on its rotor blade. It is 

evident that certain thickness of the airfoil is disposed equally around the so called ‘mean camber 

line’ to produce the airfoil shape. The mean camber line is the locus of points halfway between 

the upper and lower surfaces of the airfoil [11]. One can also realize that there is a particular 

location for maximum thickness and camber. When the mean camber line is coincident with the 

mean chord line a symmetric airfoil is obtained, otherwise called cambered airfoil. Actually the 

entire airfoil surface is enveloped by a distribution of pressure and shear stress. Note that the free 

stream is incident on the airfoil surface at an angle of attack α; also realize that the airfoil could 

be extruded along z direction to form an airfoil of finite span which is not shown in Figure 3-3 

above. Flow past an airfoil section is two dimensional (2D) whereas that around a finite airfoil is 

three dimensional (3D) [11].  The integrated effect of pressure and shear stress distribution on 

the airfoil is the formation of a resultant force and a moment which is kwon as force system. 

 

Figure 3-4:  Resultant aerodynamic force, moment and force system on typical  airfoil [11] 

M is defined as the pitching moment which is taken about an axis perpendicular to the airfoil 

cross section [7]; this is mostly placed at the quarter of chord length (0.25c). Where moments 

that tend to increase α (nose up) are positive, and moments that decrease α (nose down) are 

negative. The pitching moment can be calculated by integrating the net moments acting on the 

airfoil from the leading to the trailing edge, taking the 25% of chord (0.25c) as the reference axis 

[11]. 
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An expression for M can therefore be determined from equation (3.1) [7]: 

    M = ∫ dM୙୮୮ୣ୰	
୘୉
୐୉ + ∫ dM୪୭୵ୣ୰			

୘୉
୐୉      (3.1) 

Further, the resultant force ‘R’ could be resolved into a pair of components as shown in Figure 

3-4 above. One pair comprises of lift and drag force, the other pair comprises of normal force 

(N) and axial force (A).The geometrical relation between these two pair of force components is 

given by:                                

 L = Ncosα − Asinα			     (3.2)      

																D = Nsinα+ 	Acosα	       (3.3)   

3.3.4 Airfoil Nomenclature   

After a century of theoretical research on the subject of airfoil, the final word on the performance 

of an airfoil depends on wind tunnel testing.  The reason for this state of affairs is that the flow 

field about an airfoil is extremely complicated. The simplifying assumptions that are frequently 

introduced in order to treat the problem theoretically are much too severe to fail and influence 

the final results. Many of these assumptions ignore the effects of viscosity, nonlinearities in the 

equations of motion, three-dimensional effects, non-steady flow, free stream turbulence and 

airfoil surface roughness. Airfoil geometry can be characterized by the coordinates of the upper 

and lower surface. It is often summarized by a few parameters such as: maximum thickness, 

maximum camber, position of max thickness, position of max camber and nose radius [11]. One 

can generate a reasonable airfoil section by given these parameters. 

 

Figure 3-5: Geometric properties of airfoils [11] 
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3.3.5  Types of Flow and Properties of Fluids 
Particle of fluid acting on a surface of an airfoil can be categorized as having four distinct 

variable properties: pressure, density, and temperature and flow velocity [7]. These are properties 

of fluid flow over a surface which can vary greatly in the flow field. When solving an 

aerodynamic problem mathematically, these properties are usually expressed in terms of a three-

dimensional coordinate system [7].The variation in and presence of these properties throughout a 

flow field gives rise to the following distinct types of flow, which are summarized in Table 3-1 

below. 

Table 3-1: Various flow types and a description of their characteristics  

Types of Fluid Flow Characteristics 

Steady  The various flow parameters and fluid properties at any 

point do not change with time. Time is a criterion. 

  

Un-steady  

Unsteady flow is the type of flow in which the various flow 

parameters and fluid properties at any point change with 

time. 

Laminar  

 

Laminar flow is a type of flow in which the fluid particles 

move along well defined paths or stream-lines. The 

behavior of fluid particles in motion is a criterion. 

Turbulent  

 

Turbulent flow is a type of flow in which the fluid particles 

move in zigzag way in flow field. Reynolds number is a 

criterion. 

Compressible Compressible flow is the type of flow in which the density 

of the fluid changes in the flow field. Mach number is a 

criterion. 

 

Incompressible  

Incompressible flow is a type of flow in which the density 

is constant in the flow field. This assumption is valid for 

flow Mach number less than in 0.3.  
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Inviscid  

 

The flow to be an inviscid flow, an approximation in which 

we neglect viscosity at all, compared to inertial term. 

Viscous Viscous flows are those in which fluid friction has 

significant effects on the fluid motion. The Reynolds 

number can be used to evaluate whether viscous or 

inviscid. 

Aerodynamic problems can be classified according to the flow environment. External 

aerodynamic flow is the study of flow around solid objects of external aerodynamics. Internal 

aerodynamics is the study of flow through passages in solid objects. Some problems may 

encounter only very small viscous effects on the solution, in which case viscosity can be 

considered to be negligible. The approximations to these problems are called inviscid flows. 

Flows for which viscosity cannot be neglected are called viscous flow [41]. Generally, flow over 

a wind turbine airfoil is entirely incompressible and this is due to the low speed of air flow with a 

constant density over the surface of the airfoil. Depending on the region and regime, the flow can 

both be inviscid or viscous. For the majority of its operation, the flow through a wind turbine 

airfoil is steady. However, as a result of certain atmospheric and operational conditions, the flow 

can become unsteady. 

3.3.6 Aerodynamic Performance Parameters and Non-Dimensional Coefficients  
The most significant flow factor influencing the behavior of low-speed airfoils is characterized 

by the Reynolds number and Mach number of the airfoil. When analyzing the aerodynamic 

forces and moments on an airfoil, it is more common and convenient to express them as their 

dimensionless coefficients [7]. The most important non dimensional parameter for defining the 

characteristics of fluid flow conditions is the Reynolds number and Mach number [11]. The force 

and moment coefficients of an airfoil are functions of these important parameters; Reynolds 

number describes the ratio of the inertial forces to the viscous forces within the flow.  

 Reynolds number, Re, is defined by 

Re = ஡ಮୡ	୙ಮ
ஜಮ

		      (3.4) 
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 Where ρ∞	the fluid density,	µ∞the fluid viscosity, U∞ and c are velocity and length that 

characterize the scale of the flow. These might be the incoming stream velocity, U wind, and the 

chord length of an airfoil. 

The free-stream Mach number relates the free-stream velocity, U∞, to the local speed of sound 

though air, a∞: 
 

Ma =	୙ஶ	
ୟஶ

      (3.5) 

where, for a perfect fluid: 	a∞ = ටγP∞
ρ∞    (3.6)  

Where γ is the ratio of specific heats of the fluid, ρ is the density of the 

fluid, and P∞ the pressure of the fluid. 

For flow over an airfoil, the velocities and chord size are both relatively small, and the flow is 

characterized by low Mach numbers (<0.3) and low Reynolds numbers. Thus, the flow is nearly 

incompressible and viscous forces dominate with relatively thick boundary layers. In regions 

where, Mach number is possibly above 0.3, compressibility effects cannot be completely 

ignored. 

Additional non-dimensional parameters are force and moment coefficients, which are functions 

of the Reynolds number, which can be defined for two- or three-dimensional objects [11]. Force 

and moment coefficients for flow around two-dimensional objects are usually designated with a 

lower case subscript. In that case, the forces measured are forces per unit span. Lift and drag 

coefficients that are measured for flows around three-dimensional objects are usually designated 

with an upper case subscript. Airfoil design usually uses two-dimensional coefficients, 

determined for a range of angles of attack and Reynolds numbers, in wind tunnel tests [11]. 

Forces and moments by a dimensionless quantity are expressed in terms of the free stream 

dynamic pressure, expressed in: 

ஶݍ                 = 0.5	ρஶUஶ
ଶ         (3.7) 



26 
 

For two dimensionless force and moment, coefficients are defined as follows with S as some 

reference area and c= 1 and L as a reference length. 

Cl = ୐
୯ಮ		ୱ

	,				Cd = ୈ
୯ಮ		ୱ

,					Cn = ୒
୯ಮ		ୱ

	 , Ca = ୅
୯ಮ		ୱ

		, 	Cm = ୑
୯ಮ	ై	ୱ

																																	  (3.8)

      

When determining these coefficients for a complete three dimensional body capital letters are 

employed, e.g. CL, CD CN, CA and CM  in above equation. 

 The other dimensionless coefficients that are important to know is the pressure distribution 

around an airfoil surface for the purpose of determining the aerodynamic forces is the pressure 

coefficient which is expressed as: 

Cp = ୱ୲ୟ୲୧ୡ	୮୰ୣୱୱ୳୰ୣ	
ୢ୷୬ୟ୫୧ୡ	୮୰ୣୱୱ୳୰ୣ	

= ୮ି୮ಮ
୯ಮ

        (3.9) 

Where p the static pressure on the airfoil surface and  pஶ is the free stream 

pressure. 

The other property that depends on the Reynolds number is the boundary layer.  Boundary layer 

is a thin layer of fluid near the surface of an aerodynamic body which is affected by the friction 

between the surface of the body and the viscous fluid flowing around it. This friction results in 

the force of skin friction drag.  The properties of the boundary layer around an airfoil can be 

grouped together into three categories: 

Attached regime – At low Reynolds’s numbers layers of fluid slide smoothly over each other in a 

thin boundary layer resulting in low skin friction drag. These are the attached regimes which 

specifically occur for relatively small angle of attack. The flow over an airfoil will usually start 

off laminar before transitioning into turbulent as it travels away from the leading edge. The 

position of the transition point is dependent on Reynolds’s number and the localized flow 

conditions. 

High-lift or the stall development regime – At this regime the airfoil are characterized with 

maximum lift coefficients for moderate angle of attack and higher Reynolds’s numbers, or after 
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the transition point, the flow near the surface becomes unstable and the boundary layer thickens, 

leading to higher skin friction drag. 

Flat plate or fully – stalled: - At this regime, a high adverse pressure gradient occurring towards 

the trailing edge of the airfoil can cause the flow to separate. Flow near the surface reverses 

direction and a large turbulent wake is created from swirling eddy currents that dramatically 

increases skin friction drag. These are occurring relatively at larger angle of attack. 

 

Figure 3-6: Typical airfoil aerodynamic characteristic CL vs. α curve. 

3.4 Computational Methodology 
In this study, commercially available software, computational fluid dynamics (CFD) package is 

applied to validate the computational results, to predict the performance parameters and 

determine aerodynamic characteristic of selected wind turbine blade airfoil. This section gives 

brief explanation of the computational methods used in this study. It begins with a description of 

CFD before describing the airfoil modeling.  
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3.4.1  Computational Fluid Dynamics (CFD) 
The importance of CFD in the field of aerodynamics is incomparable. As many researchers have 

indicated, CFD has been an effective and efficient tool in the field of aerodynamics. Since its 

introduction in the early 1960’s, it has served as a tool for providing exact solutions to many 

complex aerodynamic flow fields that without it, would never have been solved theoretically 

[25]. CFD uses high speed supercomputers to solve the full Navier-Stokes equations for any 

three or two dimensional, steady, unsteady, incompressible, compressible, inviscid or viscous 

flow problem.  

Generally defined, Computational Fluid Dynamics (CFD) is a branch of fluid mechanics that 

uses numerical methods and algorithms to solve and analyze problems that involve fluid flows. 

Computers are used to perform the calculations required to simulate the fluid flow over the 

aerodynamic surfaces which are defined by boundary conditions [9] [25]. Ongoing research 

yields software that improves the accuracy and speed of complex simulation scenarios such as 

transonic or turbulent flows.  

3.4.2  Computational Codes  
The CFD package chosen for this study is a product of Fluent, Inc. and consists of a preprocessor 

called GAMBIT and a suite of flow solvers to various flow situations.  The flow solver used in 

this investigation is FLUENT version 6.3.26, while version 2.3.16 of the GAMBIT preprocessor 

was utilized. There were several fundamental reasons for the selection of this CFD package. 

3.4.3  Why CFD for the Simulation?    
A number of valuable advantages are achieved following a CFD approach to a fluid dynamic 

problem:  

 CFD is faster and positively cheaper. A considerable reduction of time and costs for 

solving problem involving fluid flow over an airfoil as compared to the experimental 

wind tunnel test approaches.  

 Full-size analysis is difficult to perform for large systems, like modern wind turbines. 

A CFD study is a favorable choice in these cases. 
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 In most of the cases solving a fluid dynamic problem does not require a dedicated 

powerful work station and sometimes a personal computer might be sufficient. 

 The CFD analysis of the physical problems have good accuracy and comparable with 

experimental wind tunnel data, due again to the newest mathematical improvements 

of solution methods and of turbulence models. 

Like most software, CFD is not without its limitations. Its accuracy or validity are dependent on 

different factors: the quality and appropriateness of the mesh, the degree to which the chosen 

equations match the type of flow to be modeled, the interpretation of the results, the accuracy of 

the boundary conditions entered by the user or the level of convergence of the solution, many  

but to list few. However, the initial validation of such software is comparing the computational 

result with experimental data. These can provide a valuable reference point to check the validity 

of CFD models with the final validation coming in full-scale testing. 

Regardless of the types of CFD software used, the main principle of simulation are the same. 

Formulating the governing equations is the precondition of CFD modeling; mass, momentum 

and energy conservation equation are the three basis governing equations to be solved iteratively 

[16]. Meanwhile, boundary conditions are decided for the flow conditions and mesh is created in 

order to form the grid. The basic element of the grid is the cell in structured or unstructured grid. 

The three numerical methods used in the CFD solver to discretize the governing equations are 

Finite Different Method (FDM), Finite Element Method (FEM) and Finite Volume Method 

(FVM). FVM is widely used in CFD simulation software which is easily formulated for both 

structured and unstructured meshes [7].  

Computational fluid dynamics (CFD), simulate the motion of a fluid within a given domain by 

discretizing the governing Navier-Stokes equations (NSE) and solving the resulting set of 

algebraic equations [26]. Navier-Stokes equations provide the basis for theoretically solving 

many aerodynamic problems. One numerical technique which has revolutionized the solution of 

aerodynamics problem is computational fluid dynamics (CFD). When solving an aerodynamic 

problem with CFD there are three important phases of the problem analysis [7]. 
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3.4.3.1 Pre -processor 

In this phase, the physical problem is implemented into the mathematical model and 

creating a computational domain for the physical surface to be analysed e.g. an airfoil. This 

is usually performed using a meshing tool called GAMBIT, where the domain is split into 

a number of finite elements (cell) to create grid .The fluid properties and the boundary 

conditions are set. Since the CFD solution of a fluid dynamic problem is given locally, for 

well-defined positions within computational grid.  The global accuracy strongly depends 

on the total number of mesh elements. The larger is the number of elements the better is the 

solution accuracy, even though CPU effort and the total time of convergence will be higher 

as well. Consequently, the optimal grid should not be uniform, but finer where higher are 

the variables gradients and coarser in the region characterized by smooth changes in the 

flow. The final success of a CFD simulation strongly depends on the preprocessing and 

therefore a special attention is required to the choice of the mesh and of boundary 

conditions. 

3.4.3.2  Solver  

The numerical solution algorithm is one of the most important structures in a CFD code. 

Most CFD solvers work with the following procedure:  

 Modelling the problem unknowns by means of simple analytical functions; 

 Discretizing the governing equations for the fluid flows and substituted into the 
governing equations; 

 Solving the algebraic system of equations. Most of the commercial CFD codes 
such as FLUENT are based on a finite volume discretization and perform these 
operations; and  

 Integrating the governing equations over each control volume within the 
computational domain is applied which usually involves iterating the set of 
equations. 
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3.4.3.3 Post-processing 

This structural phase includes the solution analysis. The Solver output is a set of solution 

variables, associated to the given grid nodes. These data must be collected, elaborated in 

the most suitable way for the analysis, in order to produce a physical representation of the 

solution. Some CFD software package like FLUENT contain a post-processing section. 

Generally, one might be able to do the following post-processing operations: 

 Assign a number of variables like a value of velocity or static pressure to the grid. 

 Produce contour plots of velocity, pressure, turbulence etc.; and  

 Analyse the result of the solution to observe the variation in these variables over 
the complete solved flow field. This can be performed within a complete CFD 
package in this case FLUENT.   

The accuracy and reliability of simulations is largely dependent on the numerical methods used. 

The selection of the appropriate spatial and temporal discretization scheme, turbulence model 

and computational grid types can have a significant influence on the final simulation results. 

Each choice of a methodology aspect can have advantages and disadvantages [27]. For instance, 

a high-order scheme is theoretically expected to give more accurate predictions; however, it may 

be more unstable compared to a low-order scheme. Also, one- and two-equation turbulence 

models are preferred over algebraic models in terms of accuracy but it takes more time to solve 

the problem. With respect to grid types, a structured grid has better accuracy and is first chosen 

in the boundary layer region along the airfoil surface; however unstructured grids require fewer 

grid points outside the boundary layer region. Considering irregular geometry i.e. airfoil, 

unstructured grids are simple to generate and also are more easily adapted to flow gradients. But 

structured grids allow efficient computation results. In addition, the structured grid type is more 

practically used in the industry. In this study, a structured Navier-Stokes equation solver is 

primarily applied. A commercial software package, FLUENT, which works on both structured 

and unstructured grids, is applied here to simulate results. Figure 3-7 below shows the road map 

of a typical two - dimensional CFD modelling process. 
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3.4.4  Two-Dimensional CFD Modeling Process Flowchart 

 There is no clearly stated ways of analysing air flow over an airfoil using FLUENT, therefore 

the user model their own methodology. There are practiced ways and hints in many literatures 

and these were followed for guidance. Figure 3-7 shows road map when using CFD to reproduce 

airfoil characteristics.    

 

Figure 3-7:  Flowchart of typical two-dimensional CFD modeling process 
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3.5 Mathematical Formulation and Turbulence Modeling 

3.5.1  Mathematical Formulation 
The characteristics of aerodynamic flow fields are represented by equations that describe the 

basic equation of physical fundamentals which are powerful enough to illustrate the flow 

physics. However, the equations by themselves are not adequate, but must be supplemented by 

experimental results. Various combinations of body shapes and flow conditions need to be 

integrated to obtain the results. The governing equations of aerodynamics such as the continuity, 

momentum and energy equations are highly nonlinear, partial differential, or integral equations. 

Accurate analytical solution to these equations does not exist. CFD approach facilitates a 

solution to the governing equations [28]. 

For all flows, the solver solves conservation equations for mass and momentum. Additional 

transport equations are also solved when the flow is turbulent. The equation for conservation of 

mass or continuity equation can be written as follows [17] [29]. 

ௗఘ
ௗ௧

+ ∇. ሬ⃗ݑߩ) ) =       (3.10)	௠ݏ

This is a general equation for conservation of mass and is valid for both incompressible as well 

as compressible flows. The source Sm is the mass added to the continuous phase from the 

dispersed second phase and which is user-defined sources [17]. 

  Conservation of momentum equation is described as:-  

డ(ద௨ሬሬ⃗ )
డ௫

+ ∇. ሬ⃗ݑ߷) ሬ⃗ݑ ) = −∇p + ∇. (τ̿) + ρgሬ⃗ + ሬሬሬ⃗	ܨ    (3.11) 

In the equation p is the static pressure,	τ is the stress tensor, g is the gravitational body force and 

F is external body force which arises from interaction with the dispersed phase, respectively. The 

equation also contains other model-dependent source terms such as porous-media and user-

defined sources [8]. The stress tensor τ is given by:  
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τധ = 	µ	 ቂ(∇	uሬ⃗ ) + ∇uሬ⃗ ୘ − ଶ
ଷ
ቃ ∇. uሬ⃗ I      (3.12) 

In the above equation µ is the molecular viscosity, I is the unit tensor, and the second term on the 

right hand side is the effect of volume dilation [17].  

For the 2-D, steady and incompressible flow the continuity equation is: 
ப୳
ப୶

+ ப୴
ப୷

= 0	        (3.13) 

x and y directions momentum equations for viscous flow are given below, respectively 
஡ୈ୳
ୈ୲

= − ப୔
ப୶

+ பத౮౮
ப୶

+ பத౯౮
ப୷

+ ρf୶    (3.14) 

஡ୈ୴
ୈ୲

= − ப୔
ப୷

+ பத౮౯
ப୶

+ பத౯౯
ப୷

+ ρf୷                     (3.15) 

Since the flows considered have 2-D characteristics the term in the Z direction from the 

continuity equation 	ப୵
ப୸

 and from momentum equation			பத౰౮
ப୸

  and		
பத౯౮౯
ப୸

	are neglected [17] [29].  

3.5.2  Turbulence Models 
The purpose of this section is to give an overview of issues related to the turbulence models 

provided in FLUENT. Categorically it is not a clear-cut to state which model is best for a 

specific application. There is no single turbulence model which is universally accepted as being 

superior for all classes of flow problems. The choice of turbulence model will depend on many 

factors, such as: the physics encompassed in the flow, the established practice for a specific class 

of problem, the level of accuracy required, the available computational resources, and the 

amount of time available for the simulation. To make the most appropriate choice of model for 

specific problem understanding the capabilities and limitations of the various options are very 

important [30] [31]. A number of different turbulence models were suitable candidates for 

modeling the flow over airfoil surface. 

Out of many turbulence model available in FLUENT, in this study, two turbulence models are 

selected to assess the prediction capability. It is only stated that the model is chosen because of 

the very promising results for 2D flow problems without disregarding other models that may be 
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suitable for the purpose of the this study [32]. Turbulence models are necessary because high 

capacity computers cannot be afforded to directly capture every scale of motion. Users of CFD 

typically want a steady-state solution with all the unsteady fluctuations averaged out rather than a 

detailed time-accurate one that captures every little vortex. As a result, there are turbulent 

motions affecting the flow that cannot be resolved directly; they must therefore be modeled [17] 

[33].  In some cases, the turbulence model can have a huge effect on the results obtain from CFD 

software.  

Turbulence models are generally  classified according to which governing equations apply to like 

that Reynolds-averaged Navier-Stokes or Large Eddy Simulation equations [16] [17]. Within 

these broader categories, they are further broken down by the number of additional transport 

equations. In this work Reynolds-averaged Navier-Stokes (RANS) equations are considered, the 

incompressible Navier–Stokes equations are a suitable model to describe the aerodynamics of 

wind turbine; these are the models that are used for most aerodynamic applications [16].  

Reynolds averaging or Reynolds decomposition is the process of dividing turbulent terms into 

average and instantaneous components. For example horizontal wind speed U is divided into 	Uഥ  

average and u  fluctuating [1]. 

U = Uഥ + u      (3.16) 

Reynolds averaging is used by standard CFD turbulence models for any random flux variable 

like velocity. Computational models are typically referred to as RANS models. The RANS 

equations set below include average and fluctuating variables for velocity, u, pressure, p, density, 

ρ, viscosity, μ, etc.                   

The equation of Reynolds-averaged Navier-Stokes (RANS) is defined as: 

ρ ୈ୙౪
ୈ౪

= ப୔
பଡ଼౟

+ ப
பଡ଼౟

൤µ ൬ୈ୙౪
ப୶ౠ

+ ୈ୙ౠ
ப୶౟
൰ − ρuన̇ u఩̇ሖ

തതതതത					൨   (3.17) 

It is the oldest and most common approach to turbulence modeling; the left hand side of the 

equation describes the change in mean momentum of fluid element and the right hand side of the 

equation is the assumption of mean body force and divergence stress. ݑߩప̇ ఫ̇ሖݑ
തതതതതത	is an unknown term 

called Reynolds stresses [7]. 
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Before describing the details of the flow simulation around the airfoil, the basic notions 

underlying the turbulence models used in this thesis are discussed.  The turbulence models used 

in the flow solver are described in this section. Two models are discussed in detail: the SST k−ω 

(Shear-Stress-Transport k−ω) model and SA (Spalart-Allmaras) model. To compare the 

prediction capability of the models with each other and experimental data, the most suitable 

model for the main objective of this study is selected. 

3.5.2.1 Spalart - Allmaras One-Equation Models (SA) 

According to Spalart and Allmaras, (1992) Spalart - Allmaras (SA) turbulence modeling is a 

one-equation modeling [16] [17] [31]. This solves a single transport equation for a quantity 

which is used to obtain the turbulent viscosity. This embodies a relatively new class of one-

equation models in which it is not necessary to calculate a length scale related to the local shear 

layer thickness. The Spalart-Allmaras model was designed specifically for aerospace 

applications involving wall-bounded flows and has been shown to give good results for boundary 

layers subjected to adverse pressure gradients. It is also gaining popularity for turbo machinery 

applications.  

In its original form, the Spalart-Allmaras model is effectively a low-Reynolds-number model, 

requiring the viscous-affected region of the boundary layer to be properly resolved. In FLUENT, 

however, the Spalart-Allmaras model has been implemented to use wall functions when the mesh 

resolution is not sufficiently fine. This might make the model less sensitive to numerical error 

[30]. In terms of computation, the Spalart-Allmaras model is the least expensive turbulence 

model of the options provided in FLUENT, since only one turbulence transport equation is 

solved.  In the turbulence model of Spalart-Allmaras the transport equation can be written as 

shown  below, in the form of the operating parameter ෤ૅ  which is referred to as the Spalart-

Allmaras variable [16] [17] [31]. 

ୈ஝෤
ୈ୲

= cୠଵ(1 − f୲ଶ)S෨ ν෤ + ଵ
஢
ൣ∇. ൫(v + ν෤)൯∇ν෤ + cୠଶ(∇ν෤)ଶ൧ − ቀc୵ଵf୵ −

ୡౘభ
୩మ

f୲ଶቁ (஝෤
ୢ

)ଶ +					 f୵୲ଵ∆Uଶ

        (3.18) 
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From the above general equation  ܞ is molecular viscosity calculated by the Sutherland’s (1893) 

law. The four terms on the right hand side correspond to production, diffusion, dissipation and 

transition, respectively. Each variable in the production term is defined as:  

    S෨ ≡ S + ஝෤
୏మୢమ

ቈ1 − ቀ஝෤
୴
ቁቆ1 +

(ಕ෥౬)ర

(ಕ෥౬)యାେ౬భయ
ቇ	ିଵ቉                       (3.19) 

f୵ = ஝෤
ୗ෨୏మୢమ

ቂ1 + c୵ଶ 	൬ቀ
஝෤

ୗ෨୏మୢమ
)	ହ − 1ቁ൰ቃ (1 + c୵ଷ଺)

భ
ల ቊ[	1 + c୵ଶ ൬ቀ

஝෤
ୗ෨୏మୢమ

)	ହ − 1ቁ൨
଺

+ c୵ଷ଺ቋ

షభ
ల

          (3.20) 

																											ft1 = Ct1gt	exp ቂ−Ct2			
ωt

2

∆U2 ൫d2 + gt
2dt

2൯ቃ     (3.21) 

f୲ଶ = 	C୲ଷ	exp ቂ−C୲ସ(஝෤
୴
)ଶቃ      (3.22) 

where S is the magnitude of the vortices, d is the distance to the closest wall, d୲	is the distance 

from the point in the flow field to the trip on the wall, ߱௧	is the wall vortices at the trip, ∆ࢁ	is 

the difference between velocity at the field point and that at the trip, g୲		 = min ൬0.1, ∆୙
ன౪	∆౮౪

൰ 

where	∆ݔ௧ is the grid spacing along the wall at the trip. The empirical constants of the Spalart-

Allmaras model available in FLUENT are [16] [31] [8]: 

cୠଵ = 0.1355	, σ =
2
3 , cୠଶ = 0.622	, k = 0.4187	,							c୵ଵ = 3.239	, 

								c୵ଶ = 0.3	, c୵ଷ	 = 2	.0	, C୴ଵ	 = 7.1	, C୲ଵ = 	1, C୲ଶ	 = 2	, C୲ଷ	 = 1.2	, C୲ସ	 = 0.5 

3.5.2.2 Two-Equation Shear-Stress-Transport k−ω Models (SST k- ω) 
Two equation turbulence models are one of the most common types of turbulence models. 

Models like the k-epsilon and the k-omega model have become industry standard models and are 

commonly used for most types of engineering problems. By definition, two equation models 

include two extra transport equations to represent the turbulent properties of the flow. Most often 

one of the transported variables is the turbulent kinetic energy k. The second variable varies 
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depending on what type of two-equation model it is. Common choices are the turbulent 

dissipation, or the specific dissipation. The second variable can be thought of as the variable that 

determines the scale of the turbulence (length-scale or time-scale), whereas the first variable k, 

determines the energy in the turbulence [40]. 

The shear-stress transport (SST) k- ω model was developed by Menter to effectively blend the 

robust and accurate formulation of the standard k- ω model in the near-wall region with the free-

stream independence of the k- ε model in the far field. This blending makes the k- ω SST model 

valid for a wide range of flows and is recommended for airfoils [42]. Along with the Spalart-

Allmaras model, two-equation models make up the bulk of the turbulence models used for CFD 

[16]. When using this model, the flow is assumed to be turbulent everywhere, and does not 

provide a transition from laminar to turbulent flow. This assumption has the potential of causing 

some error between the computational and experimental data. A turbulent boundary layer plays a 

significant role in the formulation of drag, thus the error can be most noticed in the comparison 

of drag forces [42]. 

SST k- ω model is however, more accurate and reliable for a wider class of flows (e.g., adverse 

pressure gradient flows, airfoils) than the standard k- ω model. Other modifications include the 

addition of a cross-diffusion term in the ω equation and a blending function to ensure that the 

model equations behave appropriately in both the near-wall and far-field zones. 

The turbulence kinetic energy, k, and the specific dissipation rate, ω, are obtained from the 

following transport equations [16] [17] [8].  

 
ப
ப୲

(ρk) + ப
ப୶

(ρku୧) = ப
ப౮౟
ቀΓ୩ 	

ப୩
ப୶୧
ቁ + G୏ − Y୏ + S୏   (3.23) 

 
ப
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ப౮౟
ቀΓன 	

பன
ப୶୧
ቁ + Gன − Yன + Sன   (3.24) 

In the above expression, Gk represents the generation of turbulence kinetic energy due to mean 

velocity gradients. Gω represents the generation of ω. Γఠ	and		Γ௞ represent the effective 

diffusivity of ω and k, respectively. Yk and Yω represent the dissipation of k and ω due to 
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turbulence. S k and S ω are user-defined source terms [8]. All of the above terms are calculated 

and described in reference [31] [34].  
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CHAPTER 4  

TWO-DIMENSIONAL AIRFOIL MODELING  

4.1  Objectives of the Modeling  
This section is designed to become familiar with the computational tools and their various 

operations. In order to become familiar with the tools, a tutorial provided by the Sibley School of 

Mechanical and Aerospace Engineering at Cornell University was followed. The tutorial 

provides a step by step explanation of how to mesh an airfoil in GAMBIT and solve fluid flow 

over an airfoil surface in FLUENT. The full tutorial can be viewed in reference [35]. 

The other task of this section is to develop a 2-D model of the airfoil based on commercially 

available software such as GAMBIT and solve fluid flow over the surface of the airfoil in 

FLUENT in order to verify the model and validate the results. After some verification of the 

model and validation of the CFD results, the model is used with confidence for airfoil simulation 

of different cases and that the results are considered trustworthy for the specific case of this 

study, Adama I wind turbine blade airfoil.  

4.2 Airfoil Modeling 
The first step in the process of airfoil modeling is to import the points that make up the upper and 

lower surface of the airfoil. The points are created from a set of coordinate points. The 

coordinate points file for NACA airfoils are imported from UIUC airfoil coordinate database as 

dat. file [37].  The model is set up as a two-dimensional (2D) flow problem in single phase, with 

the assumption that the fluid movement in the third component (z direction) is negligible. The 

Cartesian co-ordinate axes were fixed at the leading edge of the airfoil. This model of an airfoil 

section was created with the aim of calculating lift and drag data for the airfoil at varying angle 

of attacks (AOA). These data can give an estimation of the relative performance of wind turbine 

airfoil. 

Due to large application in wind turbine industry [44], for this study, an airfoil whose 

aerodynamic characteristics are representative of horizontal axis wind turbine (HAWT) airfoils 

,NACA 63-415 geometries are created and meshed using the preprocessor with geometry 

modeling and mesh generation software - GAMBIT.  The pre-processor is software that can be 
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employed to develop model of the airfoil in 2-D or 3-D, applying structured or unstructured 

meshes, which can consist of different elements such as quadrilateral, triangular or tetrahedral 

elements for modeling the airfoil geometry. The airfoil NACA 63-415 is 15 % thick and a 

schematic of the geometric model of the airfoil created in GAMBIT and used in this study is 

shown in Figure 4-1. 

 
Figure 4 -1: NACA 63-415 airfoil geometry developed using the pre- processor - GAMBIT 

4.2.1  Far-field Boundary Conditions   
In an external flow such as over an airfoil, it is needed to define a far-field boundary and mesh 

the region between the airfoil geometry and the far-field boundary. The far-field boundary is 

placed at an arbitrary distance from the airfoil geometry since the ambient conditions to define 

the boundary are used at the far-field. It is known that the farther from the airfoil, the less effect 

it has on the flow and so more accurate is the far-field boundary condition. The flow is 2D and 

the computational domain used is a C-type far field in GAMBIT, which is commonly used for 

structured meshes [7]. To allow the air to be fully expanded, the length of computational domain 

is determined at 32.5 times that of chord length, the width is determined at 25 times that of chord 

length as indicated in Figure 4-2 below.  These are recommended values used in several studies 
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in the literatures [7] [16] [17] [35]. Accordingly, creating this geometry ensures the far field   

boundary conditions are not affected by the flow around the airfoil.  

 

Figure 4-2: Generation of far field boundary from corner point and the length of computational 

domain 

From Figure 4-2, the domain consists of four edges, a curved edge in front of the leading edge of 

the airfoil, top and bottom edges that are parallel to the chord line of the airfoil, and a vertical 

edge behind the trailing edge. The generation of these edges comes from first defining corner 

points and then connecting them with either an arc or straight edges. The top and bottom edges 

are connected with the curved edge to form an inlet part, and the vertical edge forms the outlet 

part. The grouping of these edges into parts is important for the boundary condition definition 

phase.  

4.2.2  Boundary Conditions  
Three boundaries types are set for the far-field condition: the velocity inlet, airfoil and pressure 

outlet. The velocity inlet describes the boundary for the flow approaching the airfoil which 

includes the top, bottom and left side of the domain. The airfoil describes the boundary for the 

airfoil itself and is defined as a wall with no slip boundary condition and the pressure outlet 

described the boundary for the flow leaving the airfoil and is defined as a pressure outlet. The 



43 
 

final domain constructed on GAMBIT with specified boundary conditions is shown in Figure 4-3 

below.  

 

Figure 4-3: Far field boundary and the length of computational domain developed on GAMBIT 

4.2.3  Grid Generation  
To conduct numerical simulation the computational domain shown in Figure 4-3 is meshed with 

control volume built around each grid using GAMBIT, which is the preprocessor for FLUENT. 

In order to save the computational space and time available for the simulation, this study utilized 

structured quadrilateral mesh type. Since closer to the airfoil surface large gradients in flow 

variables (pressure, velocity) dominate the flow. As a result, in meshing the model the most 

resolution is needed close to the surface near the leading and trailing edges of the airfoil since 

these are critical areas with the steepest gradients. Cluster points are made near the airfoil since 

this is where the flow is modified the most. The mesh consists of 12,195 quadrilateral cells, of 

which 151 are on the airfoil. Model grid distributions for all faces and close to the airfoil are 

given in Figure 4-4. 
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Figure 4-4: Computational domain meshing by using structured grid over the system using 

GAMBIT 

Figure 4-5, shows structured mesh near the airfoil leading and trailing edges, the most critical 

areas with the steepest gradients. 

 
Figure 4-5: Mesh around NACA 63-415 airfoil using structured grid on GAMBIT 

 



45 
 

4.2.4   Solution Methods  
Once a good quality mesh has been generated throughout the entire domain and around the 

airfoil, the mesh file is imported into the CFD solver, FLUENT. Before the governing equations 

could be solved, the appropriate settings are first enabled throughout solver interface and the 

correct boundary conditions are specified to accurately match the conditions in which the 

calculations are performed. Table 4-1 shows the list of typical solver settings and boundary 

conditions used for this simulation. To more accurately match the experimental conditions, the 

simulation is performed under the same conditions with the experimental data. 

A CFD solver generally requires setting boundary conditions, defining fluid properties, 

performing simulation and post processing the results. FLUENT 6.3.26, 2ddp (two-dimensional 

with double precision) flow solver is employed, which implements 2-D Reynolds averaged 

Navier-Stokes (RANS) equations using a finite volume- solver. The numerical method employed 

is the pressure-based solver (PBS). Since PBS is developed for low speed incompressible flows, 

in the present study which involves incompressible flow and separation is caused by adverse 

pressure gradients, thus the pressure - based approach is preferred. In this approach the 

governing equations are nonlinear and coupled to one another. In order to solve the set of 

governing equations, several iterations of the solution must be performed before a converged 

solution is obtained. In this study a segregated pressure–based solver (SPBS) algorithm has been 

used. Using segregated approach, the governing equations are solved sequentially (i.e. 

segregated from one another). Because the algorithms are memory efficient and discretized the 

equations need only to be stored in the memory one at a time. However the solution convergence 

is relatively slow [31]. Each iteration consists of the steps illustrated in Figure 4-6. 
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Figure 4-6: Overview of the segregated solution method 

4.2.5  Interpolating Scheme 
The spatial discretization of all the transport equations is set to second order upwind scheme.    

Fluid flow over the surface of the airfoil is not always aligned with the grid. Hence, the second-

order-upwind interpolation schemes for the convection terms are used for all nodes.  FLUENT 

recommends this second order scheme to decrease the numerical diffusion error that is more 

likely to occur with a first order scheme [30] [31]. The computational expense of second order 

methods is more expensive per grid point than first order schemes, but the computational 

accuracy per overall cost of this higher order method is much greater. Stopping criteria for 

iterative calculations is based on monitoring both the residual history and the lift and drag 

coefficients. The convergence of the segregated solution is achieved when the sum of the 

absolute differences of the solution variables between two successive iterations falls below a pre-

specified small number, which is chosen as 10−6 in this study. Figure 4-7 represents a 

convergence history of NACA 63-415 airfoil for 50 angles of attack (AOA). 



47 
 

 

Figure 4-7: Residuals plot with convergence criterion set to 10−6 at AOA 50. 

Figure 4-7 shows the status of residual values. It also shows the residuals of x, y velocities and k, 

omega and their convergence. Y axis shows the residuals levels and X axis is the number of 

iterations. 

4.2.6  Fluid Properties  
The working fluid for the simulation is air with density equal to the reference value in the 

experimental data which is 1.225 kg /m3 [36]. A maximum wind speed profile of 40 m/s is taken 

at the entrance of the domain as boundary condition with fixed turbulence intensity of 1% and 

turbulence viscosity of 1.789 x10-5 kg / m .s is considered and the Reynolds number for the 

simulation is about 1.6 x106  [36]. For these conditions the flow can be described as 

incompressible. This is an assumption close to reality and it is not necessary to resolve the 

energy equation. The simulation is done for these flows ensuring in the process that the 

computations are numerically reliable. Operating pressure is taken as 101325 Pa. Far-field in the 

backside of the airfoil is set as pressure outlet with a gauge pressure of zero [36].  
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After specifying the physical models and boundary conditions, the calculation starts from 

arbitrary initial conditions and converges to the correct solution after performing a number of 

iterations. For different angle of attacks and different velocity components are set as velocity 

inlets and lift and drag coefficients are monitored.  

The simulation is, therefore, run with an inlet velocity of 40 m/s over a range of different angles 

of attack. The x and y components of the velocity are controlled by modifying the angle of attack 

appropriately. 

Vx = Vcosα			, Vy = Vsinα       (4.1) 

To control the AOA of the validation cases, the velocity magnitude are split into the 

corresponding X and Y components. These velocity components are shown in Table 4-1.    

Table 4-1: Validation Velocity Components 

                                          Velocity (V) = 40 m/s 

AOA (degree) X component Y component Vx Vy 

-5 0.9962 -0.0872 39.85 -3.49 

0 1 0 40 0 

5 0.9962 0.0872 39.85 3.49 

10 0.9848 0.1736 39.39 6.95 

15 0.9659 0.2588 38.63 10.35 

20 0.9397 0.3420 37.59 13.68 

 
Having the lift and drag coefficients output to the display window, the values are recorded and 

plotted with the corresponding angles of attack using MATLAB. 
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4.2.7 Fluent Analysis Parameters 

Table 4-2: Computational conditions of two-dimensional simulation 

Parameter Value 
Fluent Version 2ddp 

Solver Pressure based / segregated solution 

algorithm 

Simulation type Steady simulation 

Formulation Implicit 

Turbulence  Model One equation SA and  two equation 

SST k-w model 

Airfoil profile NACA 63-415 

Fluid material Air 

Flow type Incompressible flow 

Temperature 300 k 

Kinematic Viscosity 1.789 x 10 -5 kg /m-s 

Density 1.225 kg/m3 

Reynolds Number 1.6 x106 

Pressure 101325 Pa 

Wind Speed 40 m/s 

CFD algorithm SIMPLEC 

Interpolating scheme 

 

Pressure (Standard) 

Momentum (Second Order Upwind) 

Modified turbulent viscosity (Second 

Order Upwind) 

Boundary condition 

 

Velocity inlet and pressure outlet 

Stationary wall with no slip condition 

Initialization Inlet values 

Force Monitors Lift and drag coefficient 

Reference Values Inlet values 

Convergence Limit 10-6 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Experimental Comparison: Two-Dimensional CFD Validation  

In this section, the computational results and available experimental measurement data are 

compared for NACA 63-415 airfoil. The validation process is performed to show the level of 

accuracy of the CFD code and the computational model and methodologies provided accurate 

results. These methodologies and settings could then be applied for special cases such as the case 

study of this thesis.  

The NACA 63-415 is chosen for the initial validation for it has widely available experimental 

data to compare with computational results. This is accomplished by plotting the performance 

parameters, the lift, drag and lift to drag coefficients of the airfoil with AOAs. These data which 

are available experimentally are conveniently reproduced to numerical data. As discussed in 

section 4.2.6, the simulation is performed using the same ambient and fluid flow conditions as 

the experiment. The experiment was carried out in the VELUX wind tunnel at the Technical 

University of Denmark and RISO National Laboratory; the tested airfoils were manufactured by 

LM Glasfiber A, Denmark which is found in reference [36]. The most significant results are 

discussed and results are presented in graphical and tabular form for selected values of angle of 

attacks. 

5.1.1  Results  
In this subsection, the aerodynamic analysis of airfoil NACA 63-415 is conducted in two – 

dimensional simulation using two turbulence model in FLUENT and the results are compared 

with experimental data to find out the model which has a better accuracy in predicting the 

parameters. 

Table 5-1 and Table 5-2 show comparison of simulation results obtained from CFD solver and 

experimental values of force coefficients (lift and drag) over a range of AOAs using the two 

turbulence models S-A and SST k- ω.  A percentage (%) error is also included in the comparison 

to determine the deviation of the CFD results from experimental values. 
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 Figure 5-1 and Figure 5-2 show polar curves of experimental measurement data and computed 

results of lift and drag coefficients verses AOA, respectively. The results obtained from both 

turbulence models are in good agreement with experimental values in the simulation of lift 

coefficient. Figure 5-1 shows the lift coefficient comparison of experimental measurement values 

with the numerical simulation results for both S-A and SST k- ω models. 

The predictive capabilities of the models are compared with maximum percentage errors. The 

error lies within maximum of 12% in the S-A model as compared to the experimental values, 

whilst maximum of 9% in the SST k- ω for the calculation of lift coefficients. However, the 

corresponding errors for the drag show 16 % for the S-A model and 12 % for the SST k- ω 

model. As many literatures reported [45], this deviation is expected in the simulation of drag 

coefficients because in the actual airfoil the flow is mostly dominated by laminar flow. The 

turbulence models in the solver S-A and SST k- ω however, assume the flow as fully turbulent, 

which results in higher drag prediction. 

Accordingly, comparison of the results of S-A and SST k- ω model with VELUX wind tunnel 

experimental values, the SST k- ω model most accurately determines the lift and drag 

characteristics of the airfoil. 

Table 5-1: Comparisons of aerodynamic coefficient using S-A model with experimental values: 

NACA 63-415 

 

AOA 

(α) 

Cl  Cd  

Cl / Cd 

EXP 

 

Cl / Cd 

S-A 

 

EXP 

CFD 

S-A 

 

% Error 

 

EXP 

CFD 

S-A 

 

% Error 

-5 -0.25 -0.228 9.649 0.015 0.01413 6.157 -16.667 -16.135 

0 0.3 0.3415 12.152 0.01 0.01083 7.664 30.00 31.533 

5 0.8 0.8808 9.173 0.015 0.01625 7.692 53.333 54.203 

10 1.25 1.3288 5.930 0.03 0.02776 8.038 41.667 47.854 

15 1.35 1.4751 8.481 0.08 0.06896 16.009 16.875 21.391 

20 1.125 1.072 4.944 0.23 0.24612 6.549 4.891 4.356 
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Table 5-2: Comparisons of aerodynamic coefficient using SST k- ω model with experimental 
values:  NACA 63-415 

 

AOA 

(α) 

Cl  Cd  

Cl / Cd 

EXP 

 

Cl / Cd 

SST k- ω 

 

EXP 

CFD 

SST k-ω 

 

% 

Error 

 

EXP 

CFD 

SST k- ω 

 

% Error 

-5 -0.25 -0.2326 7.480 0.015 0.0149 0.671 -16.667 -15.6107 

0 0.3 0.3297 9.028 0.01 0.01139 12.203 30.00 28.95259 

5 0.8 0.8691 7.951 0.015 0.01581 5.123 53.33 54.97154 

10 1.25 1.2486 0.112 0.03 0.03148 4.701 41.667 39.66328 

15 1.35 1.4524 7.050 0.08 0.08028 0.349 16.875 18.09168 

20 1.125 1.1658 3.499 0.23 0.23062 0.269 4.782 5.055069 

 

5.1.2 Discussion 
A convenient way of validating the CFD results with the corresponding experimental data is to 

plot the values of lift and drag coefficients against AOAs. The lift coefficient comparisons are 

performed on the variation of lift with respect to AOA. Figure 5-1 clearly shows the increment in 

lift with increasing AOA. For all the AOAs considered good agreement between the CFD results 

and an existing experimental measurement are observed especially for angle of attack prior to 

stall. An increasing trend of lift coefficient curve with AOA up to an angle of 150 is observed, 

after which the lift coefficient curve decreases.  Since the airfoil section is cambered the lift 

coefficient is not zero at zero angle of attack. The zero lift coefficient lies between -30 to -20. 

 Comparison of the results of the turbulence models S-A and SST k- ω with experimental 

measurement, the SST k- ω model most accurately determines the lift and drag characteristics of 

the airfoil, NACA 63-415. Figure 5-1 also shows how the S-A model and SST k- ω model both 

give fairly similar trend for the lift coefficient prior to stall angle. With regards to the drag 

coefficient Figure 5-2 clearly shows that the SST k- ω model also gives a better match to the 

experimental measurement. As a result, the SST k- ω turbulence model has been chosen for the 

main analysis. 
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Figure 5-1: Comparison of experimental and computed results of lift coefficient. 

 
Figure 5-2: Comparison of experimental and computed results of drag coefficient. 
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The other way of validating the numerical result is plotting the lift to drag (Cl/Cd) ratio, which is 

shown in Figure 5-3. This ratio increases from zero at around -30 to a maximum value at a 

moderate AOA and then decreases relatively as the angle of attack is further increased. The 

maximum Cl/Cd value of around 50 is derived from the lift and drag characteristics as shown in 

the Figure 5-3. This is the optimal relationship between lift and drag and the most efficient lift 

generation for an airfoil is possible. Here, the maximum Cl/Cd ratio is around 54.203 in S-A 

model while it is around 55 in the SST k- ω model and this value is around 53.33 in the 

experimental measurement case.  

 

Figure 5-3: Comparison of experimental and CFD result of lift to drag ratio  

The deviation of the experimental values and accuracy of the computed lift and drag coefficients 

are validated against the corresponding experimental values and verified in terms of their 

percentage deviation. The majority of the deviations are considerably less than 12 % in both S-A 

and SST k- ω models in the calculation of lift coefficient. However, some important 

discrepancies are also observed in the calculation of drag coefficient. In the SST k- ω model the 
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maximum deviation observed is less than 12% which is less than 16 % in the S-A model. These 

differences between the results are likely a result of the turbulence model used in the solver. The 

other factor responsible for the discrepancy for the result is probably the flow region which is not 

properly resolved with the RANS approximation, inappropriate boundary layer mesh. Figure 5-4 

and Figure 5-5 show the maximum percentage deviation of the models in the calculation of lift 

and drag coefficients respectively. 

 

Figure 5-4: S-A and SST k- ω model with experimental result max. Error in % for lift  

 
 

Figure 5-5: S-A and SST k- model with experimental result max. Error in % for drag 
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5.1.3 Analysis  
Figure 5-1 and Figure 5-2 show the lift and drag coefficients. At this range of angle of attacks, 

calculation was done using two turbulence models S-A and SST k- ω and results are compared 

with experimental data for the validation of the numerical results. 

From Figure 5-1, the lift curve obtained from the simulation is fairly close to the experimental 

data. At small AOA from -50 to 50 both curves are almost on top of each other. As AOA 

increases greater than 50, the differences between the curves are beings to grow. However the 

curve shows a steeper linear increase in both cases. The computed result also show that the 

airfoil has reached its stall point around 150 with maximum lift coefficient (Cl max) value of 1.475 

in the S-A turbulence model while it’s around 1.45 in the SST k- ω. As far as the experimental 

data is concerned, the airfoil stalled at earlier AOA of 140 and recording a slightly lower Cl max of 

1.35. Thus the result from turbulence models shows small over prediction in the calculation of 

lift coefficients at stall point. 

Overall both turbulence models had good agreement with experimental data at angle of attack 

even at small negative angles, the same trend of curve was observed at all angle of attack. 

However, small discrepancy was observed between the CFD curve and the experiment. It’s a 

well-known fact that lift coefficient are reduced and drag coefficients increased as angle of attack 

increased above stall point, as shown in Figure 5-1 and Figure 5-2. Accordingly the determined 

drag coefficients were show an error of 16 % in the S-A and 12 % in SST k- ω than the 

experiment. The discrepancy in the drag coefficient, obtained from simulation is due to the fact 

that the flow over the actual airfoil is mostly dominated by laminar flow. However, the turbulent 

models S-A and SST k- ω is assumed the flow as fully turbulent over the surface of the airfoil 

and does not provide a transition from laminar to turbulent flow. This assumption has the 

potential of causing some error between the simulation result and experimental data. A turbulent 

boundary plays a substantial effect in the prediction of drag coefficients, thus the error between 

the simulation and the experiment can be noticed in the comparison of drag coefficient.  

In conclusion, by comparing the simulation results and available experimental data for the force 

coefficients (lift and drag) values through Figure 5-1 and Figure 5-2, it can be concluded that the 

CFD solution is providing sufficiently accurate results for a majority of the AOAs. The 
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discrepancy in calculating in lift and drag values comes from limitations in the turbulence model 

behavior and the majority of the lift and drag curves match the experimental data in both models. 

However, the most well agreed model was the SST k- ω model. As a result, the SST k- ω 

turbulence model has been chosen for the main analysis of the case study discuss below. 
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5.2 Case Study of Adama I Wind Turbine Airfoil  

The case study discussed here is to predict aerodynamic performance parameters of wind turbine 

airfoil that all the major technical specification is given in Table 5.4 below. 

5.2.1 Project Description 
The physical model taken for this numerical calculation is the Adama wind farm project which 

has capacity of generating 51 MW, 3 blades and 34 sets of 1500kW GOLDWIND (GW)  

horizontal axis upwind wind turbines , located in the middle part of Ethiopia, about 3.91 Km 

North West of Nazareth. The project was constructed and starts operation in year 2011/ 2012. 

The objective of the project is utilizing the wind power to generate electricity, which had 

connected to the national grid in order to add 162.7MWh energy per year [6].  

5.2.2 Manufacturer Technical Specifications of GW77/1.5 Wind Turbine  

Table 5-3: Technical specifications for GW 77 /1.5 wind turbine [6] 

 
Parameters 

GW77 
IEC class IIA 

 

 

 

Operational parameters 

Rated power 1500kW 

Cut in wind speed 3m/s 

Rated wind speed 11.1 m/s 

Cut out wind speed( 10min) 22m/s 

Survival wind speed (3min) 59.5m/s 

Design life time ≥ 20 years 

Operating ambient temperature -30° C to +40° C 

Stand by ambient temperature -40° C to +50° C 

 

 

 

Rotor 

 

Nominal diameter 77m 

Number of blades 3 

Blade airfoil type LM 37.3P or similar 

Aerodynamic profile, modified 

NACA  and others 

NACA 63-4xx and 

fx 77/79 
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 Blade length ,nominal 37.25m 

Root chord /max. chord 3097mm 

Twist at root chord 11.40 

Center line 30% 

According to the feasibility report of Adama Wind Park the design average wind speed of the 

site at the WTG hub height of 65m is 9.56 m/s. However, the extreme wind speed with a return 

period of 50 years is extrapolated to the hub height are 31.39 m/s. The calculated long term 

average temperature is 21.20C and the atmospheric pressure of the site is 853.3hPa (85330Pa), 

the air density of the site at hub height range from 0.959- 0.973 kg/m3. However, for this 

simulation 0.97 kg/m3 is considered [6] [38]. 

The present study utilized CFD solver; FLUENT to predict the aerodynamic performance 

parameters while fluid with density of 0.97 kg /m3 flows over the horizontal axis wind turbine 

(HAWT) airfoil. The aerodynamic performance parameters of the airfoil for average wind speed 

of 9.56 m/s (corresponding to Reynolds number of 6.1 x 105 and Mach number of 0 .028) were 

predicted. The aerodynamic profile of the airfoil from UIUC Airfoil Coordinates Database 

NACA 63-415 airfoil is considered. These coordinates point are given on Appendix A. 

The model used for this case study is the same as the validation described in the above sections 

in all the way. The FLUENT solution set up was also identical, however the only difference in 

the solution set up is the input parameters such as velocity, temperature, pressure, and density 

etc. Since there is no experimental data available with the same conditions as the selected site, 

validation of the CFD results and verification of model for different conditions for the NACA 

63-415 is required. The conditions for the simulations as well as associated properties are given 

in Table 5-4.The calculations were all done with average speed of 9.56m/s flow with SST k-w 

two equations turbulence model.  

An evaluation scheme is presented to compute the airfoil lift, drag and pitching moment for the 

range of angles of attack in order to predict the parameters. 

 

  



60 
 

5.2.3 Fluent Analysis Parameters 
Table 5-4: Computational conditions of two-dimensional simulation  

Parameter Value 

Fluent Version 2ddp 

Solver Pressure based / segregated solution 

Simulation type Steady simulation 

Formulation Implicit 

Turbulence  model SST k-w 

Airfoil profile NACA 63-415 

Fluid material Air 

Flow type Incompressible flow 

Temperature 294.2 k 

Kinematic viscosity 1.52 x 10 -5 Kg /m.s 

Density 0.97  kg/m3 

Pressure 85330 pa 

Average wind speed 9.56  m/s 

Reynolds number 6.1 x 105 

Mach number   0 .028 

CFD algorithm SIMPLEC 

Interpolating scheme 

 

Pressure (Standard) 

Momentum (Second Order Upwind) 

Modified Turbulent Viscosity (Second 

Order Upwind) 

Boundary condition 

 

Velocity Inlet and Pressure Outlet 

Stationary wall with no slip condition 

Initialization Inlet Values 

Force monitors Lift , Drag and moment coefficients 

Reference values Inlet Values 

Convergence limit 10-6 
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5.2.4 Results and Discussion  

All the information gathered in terms of the lift, drag and moment characteristics results from the 

pressure and velocity distributions over the surface of the airfoil at a given set of operating 

conditions are discussed. An angle of attack range from -50 to 20 0 is selected, with an interval of 

50 between each simulation. The computed results and the NACA 63-415 findings at the given 

conditions are compiled.  

Figure 5-6 to Figure 5-9 has four plots showing the lift, drag, moment and lift to drag 

coefficients curves plotted. Generally, the lift and moment coefficients are plotted as function of 

angle of attack, while the drag coefficients are plotted as a function of lift coefficients. However, 

all the performance coefficients in this report are plotted as a function of angle of attack. In Table 

5.5, the results obtained from the simulation are tabulated. 

Table 5- 5: Simulation result of NACA 63-415 airfoil using SST k- ω model at average wind 

speed of 9.56 m/s 

α Cl Cd Cm Cl/ Cd 

-5 -0.2285 0.02815 0.07941 -8.1172 

0 0.2942 0.0256 0.0605 11.4921 

5 0.8026 0.03549 0.03925 22.6148 

10 1.241 0.05587 0.01356 20.2123 

15 1.3596 0.15456 0.021229 8.7965 

 20 0.8877 0.27912 0.00799 3.1803 

 

The plot in Figure 5-6 shows the variation of lift coefficient with AOAs. There is a range of 

angle of attack where the lift coefficient varies linearly. The lift coefficient is negative at 

negative angle of attack until it achieves the zero angle of attack and then increases with 

increasing AOA. The lift coefficient is zero when angle of attack at around -30.  The lift 

coefficient keeps increasing until it reaches the critical angle of attack, point at which maximum 
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lift coefficient attain. The critical angle of attack is around 150 and the maximum lift coefficient 

recorded at this angle of attack is around 1.3596.  A further increase in AOAs beyond these AOA 

causes a decrease in the lift coefficient. 

 
Figure 5-6: CFD result of Cl vs. AOA for - NACA 63-415 @ 9.56 m/s 

Figure 5-7 shows the variation of drag coefficient with AOAs. The values of drag coefficient 

increase with the angle of attack. However, the drag coefficient values are in a low for the angle 

of attack from -50 to 100 before it rises exponentially. In the same way, before the airfoil 

achieves the critical angle of attack the lift coefficient values are rises linearly then after the lift 

coefficient achieves its maximum value and then after this point the airfoil is called stalled.  

Figure 5-8 shows the variation of pitching moment coefficient which is almost always decreasing 

as the angle of attack increases. Rapid change occurs in this coefficient at stall region. A negative 

pitching moment coefficient corresponds to a nose down force acting on the airfoil while a 

positive   pitching moment corresponding to a nose up force. 
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Figure 5-7: CFD result of Cd vs. AOA for - NACA 63-415 @ 9.56 m/s 

 

Figure 5-8: CFD result of Cm vs. AOA for - NACA 63-415 @ 9.56 m/s 
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The maximum lift to drag ratio of an airfoil is another important performance parameter to 

characterize the airfoil. The optimum angle of attack is where lift to drag (Cl/Cd) coefficient has 

the maximum value.  Figure 5-9 shows the lift to drag ratio plot obtained from the lift and drag 

data, for angle of attack ranging from -50 to 200. From the curve the optimum angle of attack of 

the airfoil is around 50. At this point lift to drag ratio value is 22. 

 
Figure 5-9: CFD result of Cl/Cd vs. AOA for - NACA 63-415 @ 9.56 m/s 

5.2.5 Post – processing   Results  
Flow passing over an airfoil surface is not always the same. Related to the effect such as 

velocity flow over the surface, air ambient pressure, air density, viscosity, etc., flow has 

different characteristics. As a result, velocity and pressure distributions over an airfoil surface 

are different. When the flow passes over the upper surface of the airfoil, flow velocity is greater 

than the free-stream velocity; the pressure over the upper surface is negative. On the other 

hand, flow velocity decreases when it is passing on the lower surface of airfoil and as a result, 

pressure on this surface increases. Hence, both the negative pressure over the upper and the 
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positive pressure under the lower surface contribute to the lift. Moreover, friction between air 

and airfoil surface exists and air flow velocity decreases when it reaches to airfoil surface.  

At angle of attack between zero lift and stalling angles, the total pressure pushing down on the 

airfoil upper surface will always be less than the total pressure pushing up on the lower surface. 

The absolute pressure difference pushing up on the lower surface will increase as angle of 

attack increases create large region of flow separation over the upper surface causing what is 

known as the stall effect. Any pressure output plots over an airfoil appearing above the 

atmospheric static pressure regarded as a positive pressure whereas pressure below the 

atmospheric is a negative pressure. 

5.2.5.1 Contour plot of static pressure distribution  

Figure 5-10 to Figure 5-15 show pressure distribution plots. Figure 5-11 shows the result from 00 

attack angle and it shows the stagnation point (maximum pressure) at the leading edge of the 

airfoil. Increasing the attack angle to 50, 100, 150 and 200   shows a dramatic change in the 

pressure distribution plot. It is evident from the contours plots there is region of very large low 

pressure on the upper surface of airfoil as compared to the bottom surface of the airfoil. The 

largest pressure differences from the free stream value are at the leading edge and the difference 

tapper off toward the trailing edge and the stagnation point has moved to the lower surface as 

angle of attack increased. Figure 5-10 to Figure 5-15 show the simulation results of static 

pressure for angles of attack -5° to 20° with 5° increments using SST k- ω model. 
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Figure 5-10: Contour of static pressure at - 5° AOA with the SST k- ω turbulence model 

 
Figure 5-11: Contour plot of static pressure at 0° AOA using SST k- ω turbulence model 
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Figure 5-12: Contour of static pressure at 5° AOA with the SST k- ω turbulence model 

 
Figure 5-13: Contour of static pressure at 10° AOA with the SST k- ω turbulence model 
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Figure 5-14: Contour of static pressure at 15° AOA with the SST k- ω turbulence model 

 
 
Figure 5-15: Contour of static pressure at 20°AOA with the SST k- ω turbulence model 
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5.2.5.2 Contour plot of velocity distribution  

Figure 5-16 to Figure 5-21 show the velocity contours developed around the NACA 63-415 

airfoil. As can be observed, the velocities over the upper surface of the airfoil are substantially 

higher than the lower surface except for negative angle of attack in this case the condition is 

reversed.  

 

Figure 5-16: Contour of velocity magnitude at -5° AOA with the SST k-ω turbulence model 

 
Figure 5-17:  Contour of velocity magnitude at 0° AOA with the SST k- ω turbulence model 
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Figure 5-18:  Contour of velocity magnitude at 5° AOA with the SST k- ω turbulence model 

 
Figure 5-19:  Contour of velocity magnitude at 10° AOA with the SST k- ω turbulence model 

 



71 
 

 

Figure 5-20: Contour of velocity magnitude at 15°AOA with the SST k- ω turbulence model 

 
Figure 5-21: Contour of velocity magnitude at 20°AOA with the SST k- ω turbulence model 
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5.2.5.3 Contour plot of velocity streamlines  

At small angles of attack, the boundary-layers that develop on the upper and lower surfaces of 

the airfoil do not separate; the flow is attached to the airfoil throughout flow.   Therefore, there is 

a thin viscous region on the airfoil surface. An increase on the angle of attack leads to adverse 

pressure gradients create flow separation with a viscous region of relatively large dimension that 

leads to the decrease of lift coefficient. The occurrence of flow separation is related to velocity 

and pressure distribution over the surface of the airfoil.  At large angles of attack, the airfoils 

develop large adverse pressure gradients that cover the complete upper surface of the airfoil. 

Separation appears close to the trailing edge and separation point moves upstream with the 

increase of the angle of attack.  Figure 5-22 to Figure 5-27 show the velocity vectors, colored by 

velocity magnitude for different AOAs. 

 

Figure5-22: Velocity vectors colored by velocity magnitude at -5° AOA with the SST k- ω 

model 
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Figure 5-23: Velocity vectors colored by velocity magnitude at 0° AOA with the SST k- ω model 

 

Figure 5-24: Velocity vectors colored by velocity magnitude at 5° AOA with the SST k- ω model 
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Figure 5-25: Velocity vectors colored by velocity magnitude at 10° AOA with the SST k- ω 

model 

 

Figure5-26: Velocity vectors colored by velocity magnitude at 15° AOA with the SST k- ω 

model 
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Figure 5-27: Velocity vectors colored by velocity magnitude at 20° AOA with the SST k- ω 

model 

5.2.5.4 X_Y plot of pressure coefficients 

Figure 5-28 to Figure 5-33 show the chord wise pressure distribution on an airfoil surface of 

NACA 63-415. The plot show negative values of Cp in the upper surface and positive values in 

the lower surface. A negative Cp values indicate pressure is lower than the free stream pressure 

and the positive values correspond to pressure higher than the free stream. The figures show the 

chord wise pressure distribution over the upper and lower surface of NACA 63-415airfoil at 

different angles of attack. The upper curve corresponds to the pressure distribution on the lower 

surface and vice versa. 

From the figures as angle of attack increase there is a large suction peak (large negative value of 

Cp) is observed near the leading edge on the upper surface, whereas there is a region of 

increasing adverse pressure gradient (Cp values ) to the trailing edge.  In lower surface of the 

airfoil there is a stagnation point ( point of maximum pressure ) near the leading edge, where Cp 

value of nearly one (Cp= 1) is observed. 
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Figure 5-28: Pressure coefficient along the chord line for AOA of - 50 using SST k- ω model 

 

 

Figure 5-29: Pressure coefficient along the chord line for AOA of 00 using SST k- ω model 
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Figure 5-30: Pressure coefficient along the chord line for AOA of 50 using SST k- ω model 

 

 

Figure 5-31: Pressure coefficient along the chord line for AOA of 100 using SST k- ω model 
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Figure 5-32: Pressure coefficient along the chord line for AOA of 150 using SST k- ω model 

 

 

Figure 5- 33: Pressure coefficient along the chord line for AOA of 200 using SST k- ω model 
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5.2.6  The Power Coefficient (Cp) of GW 77/ 1500 Turbine Airfoil  
Different wind turbines exist in different sizes. Then once the wind turbine is operating it will 

experience a wide range of conditions. This variability complicates the comparison of different 

types of turbines. The coefficient of power is the most important parameters in wind turbine 

aerodynamics. This parameter is directly related to efficiency, so values between zero and less 

than one are typical [48]. 

The graph shows a power coefficient curve for GW 77/ 1500 wind turbine. Although the average 

efficiency for these turbines is somewhat above 30%, the power coefficient varies very much 

with the wind speed. For this case the power coefficient of the turbine is about 35.3 % at a wind 

speed of around 9 m/s. 

At small wind speed the power coefficient is not so important, because there is not much energy 

to produce. At high wind speed the turbine must waste any excess energy above what the turbine 

was designed. Power coefficient therefore matters most at the mean wind speed (9.56 m/s for the 

Adama) of the turbine where most of the energy is to be generated. 

 
Figure 5- 34: Power Coefficient vs. Wind speed 
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5.2.7 Power coefficients of blade section as function of Cl/Cd, vs. tip speed 

ratio (λ) 
Once the blade section has been designed for optimum operation at a specific design tip speed 

ratio, the performance of the rotor over all expected tip speed ratio needs to be determined.  For 

each tip speed ratio, the aerodynamic conditions are predicted. From these, the performance of 

the total blade section can be determined. The results are usually presented as a graph of power 

coefficient versus tip speed ratio, called a Cp - λ curve. 

Cp - λ curves can be used in wind turbine design to determine the blade power for any 

combination of wind and rotor speed. They provide immediate information on the maximum 

rotor power coefficients and optimum tip speed ratio. The data for such a relationship can be 

found from turbine tests or from modeling. In either case, the results depend on the lift and drag 

coefficients of the airfoils, which may vary as a function of the flow conditions. Variations in 

airfoil lift and drag coefficients, which can vary with angle of attack being considered. 

The relationship between the power coefficient and the tip speed ration for different Lift to drag 

coefficient ratio is drawn using this formula. 

࢞ࢇ࢓,࢖࡯ =	ቀ૚૟	
૛ૠ
ቁ ૃ	൥ૃ +

૚.૜૛	ቀૃషૡ૛૙ ቁ
૛

૛࡮
൩
ି૚

− (૙.૞ૠ)ૃ૛
ܔ۱
ቀૃା܌۱

૚
૛࡮ቁ
												    (5.1) 

The power coefficient starts to increase as the value of tip speed increases and reaches maximum 

value afterwards starts to decrease as the tip speed ratio further increased. For Cd=0, the power 

coefficient increase to maximum value and become almost constant afterwards. 

As expected, when the lift to drag ratio coefficient (Cl/Cd) becomes smaller, the power 

coefficient which can be achieved also decreases. When the Cl/Cd ratio and tip-speed ratio are 

high (Cl /Cd = 22.6), the number of rotor blades (B) has relatively little influence on the 

achievable Cp value, but when the Cl/Cd ratio and tip-speed ratio are low (Cl/Cd = 8.2), the 

number of blades apparently is of greater importance.  

The effect of the lift to drag ratio on maximum achievable power coefficients for GW77/1500 

turbine blade airfoil section is shown in Figure 5- 35. There is clearly a significant reduction in 

maximum achievable power as the airfoil drag increases. For instance, the NACA 63-415 airfoil 
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has a maximum Cl /Cd   ratio of 22 at an angle of attack of 5 degree at the mean wind speed of 

9.56m/s.  

  

Figure 5- 35: Cp vs. λ as a function of lift to drag ratio 
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CHAPTER 6 

CONCLUSION AND FUTURE WORKS 

6.1 Conclusions  
From the steps described in Chapter 4 the 2-D model of the airfoil NACA 63-415 was created. 

The model has generated results which are in good agreement with experimental data when run 

in FLUENT under the same conditions. This validates the use of a simpler CFD code for 

analyzing airflow over airfoils instead of the more expensive and time consuming wind tunnel 

experiment. However in this study it is found that the ability to successfully obtain specific 

aerodynamic characteristics is highly dependent on modeling the airfoil section in the 

preprocessor called GAMBIT and selecting appropriate turbulence model in the solver called 

FLUENT.  

The effect of two turbulence models (S-A and SST k- ω) on the prediction of performance 

parameters and aerodynamic force coefficients on NACA 63-415 airfoil have been studied for a 

range of angle of attack conditions.  It was found that the two turbulence models achieved a 

reasonable and a good agreement in predicting the coefficients. Among the model studied, the 

most appropriate turbulence model for these simulations was the SST k- ω two equation model, 

which is good agreement with the experimental data than S-A one equation model.  As a result, it 

was decided to use the SST k- ω turbulence model for the main analysis. 

For lift coefficient, results with less than a 12% deviation were obtained, when compared to 

experimental data, using both (S-A and SST k- ω) turbulence model in FLUENT, for the angles 

of attack considered. For the drag coefficient however, comparison of the experimental data with 

both models revealed, results that have a maximum of 16 % deviation in S-A model and 12 % 

deviation was found in SST k- ω turbulence model. These deviations are expected in the 

simulation of drag coefficients; in the actual airfoil, the flow is mostly dominated by laminar 

flow, whereas the turbulence models in the solver (S-A and SST k- ω) are assumed fully 

turbulent. Figure 5-1 and Figure 5-2 show a comparison of the FLUENT produced results to the 

experimental data as well as the variation of the turbulent model results at a given angle of attack 

for lift and drag coefficients values, respectively.  
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 Comparing the numerical results and experimental data for the force coefficients (lift and drag) 

values in Figure 5-1 and Figure 5-2, it can be concluded that the CFD solution provides 

sufficiently accurate results for the majority of the AOAs. The discrepancy in calculating lift and 

drag values comes from limitations in the turbulence model behavior; the deviation occur at large 

AOAs. However, majority of the lift and drag curves match the experimental data.  
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6.2 Future works  
In this study, due to limited resources certain issues are not discussed in detailed. This could be 

considered as an introductory study to illustrate the uses of computational fluid dynamic (CFD) 

software in simulation of fluid flow over airfoil surface with different turbulent models.  Below 

are listed the future work in this area.  This is mainly focused on improving the modeling 

methods for the HAWT blades and optimization of the geometry of the blade. 

CFD modeling gives the possibility to visualize flow phenomena and get more detailed 

quantitative data of the flow through the turbine blades. Performing CFD simulation of a 

complete 3D HAWT is also extended as a future work in this area.  
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Appendix A:  Airfoil Coordinates data 

Coordinates points of the NACA 63-415 airfoil and chord wise dimensions, x, and thickness 

dimensions, y, are given in terms of the chord width, C.  

Upper Surface Lower Surface 

x/C y/C x/C y/C 
0.000000 0.000000 0.000000 0.000000 
0.003000 0.012870 0.007000 -0.010870 
0.005250 0.015850 0.009750 -0.013050 
0.009910 0.020740 0.015090 -0.016460 
0.021980 0.029640 0.028020 -0.022200 
0.046600 0.042640 0.053400 -0.030000 
0.071470 0.052610 0.078530 -0.035650 
0.096470 0.060770 0.103530 -0.040090 
0.146690 0.073480 0.153310 -0.046560 
0.197050 0.082790 0.202950 -0.050950 
0.247500 0.089410 0.252500 -0.053610 
0.298000 0.093620 0.302000 -0.054740 
0.348520 0.095590 0.351480 -0.054390 
0.399050 0.095270 0.400950 -0.052430 
0.449550 0.092890 0.450450 -0.049090 
0.500000 0.088710 0.500000 -0.044590 
0.550390 0.082980 0.549610 -0.039180 
0.600700 0.075950 0.599300 -0.033110 
0.650930 0.067800 0.649070 -0.026600 
0.701060 0.058770 0.698940 -0.019890 
0.751090 0.049070 0.748910 -0.013270 
0.801020 0.039000 0.799890 -0.007160 
0.850850 0.028850 0.849150 -0.001930 
0.900590 0.018840 0.899410 0.001840 
0.950280 0.009310 0.949720 0.003330 
1.000000 0.000000 1.000000 0.000000 
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