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ABSTRACT 
 

 
HORIZONTAL AXIS WIND TURBINE ROTOR BLADE:  

WINGLET AND TWIST AERODYNAMIC DESIGN AND OPTIMIZATION 

USING CFD 

 
 

Elfarra, Monier Ali 

Ph.D., Aerospace Engineering Department 

Supervisor: Prof. Dr. İbrahim Sinan Akmandor 

Co-Supervisor: Asst. Prof. Dr. Nilay Sezer Uzol 

 

January 2010, 176 Pages 
 
 

The main purpose of this study is to aerodynamically design and optimize winglet, 

twist angle distribution and pitch angle for a wind turbine blade using CFD to 

produce more power. The RANS solver of Numeca Fine/Turbo was validated by two 

test cases, the NREL II and NREL VI blades. The results have shown a 

considerable agreement with measurements for both cases. Two different 

preconditioners have been implemented for the low Mach number flow. The results 

have shown the superiority of Merkle preconditioner over Hakimi one and Merkle 

was selected for further simulations. In addition to that, different turbulence models 

have been compared and the ݇ െ  Launder – Sharma has shown the best ߝ

agreement with measurements. ݇ െ  Launder – Sharma was chosen for further ߝ

simulations and for the design process. Before starting the design and optimization, 

different winglet configurations were studied. The winglets pointing towards the 

suction side of the blade have yielded higher power output. Genetic algorithm and 

artificial neural network were implemented in the design and optimization process. 

The optimized winglet has shown an increase in power of about 9.5 % where the 

optimized twist has yielded to an increase of 4%. Then the stall regulated blade has 

been converted into pitch regulated blade to yield more power output. The final 

design was produced by a combination of the optimized winglet, optimized twist and 
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best pitch angle for every wind speed. The final design has shown an increase in 

power output of about 38%. 
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ÖZ 
 

 
YATAY EKSENLİ RÜZGAR TÜRBİNİ ROTOR KANADI:  

SAYISAL AKIŞKANLAR DİNAMİĞİ (SAD) İLE KANATÇIK VE BÜKÜM 

AERODİNAMİK TASARIM VE ENİYİLEMESİ 

 

 
 

Elfarra, Monier Ali 

Doktora, Havacılık ve Uzay Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. İbrahim Sinan Akmandor 

Ortak Tez Yöneticisi: Yrd. Doç. Dr. Nilay Sezer Uzol 

 

Ocak 2010, 176 Sayfa 
 
 

Bu çalışmanın ana hedefi, daha fazla güç üretmek amacıyla, hesaplamalı akışkanlar 

dinamiği (SAD) yöntemleri kullanarak kanatçık, burkulma açısı dağılımı ve hücum 

açısı değerlerini eniyilemektir. Numeca Fine/Turbo yazılımının RANS çözücüsü, 

NREL II ve NREL VI  test kanatları kullanılarak doğrulanmıştır. Sonuçlar, iki örnek 

için de, ölçümler ile yüksek derecede uyumluluk göstermiştir. Düşük Mach sayılı 

akış için iki farklı ön-şartlandırıcı uygulanmıştır. Sonuçlar, Merkle ön-

şartlandırıcısının Hakimi'ye göre üstün olduğunu göstermiştir ve bu sebeple, daha 

sonraki benzeşimler için Merkle ön-şartlandırıcısı seçilmiştir. Buna ek olarak, farklı 

türbülans modelleri karşılaştırılmış ve k െ ε Launder – Sharma ölçümler ile en tutarlı 

sonuçları sağlamıştır. Bu sebeple, daha sonraki simülasyonlar ve tasarım süreçleri 

için k െ ε Launder – Sharma seçilmiştir. Tasarım ve eniyileme süreçlerine 

geçilmeden önce farklı kanatçık yapıları üzerinde çalışmalar yapılmıştır. Sonuçlar, 

kanadın emme tarafına doğru yönlendirilmiş kanatçıkların daha yüksek bir güç 

çıkışına sebep olduğunu göstermektedir. Tasarım ve eniyileme süreçlerinde genetik 

algoritmalar ve yapay sinir ağı yöntemleri kullanılmıştır. Eniyilenmiş kanatçıklar güç 

çıkışında %9.5'lik bir artış gösterirken, eniyilenmiş burkulma %4'lük bir artış 

göstermiştir. Ayrıca, daha fazla güç çıkışı elde etmek amacıyla, stall kontrollü olan 

kanatlar hücum kontrollü kanada çevrilmiştir. Bu çalışmalardan elde edilen 
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eniyilenmiş kanatçık tasarımı, eniyilenmiş burkulma ve eniyilenmiş hücum açısı 

değerlerinin bir bileşimi kullanılarak nihai tasarıma ulaşılmıştır. Bu tasarım, güç 

çıkışında yaklaşık %38'lik bir artış göstermektedir 
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CHAPTER 1 
 
 
 
 

INTRODUCTION 
 
 
 
 
 
 
Energy is everything. Energy exists in many different forms such as heat, kinetic, 

electrical, chemical … etc. Energy is not produced from nothing neither vanished but 

it changes from form to another. A form of energy may not be useful and needed to 

be transferred into a different useful one. To convert the energy from one form to 

another, a tool is needed. Any moving object has a kinetic energy which causes the 

motion of the object. Since the wind moves, so it has a kinetic energy which is very 

important for natural applications such as trees Vaccination and rains. However, 

considering industrial applications, the kinetic energy of the wind will be more useful 

if it can be converted into electrical energy. This is done by using wind turbines. The 

main purpose of the wind turbines is to convert the kinetic energy of the wind into 

mechanical energy by the blades and then into electrical energy by the generator. 

 
 
1.1 Historical Review of Wind Energy 
 
 
The wind energy was firstly used to produce mechanical energy and the system 

used to change the kinetic energy of the wind into mechanical energy was called 

windmill. 

No one knows for sure when and where the first time the wind energy was used. 

Different speculations have been stated. Some say that they have discovered the 

remains of stone windmills in Egypt with an estimated age of 3000 years [1]. Others 

claim that the first windmill was constructed in Afghanistan in the year 644 A.D.[2]. A 

later description dates back to the year 945 and depicts a windmill with a vertical 

axis of rotation. It was used for milling grain and some of them have survived in 

Afghanistan up to the present time as shown in Figure (1.1). 
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Figure 1.1: Ancient vertical axis windmill in Afghanistan [3] 
 
 
The Chinese also were using wind wheels for draining rice fields. But it is not known 

whether the Chinese windwheels exist before the ones in Afghanistan. The Chinese 

windwheels were of simple structures made of bamboo sticks and fabric sails and 

they also had a vertical axis of rotation, Figure (1.2). 

 
 

 
 

Figure 1.2: Ancient Chinese windwheel [3] 
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The windmills with horizontal axis of rotation, which are the traditional windmills, 

were probably invented in Europe. The first reliable information dates back to the 

year 1180 in the Duchy of Normandy. After that windmills quickly spread all over 

North and Eastern Europe as far as Finland and Russia [4]. Some of these 

windmills, called post windmills, were found in Germany in the 13th century, Figure 

(1.3). 

 

 
 

Figure 1.3: Horizontal axis post windmill in Germany [3] 
 
 
For more historical information on wind energy, the reader may refer to Ref. 

[5,6,7,8,9,10,11]. Ref. [12] presents the history of wind turbines from ancient 

Persians to the mid-1950s. In addition, Ref. [13] presents a history of wind electric 

generation and the US research work in the period between 1970 to 1985 on 

different types of wind turbines. More recent comprehensive reviews of wind 

turbines are found in Ref. [14,15]. 

The historical development of windmills are documented in many publications such 

as in Ref. [16,17,18,19,20,21,22,23,24]. 

 
 
1.2 Modern Wind Turbines 
 
 
The term wind turbine is the updated version of the term windmill. Wind turbine 

refers to the system which converts the wind energy into electrical energy. Wind 

turbines can be classified in two ways; first according to their aerodynamic function 

and secondly according to their constructional design.  
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The rotor aerodynamic function characterization means that whether the turbine 

captures the wind energy from the aerodynamic drag of the airstream acting on the 

rotor surface or it extracts the energy from the aerodynamic lift produced by the flow 

due to aerodynamically shaped blades. This classification became of less significant 

as almost all modern wind turbines utilize the aerodynamic lift.  

The constructional design classification of wind turbines is more common. The 

classification is according to the position of the axis of rotation of the turbine rotor. 

Thus two types are produced; vertical axis wind turbines (VAWT) and horizontal axis 

wind turbines (HAWT). 

 
1.2.1 Vertical Axis Wind Turbines 
 
The oldest design of the VAWT could only be built as pure drag type rotors called 

Savonius rotor. The first VAWT that utilizes the aerodynamic lift was built by a 

French engineer called Darrieus in 1925 and it was considered as a promising 

concept for wind turbines. Another VAWT is the so called H-rotor. The 

configurations of these three VAWT types are shown in Figure (1.4): 

     

Figure 1.4: Different configurations of VAWT [reproduced from 3] 

 
The main advantages of the VAWT: 

 The possibility of housing the mechanical and electrical components at 

ground level. So easier maintenance and components replacement. 

 No yaw system is needed 
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However, many disadvantages make the vertical axis wind turbines are not able to 

compete with the horizontal axis ones. 

The disadvantages of the Savonius-Rotors are that they have a very low tip speed 

ratio and low power coefficients. So they are not used for electricity generation. 

The Darrieus-rotor types also have low tip speed ratio so they don’t have a self 

start ability. Also the blades are hard to manufacture and there is no power output 

control because they don’t have pitch system. 

The H-rotor with variable rotor geometry was tested to permit for a certain degree 

of power and speed control [25]. However, the production costs of these systems is 

very high. 

 
1.2.2 Horizontal Axis Wind Turbines 
 
The horizontal axis wind turbines are the most widely used wind turbines for 

generating electricity. The superiority of these turbines is based on the following 

advantages: 

 Rotor speed and power output are controlled by bade pitch control.  

 More durable in overspeed and extreme wind speed due to pitching. 

 Blades can be aerodynamically optimized to achieve the highest efficiency 

Figure (1.5) shows the schematic arrangement of a horizontal axis wind turbine. 
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Figure 1.5: Components of a horizontal axis wind turbine [3] 
 
 
The present study focuses on the horizontal axis wind turbines for the simulations. 

 
 
1.3 Power Regulation Methods 
 
 
The power captured by the turbine from the wind increases as the wind speed 

increases. At high wind speeds, the power output of the rotor may exceed the limits 

set by the design strength of the rotor structure. In addition to that, the power output 

of the rotor is limited by the maximum allowable power of the generator and if it 

exceeds this limit, it may result in serious problems in the generator. To avoid the 

continuous increase of power at high wind speeds, a power regulating system is 

needed. The idea is to reduce the aerodynamic forces by either influencing the 

aerodynamic angle of attack, reducing the projected swept area of the rotor (by 

yawing) or by changing the effective free-stream velocity at the rotor blades. Since 
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the wind speed can’t be controlled, so the only way to control the effective free 

stream velocity is to control the rotor speed. 

In the present study, influencing the angle of attack is considered for power 

regulation.  

The most effective way of influencing the aerodynamic angle of attack is by 

controlling the blade pitch angle so that the angle of attack becomes smaller; hence 

less power is extracted from the wind. Also it is possible to change the pitch angle of 

the blade to a larger angle of attack up to the critical aerodynamic angle of attack, at 

which the air flow separates at the surface of the rotor blades, thus limiting further 

increase in the extracted power. These methods are called pitch regulating 

methods. 

 
 

Figure 1.6: Pitch regulation towards feather or stall [3] 
 
 
Another method of regulating the power is the stall regulation. Figure (1.6) shows 

that even without blade pitching, at high wind speeds stall occurs. So the stall 

regulation is based on the aerodynamic design of rotors. The blade twist is designed 

such that the blade stalls at certain wind speed so that the power input is limited. 

However, and as will be discussed later in this study, it is hard to design a stall 
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regulated blade which maintains the same power level after certain high wind speed. 

A comparison in terms of power curve and axial thrust between pitch regulated and 

stall regulated blades is shown in Figure (1.7). 

 
 

   
 

Figure 1.7: Power curve and axial thrust comparison between pitch and stall 
regulated rotors [26] 

 
 
From Figure (1.7) it is clear that the pitch regulated blades produces more stable 

power for less axial thrust at high wind speeds. 

In this study both stall and pitch regulated blades will be addressed and simulated. 

 
 
1.4 Aerodynamics of HAWT 
 
 
The aerodynamic design of wind turbine rotor blade requires finding the relationship 

between the actual shape of the rotor (e.g. the number of blades, twist distribution, 

airfoil selection,..etc) and its aerodynamic properties. 

Different methods have been used in the aerodynamics design and simulation of the 

HAWT. Some of these methods and their advantages are listed below. 

 
1.4.1 Blade Element Momentum Theory 
 
Most of the rotors of the current HAWT are designed using a combination of 2-D 

airfoil analysis and design tools [27, 28 and 29], and combined blade element and 

momentum (BEM) theory [30, 31 and 32]. Many comprehensive computer codes 

using this methodology, such as Ref. [33], have been developed. In some of these 
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analyses, unsteady flow effects are captured using unsteady potential flow theory 

and dynamic stall models [34]. Many of these BEM codes have been documented in 

Ref. [35], which is maintained by the National Renewable Energy Laboratory 

(NREL). 

The BEM methods are computationally efficient and highly useful. They are the most 

widely used methods for design and analysis of HAWT. In Ref. [36], BEM combined 

with genetic algorithm was used in optimization of HAWT blade. However, these 

methods are incapable of accurately modeling three dimensional effects such as 

three-dimensional cross flows, tower shadow effects, tip relief effects, and sweep 

effects. These three-dimensional effects can alter the airloads, affect the fatigue life, 

and significantly influence the total cost of ownership of HAWT systems. 

Many attempts have been done by researchers to increase the accuracy of the BEM 

methods in the stall and post stall regime. For example Ref. [37, 38 and 39] used 

advanced 2-D CFD methods combined with experiments to produce the necessary 

airfoil tables for the BEM methods. The 2-D stall characteristics are empirically 

modified so that the blade sections stall at a higher angle of attack to mimic 3-D 

stall. The complexity of 3-D effects makes this “stall delay” model inaccurate. A stall 

delay model might predict an accurate result at one span-wise station, but 

completely fail to predict the stall at another station. More sophisticated stall delay 

models are needed to reduce the time needed for computation.  

 
1.4.2 Lifting Surface, Prescribed-Wake Code  
 
This method is an attempt to model the 3-D aerodynamic characteristics of the rotor 

in a better way. The Lifting Surface Prescribed Wake code (LSWT) was developed 

for NREL [40]. 

From its name, this method combines a lifting surface representation of the rotor 

with a model of the rotor wake. The wake model allows the trailing edge vorticies 

shed by the blade close to the blade tip to roll up. The LSWT method shows an 

improvement over the 2-D methods. Moreover, if the wake obstacle interactions are 

known, this method can be used for more complex flows including tower shadow 

effects and non-axial flow effects. However, this method is based on invicid theory 

that can’t handle the flow at stall and post stall regimes. To overcome this problem, 

known stall normal force coefficient CN and tangential force coefficient CT values are 

used to calibrate the strength of singularity on each panel. From those coefficients, 
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the lift and drag coefficients (CL and CD) as well as the angle of attack can be 

obtained and the tip vortex and root vortex strength can be estimated.  

In fact the LSWT is used as a calibration tool for BEM codes before stall. Where 

after the stall it is used to convert the CN and CT into CL, CD and angle of attack. 

An advanced version of the LSWT is used in CAMARD II, an aeromechanical 

analysis of helicopters and rotorcrafts. This version solves the potential flow. It uses 

a vortex lattice representation of the rotor coupled to a free wake model made of 

trailing and shed vorticies. 

The free wake models are suitable candidates for advanced modeling. They give a 

more accurate and detailed description of the aerodynamic wake than BEM 

methods. They can be used for applications where other BEM methods can’t be 

used [41]. The advantage of the method lies in its ability to calculate general flow 

cases such as yawed wake structures and dynamic inflow. However, they are more 

computationally expensive than BEM and prescribed wake but still more 

computationally efficient than CFD.  

 
1.4.3 Computational Fluid Dynamics; Navier-Stokes Solvers   
 
In CFD, the Navier-Stokes solver solves the governing equations of the flow directly. 

So it has the potential to predict the correct flow fields without a prior knowledge of 

the airfoil load characteristics. The main advantage of this method is its robustness. 

It can be used at all wind speeds and it can predict the 3-D flow characteristics 

accurately unlike other methods. However, the drawback of CFD is its computational 

time cost. Compared to other BEM methods, CFD requires much more 

computational power making it less suitable for design when a large number of 

design variables must be parametrically changed. However, with the computational 

power progress of the computers, it is possible to use CFD in the design making use 

of parallel computations on large clusters.   

Full Navier-Stokes simulations of HAWT have been completed by some 

researchers. Using the experimental data of NREL Phase II, the accuracy of BEM, 

vortex lattice and Reynolds Average Navier-Stokes (RANS) were compared in Ref. 

[39]. The performance of the same rotor was predicted in Ref. [42] and the results 

show a reasonable agreement with the experiment. The RANS simulations provided 
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greater details of flow around the blade than were available from the simpler 

approaches. 

RANS solver was also used for prediction of aerodynamic loads on NREL Phase II 

and III in Ref. [43]. Unsteady flow simulation around NREL Phase VI rotor blade was 

completed and the CFD results showed an agreement with experimental results in 

Ref. [44]. Computational studies on HAWT using RANS with different turbulence 

models were conducted in Ref. [45, 46].  

As a conclusion, the RANS approach shows its superiority over simpler methods 

such as BEM. 

In this study, the CFD approach is used for the simulations and design. 

 
 
1.5 Literature Review 
 
 
The present study focuses on the effect of Winglets, twist distribution and pitch on 

HAWT using CFD.  

 
1.5.1 Winglets for HAWT  
 
The interest in the study of blade tip geometric modifications has been increased in 

the last few years. Many studies have been conducted in this field such as the ones 

by Ref. [47, 48]. Such modification is intended to improve the aerodynamic 

performance of turbine rotors and to make them less sensitive to wind gusts [49]. 

Tilting the blade tip is considered similar to the effect of winglets which decreases 

the induced drag of the blade by changing the downwash distribution, hence 

increasing the power production [50]. The idea is to add a winglet which is able to 

carry aerodynamic loads so that the vortex caused by the winglet spreads out the 

effect of the tip vortex which results in decreasing the downwash and reducing the 

induced drag [51].  

 
1.5.2 Twist and Pitch for HAWT 
 
Blade pitch and twist have been widely studied in literature. Ref. [52] showed that 

twisting the blades may achieve the same performances as in the case of changing 
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the chord. An optimization model was developed to optimize the airfoil, chord and 

twist in Ref. [53], and the results showed high improvement in the output power.  

Due to the vital role of pitch and twist in increasing the power production, they have 

been included in many wind turbine experiments and reports as in Ref. [54, 55, 56, 

57, 58, 59]. 

 
1.5.3 Design and Optimization  
 
There are several optimization techniques that are used in literature. These 

techniques are usually classified as local, global or other methods.  

Local methods rely on the derivatives which only search for only one part of the 

design space and stop after finding a local optimum. Local methods include Adjoint, 

Alternating Directional Implicit (ADI) and single or multi-grid preconditioners [60]. 

Global methods are stochastic methods that don’t stuck in local optimum. They take 

into account the entire design space and are not based on derivatives. They only 

require the objective function values.  

Other methods are one-shot or inverse methods [61] that are not discussed in this 

thesis. 

Examples of global methods are the random walk methods, simulated annealing 

(SA) and Genetic algorithms (GA). 

Random walk method is a modification of the random search method which is the 

simplest approach to minimize a function. Large number of candidates are selected 

randomly and the objective functions of these candidates are evaluated and the 

minima or the maxima of these functions is called the optimum [62]. The random 

walk method includes a search direction [63]. So if the sample is found to better than 

the original point, the algorithm goes to this sample. Otherwise another direction is 

tried and so on. The drawback of this method is that the number of function 

evaluations might be too high which makes the algorithm inefficient. 

Simulated annealing is based on the simulation of the annealing of solid bodies [64]. 

The state of the system varies randomly at a given temperature. The sample is 

accepted if its state results in a lower energy level. However, if its state results in 

higher energy level, it is only accepted with an acceptance probability defined as the 

Boltzmann Distribution of the temperature. The simulated annealing method had 
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many implementations and studies in literature. It was applied to airfoil aerodynamic 

shape design in Ref. [65]. In Ref. [66] a new multi-objective simulated annealing 

algorithm was proposed.  

Genetic Algorithms (GA) are search algorithms that mimic the natural behavior in 

terms of biological evolution in order to reach the best possible solution of a given 

problem [67]. An initial population of potential solutions is generated and the 

principle of survival of the fittest is applied. Based on their performances (level of 

fitness) pairs of individuals are selected from this population. Weak individuals tend 

to die before reproducing while stronger ones live longer. In other words, this 

process leads to the evolution of populations of individuals that are better suited to 

their environment than the original populations. 

GAs are widely used in mechanical and aerodynamics applications. Ref. [68, 69] 

used GA in the design of turbines. Ref. [36] used GA together with the BEM theory 

in the design of wind turbine blade. Aerodynamic optimization using CFD is found in 

Ref. [70, 71, 72, 73 and 74]. Ref. [75] used the GA in multi-objective aerodynamic 

shape design optimization. Finally, multidisciplinary optimization of wings was 

investigated in Ref. [76].  

In this work, the Genetic Algorithm is used as the optimization technique.  

 
 
1.6 Scope of the Study 
 
 
The main purpose of this study is to aerodynamically design and optimize winglet, 

twist angle distribution and pitch angle for a wind turbine blade using CFD to 

produce more power. But before that, the following issues were considered: 

 Study the preconditioning effects on wind turbine CFD simulations. Since 

the Mach number is very low, preconditioners are needed. 

 Study different low Reynolds number turbulence models on two test cases 

and see which one gives closer results to experiments. 

 Study the effect of winglets, twist and pitch on the power performance of 

HAWT. The NREL Phase VI is baseline blade for this study. 
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1.7 Thesis Outline 
 
 
The thesis consists of 6 chapters.   

Chapter 1: Introduction about Wind turbines, history, regulation methods, 

aerodynamics and literature review. 

Chapter 2: States the governing equations and numerical methods used for the 

simulation. It also states different turbulence models and 

preconditioners used in the RANS solver. Information about the 

boundary conditions is also mentioned 

Chapter 3: Two test cases are investigated and analyzed. The NREL Phase II 

and NREL Phase VI. The results are compared with the experimental 

results for different turbulence models. This chapter is important to 

validate the solver used and also to choose the most suitable 

turbulence model for further simulations. 

 

Chapter 4: Different winglet, twist and pitch configurations were studied on the 

NREL Phase VI and their effects on the power output of the turbine 

was investigated. 

Chapter 5: The best winglet configuration was optimized for better power 

performance. Also the spanwise twist distribution of the blade was 

optimized. The stall regulated blade was converted into pitch 

regulated and the difference in power curves was studied. Finally a 

combination of winglet and twist was added to the optimum pitch 

regulated blade and the final design was deeply investigated. 

Chapter 7: Concluding remarks are stated and recommendations for future work 

are addressed. 
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CHAPTER 2 
 
 
 
 

GOVERNING EQUATIONS AND NUMERICAL METHODS 
 
 
 
 
 
 
The governing equations of fluid motion are represented by the conservation of 

mass, momentum and energy. With the viscosity effect taken into consideration, 

these equations are known as Navier-Stokes equations. It is accepted that the 

Navier-Stokes equations describe all the properties of the continuous flow system 

[77].  

In principle, the Navier-Stokes equations describe both laminar and turbulent flows. 

In engineering applications (e.g., pumps, compressors, pipe lines and wind turbines) 

turbulent flows are prevalent and have to be simulated [78]. 

Turbulence is a nonlinear process with a wide range of spatial and temporal scales. 

The direct simulation of the turbulent flows, called direct numerical simulation (DNS) 

[78], in most engineering applications is not possible. Even for the very restricted 

cases, the DNS is difficult and costs too much CPU time. In the context of scale 

modeling, the most direct approach is offered by partitioning of the flow field into a 

mean and fluctuating part. This process produces the Reynolds Average Navier-

Stokes (RANS) equations. The RANS equations can’t be solved without information 

about the various correlation terms that make up the stress tensor. The same is true 

for the energy equation (closure problem). So turbulence models are necessary to 

address the closure problem of turbulence modeling [79]. 

The Mach number being very small (less than 0.07) in wind turbines applications, 

the CFD simulation of such flow may have convergence difficulties. To overcome 

this problem, preconditioning is used. 

In this chapter, the numerical methods used throughout the thesis are addressed. 

First the Navier-Stokes equations are presented followed by RANS equations. Then 

different turbulence models are discussed. In addition to that, the different 
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preconditioning methods are stated and finally the boundary conditions used in this 

study are explained. 

 
 
2.1 Navier-Stokes Equations 
 
 
The general three-dimensional Navier-Stokes equations in an integral, conservative, 

vector form can be written over a space volume ܸ bounded by a surface ܵ as: 

߲
ݐ߲

න ܳ ܸ݀
௏

൅  ර ሺ۴ · ሻܖ
ௌ

݀ܵ െ ර ሺ۴્ · ሻܖ
ௌ

݀ܵ ൌ න ்ݏ ܸ݀
௏

 (2.1)

where ܳ is the vector of conservative variables given by:  
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with ݑ ,ߩ୧ and ݁଴ are density, Cartesian velocity component, and total energy 

respectively. 

۴ is the invicid flux and ۴્ is the viscous flux defined as: 
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The index ݅, ݆ ൌ 1, 2, 3 refers to the component in each coordinate. ݌ and ݄଴ are 

pressure and total enthalpy respectively.  

 :contains the source terms and it is defined as ்ݏ
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with ௘݂ଵ, ௘݂ଶ and ௘݂ଷ being the components of external force. ௙ܹ is the work 

performed by those external forces.  
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௙ܹ ൌ ρ ܍܎ ·  ܝ (2.5)

The total enthalpy ݄଴ is related to the total energy ݁଴ by:  

݄଴ ൌ ݁଴ ൅
݌
ߩ

 (2.6)

where the total energy ݁଴ is given by:  
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௜ (2.7)ݑ௜ݑ

thus, 
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here, ݁ is the internal energy and ݄ is the enthalpy. 

The heat flux term ݍ௝ in the energy equation of Eq. (2.3) is given from the thermal 

conduction of Fourier law as: 

௝ݍ ൌ െܭ
߲ܶ
௝ݔ߲

 (2.9)

where, ܭ is the coefficient of thermal conductivity and ܶ is the temperature. 

For Newtonian fluid, the viscous stress tensor, ߬୧௝, in Eq.(2.3) is defined by: 

߬௜௝ ൌ ߤ2 ௜ܵ௝ ൅ ߣ
௞ݑ߲

௞ݔ߲
௜௝ (2.10)ߜ

where, ߤ is the dynamic viscosity,  ߣ is the second coefficient of viscosity, ߜ௜௝ is the 

Kronecker delta and ௜ܵ௝ is the strain-rate tensor. 

 :are related through ߣ and ߤ

ߢ ൌ
2
3

ߤ ൅ (2.11) ߣ

From the Stokes’ hypothesis, for incompressible and/or low Mach number flows, 

ߢ ൌ 0. Thus Eq.(2.11) becomes: 

ߣ ൌ െ
2
3

(2.12) ߤ

The strain-rate tensor, ௜ܵ௝, is given by: 
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௜ܵ௝ ൌ
1
2

ቆ
௜ݑ߲

௝ݔ߲
൅

௝ݑ߲

௜ݔ߲
ቇ (2.13)

Substituting from Eq.(2.12) and Eq.(2.13) into Eq.(2.10), the viscous stress tensor 

can be written as: 

߬௜௝ ൌ ߤ ቈቆ
௜ݑ߲

௝ݔ߲
൅

௝ݑ߲

௜ݔ߲
ቇ െ

2
3

൬
௞ݑ߲

௞ݔ߲
൰ ௜௝቉ (2.14)ߜ

To close the Navier-Stokes equations, it is necessary to find relations between the 

different thermodynamic variables ሺߩ, ,݌ ܶ, ݁, ݄ሻ. Assuming perfect gas and using the 

perfect gas relations: 

݁ ൌ ݄     ,జܶܥ ൌ ,௣ܶܥ  ߛ ൌ
௣ܥ

జܥ
, జܥ ൌ

ܴ
ߛ െ 1

, ௣ܥ ൌ
ܴߛ

ߛ െ 1
  (2.15)

then the pressure is obtained from the equation of state of perfect gas as: 

݌ ൌ ሺߛ െ 1ሻ݁ߩ ൌ ሺߛ െ 1ሻߩ ൬݁଴ െ
1
2

௜൰ (2.16)ݑ௜ݑ

 
 
2.2 Reynolds Averaged Navier-Stokes (RANS) Equations 
 
 
The RANS equations are derived by decomposing the flow variables into mean and 

fluctuating parts as:  

߶ ൌ ߶ത ൅ ߶ ′ (2.17)

Then the viscous conservation laws are averaged over a time interval ܶ: 

߶ത ൌ  lim
்՜∞

1
ܶ

න ߶ሺܠ, ݐሻ݀ݐ
௧ା்

௧
 (2.18)

This time interval should be large enough with respect to the time scales of the 

turbulent fluctuations, but small enough with respect to all other time-dependent 

effects. 

Making use of the following relations and correlation: 

߶തത ൌ  ߶ത,         ߶ ′ഥ ൌ 0,         ߶߰തതതത ൌ ߶ത ത߰ ൅ ߶ ′߰′തതതതതത (2.19)
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Eq.(2.1) becomes: 

߲
ݐ߲

න ܳ ܸ݀
௏

൅  ර ሺ۴ · ሻܖ
ௌ

݀ܵ െ ර ሺ۴્ · ሻܖ
ௌ

݀ܵ ൌ න ܶݏ ܸ݀
ܸ

 (2.20)

where, 

ܳ ൌ  

ە
ۖ
۔

ۖ
ۓ

ҧߩ
തଵݑ ҧߩ
തଶݑ ҧߩ
തଷݑ ҧߩ

ҧ ҧ݁଴ߩ ൅ ሺߩᇱ݁ᇱതതതതത ൅ ݇ሻۙ
ۖ
ۘ

ۖ
ۗ

,   ௝ܨ ൌ  

ە
ۖۖ
۔

ۖۖ
ۓ

ഥߩ ത௝ݑ ൅ ᇱݑᇱߩ
ఫതതതതതത

ഥߩ ത௝ݑതଵݑ ൅ ଵ௝ߜҧ݌ ൅ ଵതതതݑ ఫݑᇱߩ
ᇱതതതതതത ൅ ଵݑᇱߩ

ᇱതതതതതത ݑത௝

ഥ ߩ ത௝ݑതଶݑ ൅ ଶ௝ߜҧ݌  ൅ ఫݑᇱߩ ଶതതതݑ
ᇱതതതതതത ൅ ଶݑᇱߩ

ᇱതതതതതത ݑത௝

ഥߩ ത௝ݑതଷݑ ൅ ଷ௝ߜҧ݌ ൅ ଷതതതݑ ఫݑᇱߩ
ᇱതതതതതത ൅ ଷݑᇱߩ

ᇱതതതതതത ݑത௝

ഥߩ ത݄
଴ݑത௝ ൅ ҧ݁଴ ఫݑᇱߩ

ᇱതതതതതത ൅ ሺߩᇱ݁ᇱതതതതത ൅ ݇ሻ ݑത௝ ۙ
ۖۖ
ۘ

ۖۖ
ۗ

 (2.21)

and, 

జ௝ܨ ൌ  

ە
ۖ
۔

ۖ
ۓ

0
߬ҧଵ௝ െ ߬ଵ௝

்

߬ҧଶ௝ െ  ߬ଶ௝
்

߬ҧଷ௝ െ ߬ଷ௝
்

ത௜߬ҧ௜௝ݑ െ ത௝ݍ ൅ ௝߆
்ۙ

ۖ
ۘ

ۖ
ۗ

 (2.22)

where the kinetic energy of turbulent fluctuations ݇, and the Reynolds stress tensor 

߬௜௝
்  are given by:  

݇ ൌ
1
2

పݑߩ
పݑ′

′തതതതതതത (2.23)

 

 ߬௜௝
் ൌ పݑߩ

ఫݑ′
′തതതതതതത (2.24)

௝߆
் consists of the turbulent heat flux tensor ݍ௝

் and other turbulent terms evolving 

from density-velocity correlations and triple velocity correlations of the turbulent 

fluctuations. Those terms are defined as: 

௝߆
் ൌ ௝ݓ

் െ ௝ݍ
் െ ௝݇

் െ ௝ܧ
் (2.25)

 

௝ݓ
் ൌ െݑపഥ ߬௜௝

் ൅ పݑ
′߬పఫ
′തതതതതത (2.26)

 

௝ݍ
் ൌ ఫݑ′݄ߩ

′തതതതതതത (2.27)
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௝݇
் ൌ

1
2

పݑߩ
పݑ′

ఫݑ′
′തതതതതതതതതത (2.28)

 

௝ܧ
் ൌ పഥݑ పݑߩ

′തതതതതݑఫഥ  (2.29)

To solve the equations above, we need to model all the turbulent terms in the 

equations. Such a task is very difficult. Instead, the compressible density weighted 

averaged (Favre-averaged) RANS equations are very common to use in literature: 

The density weighted average is defined through: 

߶෨ ൌ
തതതത߶ߩ

ҧߩ
 (2.30)

with the decomposition: 

߶ ൌ ߶෨ ൅ ߶ ′′ (2.31)

and the relations: 

߶෨ത ൌ ߶෨  and    ߩ߶ ′′തതതതത ൌ 0 (2.32)

The Favre-averaged RANS equations are now obtained as: 

߲
ݐ߲

න ܳ ܸ݀
௏

൅  ර ሺ۴ · ሻܖ
ௌ

݀ܵ െ ර ሺ۴્ · ሻܖ
ௌ

݀ܵ ൌ න ܶݏ ܸ݀
ܸ

 (2.33)

 

ܳ ൌ  

ە
ۖ
۔

ۖ
ۓ

ҧߩ
෤ଵݑ ҧߩ
෤ଶݑ ҧߩ
෤ଷݑ ҧߩ

ҧ ݁̃଴ߩ ൅  ݇ۙ
ۖ
ۘ

ۖ
ۗ

,   ௝ܨ ൌ  

ە
ۖ
۔

ۖ
ۓ

ഥߩ ෤௝ݑ

ഥߩ ෤௝ݑ෤ଵݑ ൅ ଵ௝ߜҧ݌

ഥ ߩ ෤௝ݑ෤ଶݑ ൅ ଶ௝ߜҧ݌ 

ഥ ߩ ෤௝ݑ෤ଷݑ ൅ ଷ௝ߜҧ݌ 

ഥߩ ത݄
଴ݑ෤௝ ൅ ݇ ෤௝ݑ ۙ

ۖ
ۘ

ۖ
ۗ

 (2.34)

 

జ௝ܨ ൌ  

ە
ۖ
۔

ۖ
ۓ

0
߬̃ଵ௝ െ ߬ଵ௝

்

߬̃ଶ௝ െ  ߬ଶ௝
்

߬̃ଷ௝ െ  ߬ଷ௝
்

෤௜ݑ ߬̃௜௝ െ ෤௝ݍ ൅ ௝߆
்ۙ

ۖ
ۘ

ۖ
ۗ

 (2.35)

with, 

݇ ൌ
1
2

పݑߩ
పݑ′′

′′തതതതതതത (2.36)
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 ߬௜௝
் ൌ పݑߩ

ఫݑ′′
′′തതതതതതത (2.37)

 

߬̃௜௝ ൌ ሺߤ ൅ ௧ሻߤ ቈቆ
෤௜ݑ߲

௝ݔ߲
൅

෤௝ݑ߲

௜ݔ߲
ቇ െ

2
3

൬
෤௞ݑ߲

௞ݔ߲
൰ ௜௝቉ (2.38)ߜ

௝ݍ ൌ െሺܭ ൅ ௧ሻܭ
߲ ෨ܶ

௝ݔ߲
 (2.39)

 

௝߆
் ൌ ௝ݓ

் െ ௝ݍ
் െ ௝݇

் (2.40)

 

௝ݓ
் ൌ െݑത௜߬௜௝

் ൅ పݑ
′′߬పఫ
′′തതതതതത (2.41)

 

௝ݍ
் ൌ ఫݑ′′݄ߩ

′′തതതതതതത (2.42)

 

௝݇
் ൌ

1
2

పݑߩ
పݑ′′

ఫݑ′′
′′തതതതതതതതതത (2.43)

Due to the Reynolds averaging of the Navier-Stokes equations, many extra terms 

have been evolved. Those terms must be modeled in order to close the RANS 

system of equations. In the Section (2.3), various turbulence models are addressed 

and studied. 

More information about the Navier-Stokes and RANS equations are available in Ref. 

[80, 81]. 

 
 
2.3 RANS Equations in Rotating Frame for the Absolute Velocity 
 
 
In general, for rotating systems, the governing equations are formulated in the 

relative system and solved for the relative velocities. However, for some applications 

where far field boundary conditions are necessary, such as propellers and wind 

turbines, the equations are formulated in the relative system but solved for the 

absolute velocities. This formulation makes the far field velocities more physical as 

they should not be affected by the rotation of the blades. So the flow at the external 

boundary conditions is uniform and on the other hand, the flow around the wind 

turbine blade is rotating. In this case, the flow at the far field is not affected by the 
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rotation of the blades and the velocities there are the absolute ones. Where, close to 

the blade, the flow is rotating and the velocities are the relative ones. 

The RANS equations for the absolute velocities in the rotating frame of reference is: 

߲
ݐ߲

න ܳ ܸ݀
௏

൅  ර ሺ۴ · ሻܖ
ௌ

݀ܵ െ ර ሺ۴્ · ሻܖ
ௌ

݀ܵ ൌ න ܶݏ ܸ݀
ܸ

 (2.44)

 

ܳ ൌ  

ە
ۖ
۔

ۖ
ۓ

ҧߩ
෤ଵݑ ҧߩ
෤ଶݑ ҧߩ
෤ଷݑ ҧߩ

ҧ ݁̃଴ߩ ൅  ݇ۙ
ۖ
ۘ

ۖ
ۗ

,   ௝ܨ ൌ  

ە
ۖ
۔

ۖ
ۓ

ഥߩ ෥௝ݓ

ഥߩ ෥௝ݓ෥ଵݓ ൅ ଵ௝ߜҧ݌

ഥ ߩ ෥௝ݓ෥ଶݓ ൅ ଶ௝ߜҧ݌ 

ഥ ߩ ෥௝ݓ෥ଷݓ ൅ ଷ௝ߜҧ݌ 

ഥߩ ത݄
଴ݓ෥௝ ൅ ݇ ෥௝ݓ ۙ

ۖ
ۘ

ۖ
ۗ

 (2.45)

జ௝ܨ ൌ  

ە
ۖ
۔

ۖ
ۓ

0
߬̃ଵ௝ െ ߬ଵ௝

்

߬̃ଶ௝ െ  ߬ଶ௝
்

߬̃ଷ௝ െ  ߬ଷ௝
்

෤௜ݑ ߬̃௜௝ െ ෤௝ݍ ൅ ௝߆
்ۙ

ۖ
ۘ

ۖ
ۗ

 (2.46)

Where ݓ௜ is the ݔ௜ component of the relative velocity and ݑ௜ is the ݔ௜ component of 

the absolute velocity. Thus the formulation involves both the absolute and relative 

velocity components. 

The source term is given as: 

sT ൌ  ൝
0

െρതሺ૑ ൈ ሻܝ
0

ൡ  (2.47)

With ߱ being the angular velocity of the relative frame of reference. 

 
2.3.1 Rotation and Velocity Triangle 
 
For the wind turbine rotor, there should be no rotation in the far field. Only the flow 

close to the wind turbine is affected by the rotation of the blades. Based on the 

formulation of Sec. (2.3), the velocity triangle of a section of the wind turbine rotor is 

shown in Figure (2.1): 
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Figure 2.1: Velocity triangle for a section of the rotor blade 
 
 
Where,  

 ݑ: the axial velocity (wind speed) 

 ܷ: the absolute velocity 

 ݑଶ: the azimuthal component of the absolute velocity 

 ݑଷ: the axial velocity component of the absolute velocity 

 ଵܹ: the relative velocity upstream of the blade 

 ଶܹ: the relative velocity downstream of the blade 

 ߱ݎ: the rotational velocity 

 
 
2.4 Turbulence Models 
 
 
As stated before, it is necessary to model the turbulent terms in the RANS equation 

to be able to solve them. In this study, 5 different turbulence models are 

investigated. The turbulence models used are the Spalart-Allmaras [82, 83], the 

݇ െ ݇ Launder – Sharma [84], the ߝ െ  Yang-Shih [85], Shear Stress Transport ߝ

(SST) ݇ െ ߱ [86] and ߭ଶതതത െ ݂ [87, 88]. All those models are RANS based turbulence 

models. Spalart-Allmaras, the ݇ െ ݇ Launder – Sharma, the ߝ െ  Yang-Shih and the ߝ

Shear Stress Transport (SST) ݇ െ ߱ modesl are all linear turbulent viscosity models. 

Whereas, ߭ଶ െ ݂ is a nonlinear turbulent viscosity model. 

 
2.4.1 Spalart-Allmaras Model 
 
The Spalart-Allmaras model is a one equation model. This turbulence model 

becomes very useful because of its robustness and ability to treat complex flows. Its 
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main advantages over the ݇ െ  models are its robustness and lower CPU and ߝ

memory usage. 

The Spalart-Allmaras model is based on the resolution of additional transport 

equation for the turbulent viscosity. The equation contains advective, diffusive and 

source term. The transport equation is given by: 

෤ߥ݀
ݐ݀

ൌ
1
ߪ

ሼࢺ · ሾሺߥ ൅ ෤ሿߥࢺ෤ሻߥ ൅ ܿ௕ଶሺߥࢺ෤ሻଶሽ ൅ ܿ௕ଵ ሚܵߥ෤ሺ1 െ ௧݂ଶሻ

െ ቄܿ௪ଵ ௪݂ െ
ܿ௕ଵ

ଶߢ ቅ ൜
෤ߥ
݀

ൠ
ଶ

൅ ௧݂ଵሺ∆ݍሻଶ 
(2.48)

where the eddy viscosity is defined by: 

௧ߥ ൌ ෤ߥ ఔ݂ଵ (2.49)

and, 

ఔ݂ଵ ൌ
߯ଷ

߯ଷ ൅ ܿఔଵ
ଷ  ߯ ൌ

෤ߥ
ߥ
 (2.50)

  .is the molecular viscosity ߥ ෤ is a working variable andߥ

The different functions and constants appearing in Equations (2.43) to (2.45) are 

defined as below: 

ሚܵ ൌ ܵ ൅  
෤ߥ

ଶ݀ଶߢ ఔ݂ଶ ఔ݂ଶ ൌ 1 െ
χ

1 ൅ χ ఔ݂ଵ
 (2.51)

where ݀ is the distance to the wall, ߢ is the von Karman constant and ܵ is the 

magnitude of the vorticity. The function ௪݂ is defined as: 

௪݂ ൌ ݃ ቆ
1 ൅ ܿ௪ଷ

଺

݃଺ ൅ ܿ௪ଷ
଺ ቇ

ଵ
଺
 (2.52)

where, 

݃ ൌ ݎ ൅ ܿ௪ଶሺݎ଺ െ ݎ ሻݎ ൌ
ν෤

S෨κଶdଶ
 (2.53)

The functions ௧݂ଵ and ௧݂ଶ are given by: 

௧݂ଵ ൌ ܿ௧ଵ݃௧ exp ቈെܿ௧ଶ ൬
௧ݓ

Δݍ
൰

ଶ
ሺ݀ଶ ൅ ݃௧

ଶ݀௧
ଶሻ቉, ௧݂ଶ ൌ ܿ௧ଷ expሺെܿ௧ସ߯ସሻ (2.54)

Where: 

݀௧ : The distance from the field point to the trip which is located on the surface 

 ௧ : The wall vorticity at the tripݓ
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Δݍ : The difference between the velocities at the field point and at the trip 

݃௧ : ݃௧ ൌ minሾ1.0, Δݓ/ݍ௧Δݔሿ, with Δݔ being the grid spacing along the wall at the trip. 

The constants used so far are: 

ߪ ൌ
2
3

 ܿ௕ଵ ൌ 0.1355 ܿ௕ଶ ൌ ߢ 0.1355 ൌ 0.41 

ܿ௪ଵ ൌ
௖್భ

఑మ ൅ ሺ1 ൅ ܿ௕ଵሻ ⁄ߪ ൌ 2.5093  ܿ௪ଶ ൌ 0.3 ܿ௪ଷ ൌ 2.0 

ܿఔଵ ൌ 7.1 ܿ௧ଵ ൌ 1.0 ܿ௧ଶ ൌ 2.0 ܿ௧ଷ ൌ 1.1 ܿ௧ସ ൌ 2.0 
 

2.4.2 ࢑ െ  Model ࢿ
  
The ݇ െ  model is a two equation turbulence model. In this study, two low Reynolds ߝ

number ݇ െ ݇ models are used. These models are the ߝ െ  Launder-Sharma and ߝ

the ݇ െ  Yang-Shih. The advantage of the low Reynolds number models over the ߝ

standard model is that, in standard models the equations become numerically 

unstable when integrated to the wall. Whereas, the low Reynolds number ݇ െ  ߝ

equations are directly integrated through the viscous sublayer all the way to the wall 

[89]. Each of the low Reynolds number ݇ െ  models is expressed by the turbulent ߝ

kinetic energy equation and the turbulent dissipation rate equation as below: 

ߩ
݇ܦ
ݐܦ

ൌ
߲

௝ݔ߲
ቈ൬ߤ ൅

௧ߤ

௞ߪ
൰

߲݇
௝ݔ߲

቉ ൅ ௞ܲ െ ߳ߩ ൅ ௞ (2.55)ܮ

and, 

ߩ
߳ܦ
ݐܦ

ൌ
߲

௝ݔ߲
ቈ൬ߤ ൅

௧ߤ

ఢߪ
൰

߲߳
௝ݔ߲

቉ ൅ ܿఢଵ ଵ݂ ௞ܲ
߳
݇

െ ܿఢଶ ଶ݂ߩ
߳ଶ

݇
൅ ఢ (2.56)ܮ

where ௞ܲ is the turbulent production defined as: 

௞ܲ ൌ ߬௜௝
௜ݑ߲

௝ݔ߲
 (2.57)

The turbulent viscosity ߤ௧ is computed as: 

௧ߤ ൌ ߩ ఓ݂ܿఓ
݇ଶ

߳
 (2.58)

The coefficients of the ݇ െ  :model are given in Table (2.1) ߝ
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Table 2.1: Coefficients of the ࢑ െ  models ࢿ

࢑ െ  model Launder-Sharma Yang-Shih ࢿ

ܿఓ 0.09 0.09 

ܿఢଵ 1.44 1.44 

ܿఢଶ 1.92 1.92 

 ௞ 1.0 1.0ߪ

 ఢ 1.3 1.3ߪ

ఓ݂ ݁
൤

ିଷ.ସ
ሺଵାோ௘೟/ହ଴ሻమ൨

 1 െ ݁൫஺௫ೌା஻௫್ା஼௫೎൯
మ

 

ଵ݂ 1.0 1.0 

ଶ݂ 
1 െ 0.3݁ିோ௘೟

మ
 

ܴ݁௧ ൌ
݇ଶ

߳ߥ
 

1.0 

ߤ௞ െ2ܮ ቆ
߲√݇
௝ݔ߲

ቇ

ଶ

 0 

ఢ െ2ܮ
௧ߤߤ

ߩ
ቆ

߲ଶݑ௜

௝ݔ߲
ଶ ቇ

ଶ

 െ
௧ߤߤ

ߩ
ቆ

߲ଶݑ௜

௝ݔ߲
ଶ ቇ

ଶ

 

 
 
The other coefficients appearing in the ఓ݂ term of the ݇ െ  :Yang-Shih are ߝ
 
 

Table 2.2: Coefficients of the ࢑ െ  Yang-Shih model ࢿ

x 
݇଴.ହݕ

ߥ
 

A 1.5 ൈ 10ିସ 

a 1 

B 5.0 ൈ 10ି଻ 

b 3 

C 1.0 ൈ 10ିଵ଴ 

c 5 

d 0.5 
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2.4.3 Shear Stress Transport (SST) ࢑ െ ࣓ Model 
 
The ݇ െ ߱ turbulence model is again a two equation model. One equation for the 

kinetic turbulent energy ݇ while the second equation is for the specific turbulent 

dissipation rate ߱. Similar to ݇ െ ߳, the ݇ െ ߱ model has many versions. One of the 

most known one is the Wilcox ݇ െ ߱ model [90, 91]. The Wilcox model has shown 

superior numerical stability to the ݇ െ  model especially in the viscous sublayer ߝ

near the wall. However, the big disadvantage of the Wilcox model is that its results 

are extremely sensitive to the free stream value of ߱ in free shear layer and adverse 

pressure gradient boundary layer flows. Therefore, the ݇ െ ߱ does not seem to be 

an ideal model for applications in the wake region of the boundary layer. On the 

other hand, the ݇ െ  model behaves better in the outer portion and wake regions of ߝ

the boundary layer. So a combination or blending of both of the models including the 

best feature of each one has been sought for. One of the results was the Shear 

Stress Transport (SST) ݇ െ ߱ model.  

The two transport equations of the SST model are defined below: 

ߩ 
஽௞

ௗ௧
ൌ

డ

డ௫ೕ
൤ሺߤ ൅ ௧ሻߤ௞ߪ డ௞

డ௫ೕ
൨ ൅ ௞ܲ െ (2.59) ݇߱ߩכߚ
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߲߱
௝ݔ߲

቉ ൅ ߛ ௞ܲ
߱
݇

െ ଶ߱ߩߚ ൅ 2ሺ1 െ ఠଶߪߩଵሻܨ
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߱

߲݇
௝ݔ߲

߲߱
௝ݔ߲

 (2.60)

where the constant כߚ ൌ 0.09. The last term on the right hand side of Eq. (2.60) is a 

cross diffusion term that is activated only outside the boundary layer.  

 ଵ is the blending function which is designed to blend the model coefficients of theܨ

original ݇ െ ߱ model in the boundary layer zones with the transformed ݇ െ ߳ model 

in free shear layer and free stream zones. 

The constants appearing in Equations (2.59) and (2.60) are expressed in a ageneral 

compact form as: 

߶ ൌ ଵ߶ଵܨ െ ሺ1 െ ଵሻ߶ଶ (2.61)ܨ

where ߶ଵ represents the constants associated with the ݇ െ ߱ model (when ܨଵ ൌ 1), 

and ߶ଶ represents the constants associated with the ݇ െ ߳ model (when ܨଵ ൌ 0). 
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Now, ߛ, ,ߚ  :ఠ defined by blending the coefficients asߪ ௞ andߪ

 Inner model constants: ߛଵ ൌ ଵߚ   ,0.5532 ൌ 0.075, ௞ଵߪ ൌ 0.5, ఠଵߪ   ൌ 0.5  

 Outer model constants: ߛଶ ൌ ଶߚ   ,0.4403 ൌ 0.0828, ௞ଶߪ ൌ 1.0, ఠଶߪ   ൌ 0.856 

The blending function ܨଵ is defined by: 

ଵܨ ൌ tanh ቐ݉݅݊ ቎݉ܽݔ ቌቆ
√݇

݀߱כߚ
,
ߥ500
߱݀ଶ ቇ ,

ఠଶ݇ߪߩ4
௞ఠ݀ଶቍ቏ቑ (2.62)ܦܥ

with, 

௞ఠܦܥ ൌ ݔܽ݉ ቆ2ߪߩఠଶ
1
߱

߲݇
௝ݔ߲

߲߱
௝ݔ߲

, 1.0݁ିଶ଴ቇ (2.63)

and ݀ being the distance to the nearest surface. 

 
2.4.4 ࣏૛തതത െ  Model ࢌ
 
The ߭ଶ െ ݂ model is a nonlinear turbulent viscosity model. Here the turbulent stress 

normal to the streamlines is used instead of the turbulent kinetic energy in the 

definition of the turbulent viscosity. Therefore, unlike the low Reynolds number ݇ െ ߳ 

models, this model does not require any damping function. ߭ଶ represents the 

turbulence stress normal to streamlines and ݂ is a redistribution function.  

The model used in the thesis is derived from the one described in Ref. [92]. It is 

based on high Reynolds number ݇ െ ߳ model with two additional equations for the 

turbulent stress normal to streamlines and the redistribution function. 

ߩ
݇ܦ
ݐܦ

ൌ
߲

௝ݔ߲
ቈ൬ߤ ൅

௧ߤ

௞ߪ
൰

߲݇
௝ݔ߲

቉ ൅ ௞ܲ (2.64)
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The turbulent viscosity is computed as:  

௧ߤ ൌ ఓ߭ଶܶ (2.68)ܿߩ

where the turbulent time scale ܶ and length scale ܮ are defined by: 

ܶ ൌ ݉݅݊ ቊ݉ܽݔ ቈቆ
݇
߳

, 6ට
ߥ
߳

ቇ ,
0.6݇

ఓ߭ଶܵܥ6√
቉ቋ (2.69)

 

ܮ ൌ ݔ௅݉ܽܥ ൝݉݅݊ ൥൭
݇

ଷ
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߳
,

݇
ଷ

ଶൗ

ఓ߭ଶܵܥ6√
൱ , ఎܥ

ߥ
ଷ

ସൗ

߳
ଷ

ସൗ
൩ൡ (2.70)

where ܵ is the magnitude of strain rate. The parameters appearing in the equations 

above are: ܥఓ ൌ 0.22, ௞ߪ ൌ 1.0, ఢߪ ൌ 1.3, ఢଵܥ ൌ 1.4 ቈ1 ൅ 0.05 ቆට ௞

జమቇ቉,   

ఢଶܥ ൌ 1.9, ଵܥ   ൌ 1.4, ଶܥ ൌ 0.3, ௅ܥ ൌ 0.23, ఎܥ ൌ 70  

 
 
2.5 Abu-Ghannam and Shaw Transition Model 
 
 
The laminar layer developed at the surface of a solid body starts as laminar and 

then becomes turbulent over a relatively short distance called transition region. A 

factor called intermittency is used to differentiate between the laminar and transition 

regions. The intermittency is defined as the fraction of time during which the flow 

over any point on a solid surface is turbulent.  It should be zero in the laminar 

boundary layer region and one in the turbulent boundary layer region. 

The location of transition could be computed from the flow solution by using 

empirical relations related to external parameters. In this study, the relations 

obtained by Abu-Ghannam and Shaw [93] are used. These relations are derived 

from experimental data from transition on a flat plate with pressure gradients. 

According to this model, the transition starts at a momentum thickness Reynolds 

number defined as: 

ܴఏ௦ ൌ 163 ൅ exp ቆܨሺߣఏሻ െ
ఏሻߣሺܨ

6.91
߬ቇ (2.71)
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Where, ߣఏ is a dimensionless pressure gradient defined as: 

ఏߣ ൌ
ଶߠ

ߥ
݀ ௘ܷ

ݏ݀
 (2.72)

Where; 

 ௘ܷ : the velocity at the edge of the boundary layer 

 ݏ : the streamwise distance from the leading edge 

 ߠ : the momentum thickness in the laminar region 

 ߬ : the free stream turbulence level in percentage. 

The function ܨሺߣఏሻ depends on the sign of pressure gradient: 

ఏሻߣሺܨ ൌ 6.91 ൅ 12.75 ఏߣ ൅ 63.64 ሺߣఏሻଶ ,   ሺߣఏ ൏ 0ሻ (2.73)

ఏሻߣሺܨ ൌ 6.91 ൅ 2.48 ఏߣ െ 12.27 ሺߣఏሻଶ,   ሺߣఏ ൐ 0ሻ (2.74)

So Eq.(2.73) is for the adverse pressure gradient wher Eq.(2.74) is for the favorable 

pressure gradient. 

According to relations (2.73) and (2.74), the transition is promoted in adverse 

pressure gradient where it is retarded in favorable pressure gradient. 

 
 
2.6 Preconditioning For Low Mach Number Flows 
 
 
At low Mach number values, the time marching algorithms designed for 

compressible flows show lack of efficiency. Two main problems are faced by the 

compressible flow codes at low Mach number. First, the difference in values 

between the convective eigenvalues (ݑ) and the acoustic eigenvalues (ݑ ൅ ܿ and 

ݑ െ ܿ) leading to a much restrictive time step for the convective waves which causes 

poor convergence characteristics. The second problem is round off errors mostly 

due to the use of the absolute pressure in the momentum equations. 

This enhances the development of a low speed preconditioner in order to achieve 

fast convergence and more accurate solutions when the Mach number is very low. 

For steady state applications solved by time marching algorithm, the time derivatives 

of the dependent variables are multiplied by a matrix called preconditioning matrix. 

The aim of this matrix is to remove the stiffness of the eigenvalues, and to introduce 
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the reduced flow variables (such as dynamic pressure and dynamic enthalpy), 

hence reducing the round off errors at low Mach numbers. The idea is to replace the 

acoustic wave speed ܿ by a pseudo wave speed ܿᇱ which is of the same order of 

magnitude as the fluid speed.  

Two preconditioning models will be introduced here; the Hakimi preconditioning [94, 

95] and the Merkle preconditioning [95, 96] and depending on the accuracy of the 

solution, one of them will be used for the rest of the work. 

 
2.6.1 Hakimi Preconditioning 
 
The Hakimi preconditioner has proved to give efficient convergence rates and 

accurate solutions for Mach numbers between 10-6 to 0.1 and Reynolds numbers 

from 10-6 to 106 and aspect ratios from 1 to 2000 [95]. 

The preconditioned RANS equations can be written as: 

න Γିଵ ߲ܷ
ݐ߲

ܸ݀
௏

൅ ර ሺ۴ · ሻܖ
ௌ

݀ܵ െ ර ሺ۴્ · ሻܖ
ௌ

݀ܵ ൌ න ܸ݀ ்ݏ
௏

 (2.75)

with, 
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௚ܧ

݇ߩ
߳ߩ

 

ۙ
ۖۖ

ۘ

ۖۖ

ۗ

 (2.76)

where ݌௚ is the gauge pressure defined as: 

௚݌ ൌ ݌ െ ௥௘௙ (2.77)݌

For perfect gas, the total gauge energy ܧ௚ is defined as: 

௚ܧ ൌ ܿ௩൫ܶ െ ௥ܶ௘௙൯ ൅
࢛ଶ

2
 (2.78)

Then, the Hakimi preconditioning matrix for turbulence transport equations for 

compressible flow is given by: 



32 
 

ଵି߁ ൌ  

ە
ۖ
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
ۖ
ۓ

1
βଶ 0 0 0 0 0 0 0 ڮ 0

ሺ1 ൅ αሻuଵ

βଶ ߩ 0 0 0 0 0 0 ڮ 0

ሺ1 ൅ αሻuଶ

βଶ 0 ߩ 0 0 0 0 0 ڮ 0

ሺ1 ൅ αሻuଷ

βଶ 0 0 ߩ 0 0 0 0 ڮ 0

െ
αܝଶ ൅ E୥

βଶ 0 0 0 ߩ 0 0 0 ڮ 0

0 0 0 0 0 ߩ 0 0 ڮ 0
0 0 0 0 0 0 ߩ 0 ڮ 0ۙ

ۖ
ۖ
ۖ
ۖ
ۖ
ۘ

ۖ
ۖ
ۖ
ۖ
ۖ
ۗ

 (2.79)

The preconditioning parameters ߙ and ߚ are defined as: 

ߙ ൌ െ1,     ߚ ൌ ඥכߚ
௥ܷ௘௙ (2.80)

With ௥ܷ௘௙ is the reference velocity and כߚ is a coefficient.  

 
2.6.2 Merkle Preconditioning 
 
Although the Hakimi preconditioner is in general sufficient and can treat any type of 

fluids at low Mach number, the Merkle preconditioner is used to obtain more 

robustness scheme that gives accurate solution at all Mach numbers and for all 

Reynolds numbers. 

The Navier-Stokes equations can be written as: 

1
ݐ߲

න ߲ܳ ܸ݀
௏

൅  ර ሺ۴ · ሻܖ
ௌ

݀ܵ െ ර ሺ۴્ · ሻܖ
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݀ܵ ൌ න ்ݏ ܸ݀
௏

 (2.81)

with ܳ defined in Eq.(2.2). Now the set of independent variables is changed from the 

vector conservative variables ܳ to the vector of viscous primitive variables ܳ௩. This 

is done by splitting the unsteady term as: 

න
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߲ܳ௩
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where, 
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and the Jacobian 
డொ

డொೡ
 is given as: 
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௣ߩଵݑ ߩ 0 0 ்ߩଵݑ
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ۗ

 (2.84)

The subscripts ݌ and ܶ denotes for the isothermal derivative with respect to the 

pressure and temperature respectively.  

The Jacobian is replaced by the Merkle preconditioning matrix as: 
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Ԣ௣ߩଷݑ 0 0 ߩ Ԣ்ߩଷݑ
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 (2.85)

The parameters ߩԢ௣, ,Ԣ்ߩ ݄Ԣ௣, and ݄Ԣ் are the ones used to control the scaling 

for the dynamics of the flow. Since,  ߩԢ், ݄Ԣ௣, and ݄Ԣ் have minor effects on 

the dynamics of the Navier-Stokes equations, the Fine/Turbo solver sets 

those parameters to their physical values. Hence, only the parameter ߩԢ௣ 

remains in order to control the preconditioning. This parameter is expressed 

as: 

Ԣ௣ߩ ൌ
1

௣ݒ
ଶ െ

ሺ1்ߩ െ ௣ሻ݄ߩ
௣݄ߩ

 (2.86)

where ݒ௣ is the particle velocity calculated inside the solver. 
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2.7 Boundary Conditions 
 
 
Two types of boundary conditions are available for the CFD simulation of wind 

turbine rotor blade; the solid wall boundary conditions (on the blade) and the 

external boundary conditions.  

 
2.7.1 Solid Wall Boundary Conditions 
 
The turbulent wall boundary conditions are treated as follow: 

a) Spalart-Allmaras Model: 

For the Spalart-Allmaras turbulence model, the turbulent working variable is 

set to zero in the solid wall: 

෥ߥ ൌ 0 (2.87)

b) ݇ െ ߳ Model: 

For the ݇ െ ߳ model, the values for ݇ and ߳ are imposed at the solid wall. 

 

c) ݇ െ ߱ Model: 

For the ݇ െ ߱ model, the boundary condition on the solid wall is as follow: 

߱௪௔௟௟ ൌ
ߥ60
ଵ݀ଶ (2.88)ߚ

 

݇௪௔௟௟ ൌ 0 (2.89)

 

d) ߭ଶ െ ݂ Model:  

For the ߭ଶ െ ݂ model, the boundary condition on the solid wall is as follow: 

݇௪௔௟௟ ൌ 0 (2.90)

 

߳௪௔௟௟ ൌ ߥ2
݇

ଶ (2.91)ݕ

 

߭ଶ
௪௔௟௟ ൌ 0 (2.92)

 

௪݂௔௟௟ ൌ 0 (2.93)
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2.7.2 External Boundary Conditions 
 
External boundary conditions use the Riemann invariants (non-reflective boundary 

conditions). Detailed information about Riemann invariants are found in Ref. [97]. 

The boundary conditions at the far field are uniform because the velocities at the far 

field are not affected by the rotation of the blades. Only in blocks close to the blade, 

the flow is affected by the rotation. The interaction between the rotating and non-

rotating blocks, is handled by the code. 

The values for the static pressure, temperature  and axial velocity needed to define 

the external boundary conditions are obtained from the experimental data. Whereas, 

the turbulent viscosity ߥ௧, the turbulent kinetic energy ݇ and the turbulent dissipation 

rate ߳ are calculated as follow: 

The dynamic viscosity is calculated from the Sutherland’s law [98]: 

ߤ ൌ ௥௘௙ߤ ቆ
ܶ

௥ܶ௘௙
ቇ

ଷ ଶ⁄
௥ܶ௘௙ ൅ ܵ
ܶ ൅ ܵ

 (2.94)

where: 
 ௥ܶ௘௙: Reference temperature 

 ߤ௥௘௙: Viscosity at ௥ܶ௘௙.  

 ܵ: Sutherland temperature 

For air as a perfect gas, the Sutherland’s law coefficients are given in the table 

below: 

 
 

Table 2.3: Sutherland’s law Coefficient 

Gas ߤ௥௘௙ ሺ݇݃ ⁄ݏ݉ ሻ ௥ܶ௘௙ ሺܭሻ ܵ ሺܭሻ 
Air 1.716 ൈ 10ିହ 273.15 110.4 

 
 
Then the kinematic viscosity is calculated from Eq.(2.95) as:        

ߥ ൌ ߤ ⁄ߩ  (2.95)

Finally, for external flows the turbulent viscosity is calculated from [65]:            

்ߥ ௘௫௧௘௥௡௔௟ ൌ ௘௫௧௘௥௡௔௟ (2.96)ߥ

The turbulent kinetic energy ݇ is calculated from the turbulent intensity ௨ܶ as follow: 
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௨ܶ ൌ
ඥ̀ݑଶതതത

௥ܷ௘௙
 (2.97)

For external flow, the turbulent intensity is reduced to 1 % [80], then: 

 ݇ ൌ
ଷ

ଶ
ቀඥ̀ݑଶതതതቁ

ଶ
 (2.98)

Using the value for ݇, the turbulent dissipation � is calculated as: 

ߝ  ൌ ఓܥ
ఓ

ఓ೟

ఘೝ೐೑௞మ

ఓ
                          (2.99)

with ܥఓ ൌ 0.09. 
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CHAPTER 3 
 
 
 
 

CFD SIMULATIONS OF TEST CASES:  

NREL PHASE II AND PHASE VI HAWT ROTORS 

 
 
 
 
 
 
In this chapter, the results of the three-dimensional steady state Computational Fluid 

Dynamics (CFD) simulations of two test cases are presented. The test cases are 

obtained from the National Renewable Energy Laboratory (NREL). The test cases 

are the NREL Phase II and NREL Phase VI horizontal axis wind turbine (HAWT) 

rotors. Those test cases are used as a validation for the commercial CFD software 

Numeca Fine/Turbo solver. In addition to that, five different turbulence models are 

tested and the results of each model are compared with the available experimental 

data. This is important to choose the best turbulence model of closest solution to the 

experimental data which will be used throughout the rest of the thesis. The 

turbulence models tested are: Spalart-Allmaras, the ݇ െ  Launder – Sharma, the ߝ

݇ െ ݇ Yang-Shih, Shear Stress Transport (SST) ߝ െ ߱  and ߭ଶതതത െ ݂. More information 

about those models is available in Section (2.3). Also the Spalart-Allmaras with Abu-

Ghannam and Shaw transition model has been investigated for NREL II test case. 

 
 
3.1 Test Case I: NREL Phase II 
 
 
3.1.1  Experimental Data and Real Blade Description 
 
The experimental data for NREL Phase II is obtained from the IEA Annex XIV 

database [99]. This database was built as a contribution of many European research 

labs and the NREL to store and document the experimental data for various tested 

wind turbines and make it available to researchers.  
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The wind turbine is a downwind three-bladed HAWT and the blades are untapered 

and untwisted. The S809 airfoil is used throughout the span of the blades. The S809 

airfoil is a 21% thick laminar flow airfoil designed for HAWT purposes [100]. 

Throughout the blade span, the airfoil is pitched down by 12 degrees. The geometry 

and pitching of the airfoil are shown in Figure (3.1) below [101]: 

 
 

 

Figure 3.1: Geometry of S809 Airfoil and pitch angle 
 
 
The blade description is given in the Table (3.1): 
 
 

Table 3.1: NREL Phase II blade description 

Number of blades 3 

Rotor diameter 10.06 m 

RPM 72 RPM 

Cone angle 3 degrees 25’ 

Rotor location Downwind 

Power regulation Stall regulated 

Root extension 0.723 m 

Pitch angle 12 degrees (down) 

Blade profile S809 

Blade chord length 0.4572 m, constant along the span

Twist angle 0 degrees along the span 

Blade thickness 
At 14.4% span, t/c = 43% 
At 30% span, t/c = 21% 

Outward 30%span, t/c = 21% 
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The measurement of the static pressure is the most important yet most difficult task. 

The quality of the aerodynamic performance coefficients depends on the accuracy 

of the individual pressure tap measurements.  

In the experiment, 28 pressure taps were installed at 4 primary spanwise sections: 

30%, 47%, 63%, and 80% span. Pairs of taps at 4% chord and 36% chord were 

installed at different other intermediate span locations. 

 
 

 
 

Figure 3.2: Pressure taps and probes locations of NREL II [54] 
 
 
Five hole-probes were installed at 34%, 51%, 67% and 84% span to measure the 

static pressure and the local effective angle of attack. The pressure taps and probes 

locations are shown in Figure (3.2). More information about the database and the 

experimental setup are available in Ref. [54, 55]. 

 
3.1.2 Geometric Blade 
 
The difference between the real blade and geometric blade is only in the trailing 

edge region. The real blade is of very sharp trailing edge. Meshing sharp edges is 

difficult and results in poor mesh quality. To overcome this problem, the trailing edge 
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was rounded through a radius of 0.001 m. This improved the mesh quality and made 

it more robust. 

 

 

Sharp Trailing edge of the real blade section 

 

 

Rounded Trailing Edge of the geometric blade section 

Figure 3.3: Trailing edge shape 
 
 
It is believed that, such a change in the trailing edge will not have important effect on 

the results. Because the results are compared with experimental data. And in 

experiments, it is not possible to manufacture a blade of very sharp trailing edge. 

The geometric blade consists of 4 sections as shown in Figure (3.4); 

 Section 1: at the root of the blade 

 Section 2: at 30% span where the thickness is reduced to 21% 

 Section 3: at midspan 

 Section 4: at the tip 

It should be noted that, between section 1 and section 2, the blade thickness 

decreases linearly from 43% to 21%. The blade was generated using the Numeca 

blade generator AutoBlade. 
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Figure 3.4: 3D NREL II blade geometry generated by AutoBlade 
 
 
3.1.3 Mesh Study 
 
The structured mesh was generated using the Numeca AutoGrid mesh generator. 

The mesh was generated for a single blade with imposing the periodic condition to 

account for the other two blades. The number of points on the entire mesh including 

the blade and external flow is about 2.7 million points and the number of points on 

one blade is 1.63 million points. The thickness of the first cell to the wall was kept at 

2 ൈ 10ିହ݉ so that the ݕା value falls between 1 and 9. Such range of ݕା is suitable 

for the tested turbulence models. The mesh quality is listed in Table (3.2) below: 

 
Table 3.2: Mesh quality of NREL II 

Field 
Orthogonality 

(Min., Average) 
Aspect Ratio 

(Max., Average) 
Expansion Ratio 
(Max, Average) 

Blade (33.6, 79.0) (20406, 545) (2.2, 1.4) 

External (25.4, 80)) (17522, 539) (2.5, 1.4)) 

 
 
From the table above, it is shown that the mesh is of high quality and robustness.  

The terms mentioned in Table (3.2) are explained as below [102]: 

1. Orthogonality; It is a measure of the minimum angle between the edges of 

the element. 

2. Aspect Ratio; It is defined in Figure (3.5) below: 

 

 
 

Figure 3.5: Definition of mesh aspect ratio. 
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3. Expansion Ratio; It is a measure of the size variation between two adjacent 

cells Figure (3.6). 

 

 

Figure 3.6: Definition of mesh expansion ratio 
 
 
The 2D mesh at midspan section of the blade is shown in Figure (3.7): 
 
 

 
 

 
 

Figure 3.7: 2D mesh at blade midspan of NREL II 
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The mesh consists of 16 blocks which are all together stand for the mesh of the 

blade and the external field as shown in Figure (3.8): 

 
 

 
3D Mesh block structure 

 
3D Mesh 

 
3D Blade mesh 

 
Mesh at the tip 

 

Figure 3.8: 3D mesh for NREL II 
 
 
3.1.4 Reynolds Number 
 
To check the type of the flow if it is turbulent or laminar, the Reynolds number 

values have been calculated at the root and tip of the blade. The values are listed in 

Tables (3.3) and (3.4): 

  
 

Flow Direction
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Table 3.3: Reynolds number values at the root for NREL II blade 

 

 
 

Table 3.4: Reynolds number values at the tip for NREL II blade 

 

 

 

 

 
 
 
 
From the results above, the lowest value for Re occurs at the root at 7m/s. This 

value is 186435 which corresponds to turbulent flow. So the flow at all the 

considered wind speeds and spanwise sections along the blade is turbulent. 

 
3.1.5 CFD Simulation and Results 
 
The three-dimensional steady state RANS equations are solved using the 

Fine/Turbo solver of Numeca International. Merkle preconditioner is imposed and 4 

different turbulence models are tested. The turbulence models are; Spalart-Allmaras 

fully turbulent, Sparlat-Allmaras with Abo Ghannam and Shaw transition model , the 

݇ െ ݇ Launder – Sharma, the ߝ െ Yang-Shih and ߭ଶതതത ߝ െ ݂.  

The results in terms of power production and pressure distribution are compared 

with the available experimental data. 

First the results of power production are compared with the experimental data. 

However, in the experimental data, when comparing the rotor torque derived power 

against the generator power, it is found that the efficiency does not match the 

Wind Speed (m/s) Reynolds Number 

7.2 186435 

10.5 268774 

12.9 327160 

16.3 417522 

19.2 489853 

Wind Speed (m/s) Reynolds Number 

7.2 997105 

10.5 1008911 

12.9 1019312 

16.3 1058294 

19.2 1085255 
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published efficiency. To overcome this problem, a better curve fit between the 

mechanical and generator power is found in Ref. [103] as shown in Eq. (3.1) below: 

 ௚ܲ௘௡௘௥௔௧௢௥ ൌ 0.9036 ௠ܲ௘௖௛௔௡௜௖௔௟ െ 0.847 (3.1)

The results are obtained at 5 different wind speeds. The comparison between the 

experimental and computed power for different turbulence models is shown in 

Figure (3.9): 

 
 

 

Figure 3.9: Comparison of experimental power with computed power for NREL II 
 
 
All the turbulence models were found to be stable for the whole wind speed range. 

They have showed good convergence (more than 4 orders).  

From Figure (3.9), in general, all the turbulence models show considerable 

agreement with the experimental data except for the Spalart-Allmaras with 

transition. This model shows considerable deviation from experimental results. This 

model is excluded from further discussions. 

 At pre-stall wind speeds, all the models have similar behavior in power prediction. 

At moderate and stall wind speeds, Spalart-Allmaras and ݇ െ  Launder – Sharma ߝ

models could predict the power more accurate. On the other hand, the ݇ െ -Yang ߝ

Shih and ߭ଶതതത െ ݂ overpredicted the power. Spalart-Allmaras with transition 

underpredicted the power. 
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At high wind speeds, Spalart-Allmaras underpredicted the power while ݇ െ -Yang ߝ

Shih and ߭ଶതതത െ ݂ overpredicted the power. On the other hand, ݇ െ  – Launder ߝ

Sharma showed the best agreement with experimental data. Where, Spalart-

Allmaras with transition has a poor agreement with experiment. 

The power prediction results and the associated errors are listed in Table (3.3): 
 
 

Table 3.5: Power prediction errors of different turbulence models for NREL II 

Speed 
(m/s) 

Exp. 
data 

SA 
݇ െ – Launder ߝ

Sharma 
݇ െ -Yang ߝ

Sheih 
V2-f 

Power 
(kw) 

Power 
(kW) 

Error 
(%) 

Power
(kW) 

Error 
(%) 

Power
(kW) 

Error 
(%) 

Power 
(kW) 

Error 
(%) 

7.217 0.79 0.95 20.79 0.92 16.46 0.95 20.79 1.02 29.44 

10.48 6.69 6.73 0.51 6.50 2.85 7.05 5.40 7.10 6.11 

12.85 9.80 10.11 3.17 10.06 2.68 10.80 10.26 10.49 7.06 

16.28 13.52 12.95 4.22 13.60 0.61 14.56 7.71 13.87 2.58 

19.18 14.47 12.93 10.65 14.54 0.45 15.50 7.14 15.19 4.97 

 
 
From the above results, one may conclude that, the closest results to the 

experimental data were obtained by ݇ െ  Launder – Sharma turbulence model. This ߝ

model could capture the correct power at pre-stall, stall and high wind speeds.  

The three-dimensional gauge pressure contours on the suction side and pressure 

side of the blade are shown in Figures (3.10), (3.11) and (3.12) for the ݇ െ  LS ߝ

turbulence model at three different wind speeds 7.2, 12.85 and 19.18 m/s. 

The gauge pressure is the difference between the static pressure and the free 

stream pressure defined as: 

௚௔௨௚௘݌  ൌ ௦௧௔௧௜௖݌ െ ஶ (3.2)݌
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Pressure Side 

 

Pressure (Pa) 

 

Suction Side 

 
 

Figure 3.10: Gauge pressure contours for NREL II at 7.2 m/s 
 
 

Pressure Side 

 
 

Pressure (Pa) 

 

Suction Side 

 

Figure 3.11: Gauge pressure contours for NREL II at 12.85 m/s 
 

LE  LE 

LE  LE 

TETE 

TE  TE



48 
 

Pressure Side 

 

Pressure (Pa) 

 

Suction Side 

 
 

Figure 3.12: Gauge pressure contours for NREL II at 19.18 m/s 
 
 
The results show considerable pressure variation in both spanwise and chordwise 

directions. The variation becomes more towards the tip. 

The gauge pressure distribution is computed using the ݇ െ  Launder – Sharma ߝ

turbulence model at four spanwise sections of the blade, 30%, 47%, 63% and 80%. 

In fact all other models showed similar behavior as ݇ െ  Launder – Sharma, but ߝ

they are not included in the results here not to make the figures so crowded. 

The results are obtained at three different wind speeds, 7m/s, 12.85 m/s and 19.18 

m/s. Those wind speeds cover the pre-stall, stall and post-stall speeds. 

 

 

 

 

 

 

LE  LE TE  TE
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Figure 3.13: Pressure distribution comparison between experimental and 
calculated at different spanwise sections at 7.2 m/s for NREL II 
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Figure 3.14: Pressure distribution comparison between experimental and 
calculated at different spanwise sections at 12.85 m/s for NREL II 
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Figure 3.15: Pressure distribution comparison between experimental and 
calculated at different spanwise sections at 19.18 m/s for NREL II 
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At 7.2m/s, the computed pressure distribution at all sections of the blade is in good 

agreement with the experimental data as noticed from Figure (3.13). At this wind 

speed, the flow is completely attached and no separation occurs.  

At 12.85 m/s, there is great discrepancy between the computed and experimental 

pressure distribution in the suction side of the inboard span of 30%. At this speed 

separation has occurred and the formed vorticity is stronger close to the root. So it 

becomes difficult for the solver with low Reynolds turbulence model to capture the 

separation at the suction side and that is the reason behind such discrepancy. At the 

other sections, it is seen from Figure (3.14) that the computed results are in good 

agreement with the experimental data. Same discrepancy was also noticed using 

different solver in Ref. [43].  

At 19.18 m/s, again there is a discrepancy at the sections of 30%, 63% and 80% as 

shown in Figure (3.15). At this speed, the separation occurs in all the mentioned 

sections and the formed vorticity is stronger. Capturing the separation 

characteristics using solvers based on low Reynolds turbulence models is very 

difficult.  

It should be noted that, since the aim of the thesis is to design a wind turbine blade 

which produces more power at low and moderate wind speeds, one should not care 

about the discrepancy occurring at high wind speeds. 

The separation is investigated by plotting the relative velocity contours with 

streamlines at different spanwise blade sections. The plots were obtained for wind 

speeds of 7m/s, 12.85 and 19.18 m/s. 

The results obtained for the relative velocity contours with streamlines supports the 

previous discussion.  

At 7m/s, Figure (3.16) shows that no separation occurs and the pressure distribution 

results were in good agreement with experimental results.  

At 12.85 m/s, Figure (3.17) shows that separation with two vorticies occur at 30% 

section. The vorticies decrease to one vortex at 47% section and then it becomes 

weaker at 63% section and finally it vanishes at 80%. As mentioned before the 

discrepancy in pressure distribution also decreases as one goes from root to tip. 

At 19.18 m/s, Figure (3.18) shows that separation and formation of vorticies happen 

at all sections. This explains the deviation of the computed pressure distribution 
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from the experimental results at those sections. However, as one goes towards the 

tip, the vorticity decreases and the also the pressure deviation decreases as well.   

 
 

Magnitude of Relative Velocity (m/s) 

 

 

 

Figure 3.16: Relative velocity contours with streamlines at 7.21m/s on different 
sections for NREL II 

 

 

 

 

 

30 % 47 % 

63 % 80 % 
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Magnitude of Relative Velocity (m/s) 

 

 

 

Figure 3.17: Relative velocity contours with streamlines at 12.85 m/s on different 
sections for NREL II 

 

 

 

 

 

 

 

30 % 47 % 

63 % 80 % 



55 
 

Magnitude of Relative Velocity (m/s) 

 

 

 

Figure 3.18: Relative velocity contours with streamlines at 19.18 m/s on different 
sections for NREL II 

 
 
3.1.6 Results of Preconditioning 
 
So far the Merkle preconditioner has been implemented in the computations due to 

the low Mach number. To see the effect of Merkle preconditioner on the 

convergence and accuracy of the solution, the computations without preconditioner 

are compared to the ones with Merkle preconditioner at two different wind speeds; 

12.85 m/s and 19.18 m/s. All the computations are done using Spalart-Allmaras 

turbulence model. 

 

30 % 47 % 

63 % 80 % 
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The history of convergence for the different computations is summarized in the 

figures below: 

 
 

 

Figure 3.19: History of convergence of NREL II computation with Merkle 
preconditioner at 12.85 m/s 

 
 

 

Figure 3.20: History of convergence of NREL II computation without preconditioner 
at 12.85 m/s 
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Figure 3.21: History of convergence of NREL II computation with Merkle 
preconditioner at 19.18 m/s 

 
 

 

Figure 3.22: History of convergence of NREL II computation without preconditioner 
at 19.18 m/s 

 
 
From Figure (3.19), the solution with Merkle preconditioner has converged after 

about 1000 iterations. On the other hand, Figure (3.20) shows that the solution 

without preconditioner has converged after 2000 iterations. Similar results are seen 

in Figures (3.21) and (3.22). So the usage of preconditioner has speeded up the 

convergence by about two times. 

The gauge pressure distribution in the spanwise direction of the blade is given in the 

figures below: 
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Figure 3.23: Pressure distribution comparison at 12.85 m/s for NREL II 
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Figure 3.24: Pressure distribution comparison at 19.18 m/s for NREL II 
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At 12.85 m/s, Figure (3.23) shows that, at 30% span, both of the methods result in 

considerable deviation from experimental results.  At the other spanwise locations, 

both of the methods show good agreement with the experimental results. 

At 19.18 m/s, Figure (3.24) shows that, without preconditioning, the results are 

closer to the experimental data. However close the root, the results show big 

deviation from experiments.  

 
 
3.2 Test Case 2: NREL Phase VI 
 
 
3.2.1 Experimental Data and Real Blade Description 
 
The rotor blade of NREL Phase VI is selected to be the second test case for the 

CFD simulation of this study. The NREL Phase VI unsteady aerodynamics 

experiments [56, 57] were conducted in large scale at the NASA Ames wind tunnel 

facilities. Among the series of tests and sequences, the blade of sequence ܪ was 

selected as the baseline blade of this study. The wind turbine of this sequence is an 

upwind, two-bladed HAWT and the blades are tapered and twisted. Similar to NREL 

Phase II, the blades of this wind turbine have the S809 airfoil section from root to tip. 

The description of the blade is summarized in Table (3.4): 

 
Table 3.6: NREL Phase VI blade description 

Number of blades 2 

Rotor diameter 10.06 m 

RPM 71.63 RPM 

Cone angle 0 degrees 

Rotor location Upwind 

Power regulation .Stall regulated 

Blade tip pitch angle 3 degrees (down) 

Blade profile S809 

Blade chord length 
0.358 m – 0.728 m (linearly 

tapered) 

Twist angle Non-linear twist along the span 

Blade thickness  t/c = 21% throughtout the span 
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The twist distribution along the blade is shown in Figure (3.25): 
 
 

 
 

Figure 3.25: NREL VI blade twist distribution 
 
 
The chord and twist variations of the blade are given in Table (3.5). 
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Table 3.7: Chord and twist variations along the NREL VI rotor blade [56]. 

Section 
Radial 

Distance r 
(m) 

Span 
Station 

(r/5.029 m) 

Chord 
length 

(m) 

Twist 
(degrees) 

1 0 0 Hub Hub 
2 0.508 0.101 0.218 0 
3 0.660 0.131 0.218 0 
4 0.883 0.176 0.183 0 
5 1.008 0.200 0.349 6.7 
6 1.067 0.212 0.441 9.9 
7 1.133 0.225 0.544 13.4 
8 1.257 0.250 0.737 20.040 
9 1.343 0.267 0.728 18.074 

10 1.510 0.300 0.711 14.292 
11 1.648 0.328 0.697 11.909 
12 1.952 0.388 0.666 7.979 
13 2.257 0.449 0.636 5.308 
14 2.343 0.466 0.627 4.715 
15 2.562 0.509 0.605 3.425 
16 2.867 0.570 0.574 2.083 
17 3.172 0.631 0.543 1.150 
18 3.185 0.633 0.542 1.115 
19 3.476 0.691 0.512 0.494 
20 3.781 0.752 0.482 -0.015 
21 4.023 0.800 0.457 -0.381 
22 4.086 0.812 0.451 -0.475 
23 4.391 0.873 0.420 -0.920 
24 4.696 0.934 0.389 -1.352 
25 4.780 0.950 0.381 -1.469 
26 5.029 1.000 0.358 -1.775 

 
 

 ݎ ൌ  0 ݉: Center of the hub 

 ݎ ൌ  0.508 ݉: The start of the blade root, the blade section is circular  

 ݎ ൌ  0.883 ݉: the end of the blade root, the blade section is circular 

 Between ݎ ൌ  0.883 ݉ and ݎ ൌ  1.257 ݉: Transition from cylindrical to S809 

Airfoil 

 Between ݎ ൌ  1.257 ݉ and ݎ ൌ  5.029 ݉: The blade sections are of S809 

airfoil 

The total number of sections of the blade is 26. 

In the experiment, 22 pressure taps were installed at 5 primary spanwise sections: 

30%, 46.6%, 63.3%, 80% and 95% span. Pairs of taps at 4% chord and 36% chord 

were installed at different other intermediate span locations.  



63 
 

5 hole probes were installed at 34%, 51%, 67%, 84% and 91% span to measure the 

dynamic pressure and the local effective angle of attack.  

 
 

 
 

Figure 3.26: Pressure taps and probes locations of NREL VI [56] 
 
 
The measured dynamic pressure was used in the calculations of pressure and force 

coefficients. The locations of the pressure taps and probes are shown in Figure 

(3.26). 

 
3.2.2 Geometric Blade 
 
Since the same S809 airfoil is also used in this case, the very sharp trailing edge 

was rounded through a radius of 0.001 m. In addition to that, the number of sections 

in the geometric blade has been decreased to 19 sections. The sections are stated 

in Table (3.6): 
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Table 3.8: Chord and twist variations along the NREL VI rotor geometric blade 

Section Radial 
Distance r 

(m) 

Span 
Station 

(r/5.029 m) 

Chord 
length 

(m) 

Twist 
(degrees) 

1 0.508 0.101 0.218 0 
2 0.660 0.131 0.218 0 
3 1.343 0.267 0.728 18.074 
4 1.510 0.300 0.711 14.292 
5 1.648 0.328 0.697 11.909 
6 1.952 0.388 0.666 7.979 
7 2.257 0.449 0.636 5.308 
8 2.343 0.466 0.627 4.715 
9 2.562 0.509 0.605 3.425 

10 2.867 0.570 0.574 2.083 
11 3.172 0.631 0.543 1.150 
12 3.476 0.691 0.512 0.494 
13 3.781 0.752 0.482 -0.015 
14 4.023 0.800 0.457 -0.381 
15 4.086 0.812 0.451 -0.475 
16 4.391 0.873 0.420 -0.920 
17 4.696 0.934 0.389 -1.352 
18 4.780 0.950 0.381 -1.469 
19 5.029 1.000 0.358 -1.775 

 
 
The transition from cylindrical section to S809 section was done linearly in the blade 

generator AutoBlade of Numeca International. So the relative sections (ݎ ൌ

 0.883 ݉ to ݎ ൌ  1.257 ݉) were removed. Also the sections at ݎ ൌ  3.172 ݉ and ݎ ൌ

 3.185 ݉ are very close. The distance between them as a percentage of the blade 

length is less than 0.01% and it is not possible to have two different sections at a 

distance less that 0.01% in AutoBlade [104]. So the section at ݎ ൌ  3.185 ݉ 

removed as well. The removal of the mentioned sections resulted in 19 sections for 

the geometric blade. For the design and optimization, it is very important to have 

fewer sections to save CPU time as will be discussed in Chapter 5. 

Since the blade pitch angle is 3 degrees in the sequence ܪ experiment, 3 degrees 

were added to the twist angle of each section.  

The shape of the two-dimensional blade sections and the three-dimensional blade 

are shown in Figure (3.27) and (3.28): 
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r = 1.343 m 

 
 
 

r = 3.781 m 

 
r = 5.029 m 

Figure 3.27: Twist and angle at different blade sections of NREL VI 

 
 
Notice that the chord lengths in Figure (3.27) are not to scale. 
 
 

 
 

Figure 3.28: 3D NREL VI blade geometry generated by AutoBlade 
 
 
3.2.3 Aerodynamic Force Coefficients 
 
The coefficients of the aerodynamic forces acting on the blade sections are shown 

in Figure (3.29). 

The normal and tangential forces represent the forces acting perpendicular and 

parallel to the airfoil chord respectively. The coefficients of these forces are 

computed at a certain spanwise section of the blade by integrating the pressure 

coefficients at that section.  
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Figure 3.29: Aerodynamic force coefficients [56] 
 
 
The pressure coefficient is calculated from Eq.(3.3): 

௣ܥ ൌ
݌ െ ஶ݌

1 2⁄ ஶሺܷஶߩ
ଶ ൅ ሺΩݎሻଶሻ

 (3.3)

where,  

 ߩஶ: The free stream density ሾ݇݃/݉ଷሿ 

 ܷஶ: The wind speed ሾ݉/ݏሿ 

 Ω: the rotational speed ሾݏ/݀ܽݎሿ 

 ݎ: the radial distance from the center of hub to the blade section ሾ݉ሿ 

Equations (3.4) and (3.5) give the integration procedure used to determine the 

normal and tangential force coefficients, ܥே and ்ܥ : 

ேܥ ൌ ෍ ൬
௣௜ܥ ൅ ௣௜ାଵܥ

2
൰ ሺݔ௜ାଵ െ ௜ሻݔ

௜

 

 

(3.4)

்ܥ ൌ ෍ ൬
௣௜ܥ ൅ ௣௜ାଵܥ

2
൰ ሺݕ௜ାଵ െ ௜ሻݕ

௜

 (3.5)

where,  

 ݔ௜: The normalized distance along the chord line 

 ݕ௜: The normalized distance orthogonal to the chord line 

The values for ݔ and ݕ start at the trailing edge (ݔ ൌ 1), continues over the upper 

surface of the blade, reaches the leading edge and then continues along the lower 

surface and finally end at the starting point. 
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3.2.4 Mesh Study 
 
The structured mesh was generated using the Numeca AutoGrid mesh generator. 

The mesh was generated for a single blade with imposing the periodic condition to 

account for the other blade. The number of points on the entire mesh including the 

blade and external flow is about 2.7 million points and the number of points on one 

blade is 1.63 million points. The thickness of the first cell to the wall was kept at 

2 ൈ 10ିହ݉ so that the ݕା value falls between 1 and 9. Such range of ݕା is suitable 

for the tested turbulence models. The mesh quality is shown in Table (3.7). 

 
 

Table 3.9: Mesh quality for NREL VI 

Field 
Orthogonality 

(Min., Average) 
Aspect Ratio 

(Max., Average) 
Expansion Ratio 
(Max, Average) 

Blade (41.6, 78.5) (21520, 565) (2.2, 1.5) 

External (39.5, 80.0) (33635, 525) (2.4, 1.5) 

 
 
The 2D meshes at the root and midspan are shown in Figures (3.30) and (3.31): 
 
 

 

 
 

Figure 3.30: 2D mesh at the root section of the NREL VI 
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3.2.5 Reynolds Number 
 
The Reynolds number values for the NREL VI blade at the root and tip for different 

wind speeds are listed in Tables (3.10) and (3.11): 

 
Table 3.10: Reynolds number values at the root for NREL VI blade 

 

 
 

Table 3.11: Reynolds number values at the tip for NREL VI blade 

 

 
 
From the results for the Reynolds number, the flow is turbulent at all the considered 

wind speeds and at all the spanwise sections from root to tip. 

Wind Speed (m/s) Reynolds Number 

5 586255 

6 612152 

7 641137 

8 673547 

9 709006 

11 786933 

13 864113 

15 947549 

17 1035345 

19 1125017 

Wind Speed (m/s) Reynolds Number 

5 972860 

6 979107 

7 985066 

8 993427 

9 1001014 

11 1019959 

13 1032759 

15 1049172 

17 1066216 

19 1085259 
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3.2.6 CFD Simulation and Results 
 
The three-dimensional steady state RANS equations are solved using the 

Fine/Turbo solver of Numeca International. Merkle preconditioner is imposed and 

four different turbulence models are tested. The turbulence models are; Spalart-

Allmaras, the ݇ െ ݇ Launder – Sharma, the ߝ െ  Yang-Shih and Shear Stress ߝ

Transport (SST) ݇ െ ߱. The results in terms of power production and pressure 

distribution are compared with the available experimental data at 12 different wind 

speeds. 

The comparison between the experimental and computed power for different 

turbulence models is shown in Figure (3.33): 

 
 

 
 

Figure 3.33: Comparison of experimental power with computed power for 
NREL VI 

 
 
All the turbulence models are found to be stable for the whole wind speed range.  

From Figure (3.33), one may notice the following: At low and moderate wind speeds 

(5 m/s to 9 m/s), all the models have similar behavior in power prediction. 

At high wind speeds, Spalart-Allmaras and SST ݇ െ ߱ underpredicted the power 

while ݇ െ ݇ ,Yang-Shih overpredicted the power. On the other hand ߝ െ  – Launder ߝ

Sharma showed the best agreement with experimental data. So the behavior of the 

turbulence models in predicting the power for NREL Phase VI test case is similar to 

their behavior for the NREL Phase II test case. 
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The power prediction results and the associated errors are listed in Table (3.8): 

 
 

Table 3.12: Power prediction errors of different turbulence models for NREL VI 

Speed 
(m/s) 

Exp. 
data 

SA 
k-e Launder-

Sharma 
k-e Yang-Sheih SST k-w 

Power 
(kw) 

Power 
(kW) 

Error 
(%) 

Power
(kW) 

Error 
(%) 

Power
(kW) 

Error 
(%) 

Power 
(kW) 

Error 
(%) 

5 2,34 2,38 1,76 2,18 6,71 2,32 0,73 2,40 2,90 

6 4,03 4,09 1,60 3,78 6,17 3,97 1,46 4,09 1,65 

7 5,87 6,15 4,72 5,69 3,15 5,96 1,54 6,10 3,94 

8 7,68 8,30 7,99 7,72 0,45 8,07 5,04 8,06 4,96 

9 9,62 10,10 4,99 9,53 0,99 10,09 4,85 9,59 0,34 

11 11,12 9,55 14,15 11,00 1,08 11,80 6,03 8,53 23,28 

13 9,16 8,03 12,28 9,70 5,89 10,46 14,22 6,93 24,34 

15 8,92 6,39 28,30 8,68 2,69 9,12 2,29 5,34 40,16 

17 6,74 5,68 15,76 7,29 8,12 7,86 16,63 4,76 29,45 

19 6,62 6,09 7,99 6,70 1,12 7,22 8,98 5,21 21,38 

23 7,63 7,51 1,47 7,75 1,59 7,88 3,29 6,75 11,47 

25 9,05 8,45 6,58 8,61 4,85 8,54 5,59 7,66 15,39 

 
 
From the above results, one may conclude that, the ݇ െ  Launder – Sharma ߝ

turbulence model gives the closest results to the measurements. This model could 

capture the correct power at low, stall and high wind speeds. So the ݇ െ  – Launder ߝ

Sharma model will be used for the coming computations. 

The coming discussion shows some contrary results. According to the results of this 

study, the ݇ െ  Launder – Sharma gives the best results while it was expected that ߝ

the SST ݇ െ ߱ would give better results. However, according to Ref. [105], the two-

equation turbulence models are very sensitive to the grid arrangement on the 

normal direction. Figure (3.34) shows that the ݇ െ  Launder – Sharma is used in) ߝ

the figure) is even more sensitive than SST ݇ െ ߱ and predicts more deviation 
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(around 25%) of skin friction at y+ of 1.5 and the prediction becomes even worse as 

y+ increases. Where the SST ݇ െ ߱ gives a deviation of about 5% at y+ of 1.5. 

 
 

 
 

Figure 3.34: Sensitivity to the distance of the first point to the wall. [105] 
 
 
In this study, the y+ value is of the order of 7. This indicates that the ݇ െ  model ߝ

should give the worst results compared to SA and SST ݇ െ ߱. But this is not the 

case. In Ref. [43], NREL Phase III was investigated using different turbulence 

models including ݇ െ ݇ and SST  ߝ െ ߱ and ݇ െ  gives the best power prediction  ߝ

among other models. The SA model was compared with SST ݇ െ ߱ in Ref. [46] and 

it gave superior results which agree with the results in this study. To explain the 

contrary in the results of the different references, in Ref. [105] the results were 

obtained for stationery flat plate and may be for rotating turbomachinery such as 

wind turbines, the results would be different. But to assess this issue, more wind 

turbine test cases for different orders of y+ should be investigated. However, this 

issue is beyond the scope of this study. 

The three-dimensional gauge pressure contours on the suction side and pressure 

side of the blade are shown in Figures (3.35), (3.36) and (3.37) for the ݇ െ  ߝ

Launder – Sharma turbulence model at three different wind speeds 5, 9 and 15 m/s. 
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Figure 3.36: Gauge pressure contours for NREL VI at 9 m/s 
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Figure 3.35: Gauge pressure contours for NREL VI at 5 m/s 
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Pressure Side 

 

Pressure (Pa) 

 

Suction Side 

 
 

Figure 3.37: Gauge pressure contours for NREL VI at 15 m/s 
 
 
The normal and tangential force coefficients at different spanwise sections of the 

blade are computed according to Equations (3.4) and (3.5). During operation of the 

wind turbine blade, the local twist and pitch angles are relatively small (in NREL 

Phase VI the max ߶ ൅  ே is close in value toܥ is 23 degrees). This means that the ߚ

the axial thrust coefficient where, the ்ܥ value is close to the torque coefficient and it 

is called the driving force coefficient, Figure (3.29).    

The results of ܥே and ்ܥ for different wind speeds are plotted in Figures (3.38) and 

(3.39) at 30%, 47%, 63%, 80% and 95% span: 
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Figure 3.38: Comparison of experimental normal force coefficient with 
computed one at different spanwise sections 
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Figure 3.39: Comparison of experimental tangential force coefficient with 
computed one at different spanwise sections 
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At low wind speed, 5m/s, the lift is high compared to drag so the lift component in 

the tangential direction is higher than the drag component in the same direction 

resulting in positive ்ܥ value meaning that the driving force acts in the direction of 

rotation in all the blade sections. 

At higher wind speeds (9m/s) the lift continues increasing causing higher values in 

  .்ܥ ே andܥ

Stall occurs at 11m/s and here the lift decreases while the drag suddenly increases. 

At wind speeds higher than stall speed (15m/s), the decrease of lift and increase in 

drag result in smaller ܥே and smaller or even negative ்ܥ values. Negative ்ܥ 

values at some sections of the blade means that the diving force acts against the 

rotation in those sections. 

The behavior of ܥே and ்ܥ with wind speeds is seen in Figures (3.38) and (3.39). 

Moreover, the figures show a considerable agreement between measured and 

computed ܥே values. However, ்ܥ values deviate from the experimental results. The 

reason behind this might be because of the difficulty of measuring the ்ܥ values 

experimentally due to the sparseness of pressure taps in the leading and trailing 

edge regions. Also the ்ܥ values are small compared to ܥே and any small change in 

either lift or drag (due to experimental errors) will result in significant errors in the ்ܥ 

calculations. 

The pressure coefficient distribution is computed using the ݇ െ  Launder – Sharma ߝ

turbulence model at five spanwise sections of the blade, 30%, 47%, 63%, 80% and 

95% for three different wind speeds of 5m/s, 9m/s and 15m/s are shown in Figures 

(3.40), (3.41) and (3.42): 
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Figure 3.40: Pressure coefficient distribution comparison between experimental and  
calculated at different spanwise sections on NREL VI for 5 m/s 
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Figure 3.41: Pressure coefficient distribution comparison between experimental and  
calculated at different spanwise sections on NREL VI for 9 m/s 
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Figure 3.42: Pressure coefficient distribution comparison between experimental and  
calculated at different spanwise sections on NREL VI for 15 m/s 
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At 5 and 9 m/s, the computed pressure coefficient distribution at all sections of the 

blade is in good agreement with the experimental data as noticed from Figures 

(3.40) and (3.41).  

At 15 m/s, there is a discrepancy between the computed and experimental pressure 

coefficient distribution in the suction side of the inboard span of 30%. Again this is 

due to the large separation and strong vorticies which happed at this speed and 

especially in this section. So it becomes difficult for the solver with low Reynolds 

turbulence model to capture the separation at the suction side and that is the reason 

behind such discrepancy. In Ref. [44], unsteady state computations using Large 

Eddy Simulation for turbulence modeling are conducted over the NREL Phase VI 

blade. The results obtained in Ref. [44] for the pressure coefficient distribution at 

15m/s is of similar behavior to the results in Figure (3.40). Similar results were also 

obtained in Ref. [46]. 

The separation is investigated by plotting the relative velocity contours with 

streamlines at different spanwise blade sections. The plots are obtained for wind 

speeds of 5, 9 and 15 m/s. 

At 5 m/s, Figure (3.43) shows that no separation occurs and the pressure 

distribution results were in good agreement with experimental results.  

At 9 m/s, Figure (3.44) shows that the separation effect is small. The separation 

evolves from 30% section to reaches its maximum at 63% section and then 

decreases at 80% section and finally the separation disappears at 95% section.  

At 15 m/s, Figure (3.45) shows that separation and formation of vorticies happen at 

all sections. This explains the deviation of the computed pressure distribution from 

the experimental results. And also the decrease in the ܥே and ்ܥ values. 
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Magnitude of Relative Velocity (m/s) 

 

 

 

 
 

Figure 3.43: Relative velocity contours with streamlines at 5 m/s on different 
sections of NREL VI 
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Magnitude of Relative Velocity (m/s) 

 

 

 

 
 

Figure 3.44: Relative velocity contours with streamlines at 9 m/s on different 
sections of NREL VI 
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Magnitude of Relative Velocity (m/s) 

 

 

 

 
 

Figure 3.45: Relative velocity contours with streamlines at 15 m/s on different 
sections of NREL VI 
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3.2.7 Results of Preconditioning 
 
So far all the results obtained in Section (3.2) are obtained using Merkle 

preconditioner. Here, the computations with Merkle preconditioner, Hakimi 

preconditioner and without any preconditioner are compared. The CFD simulations 

are done for the NREL Phase VI wind turbine rotor blade at wind speeds of 5m/s 

and 19m/s. All the computations were done using the Launder-Sharma turbulence 

model. 

The histories of convergence for the different computations are summarized in the 

figures below at wind speed of 5m/s: 

 
 

 

Figure 3.46: History of convergence of NREL VI computation with Merkle 
preconditioner at 5 m/s 
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Figure 3.47: History of convergence of NREL VI computation with Hakimi 
preconditioner at 5 m/s 

 
 

 

Figure 3.48: History of convergence of NREL VI computation without preconditioner 
at 5 m/s 

 
 
From Figure (3.46), the solution with Merkle preconditioner has converged after 

about 1300 iterations. The convergence level of 5 orders was reached after 800 

iterations. On the other hand, this level of convergence was attained after 2000 

iterations in the case of Hakimi and no-preconditioner solutions. 

So the usage of Merkle preconditioner has speeded up the convergence by about 

two times. 
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The results are shown in terms of pressure coefficient distribution at different 

spanwise sections of the blade. 

 
 

 
 

 
 

 
 

Figure 3.49: Comparison between preconditioning models at 5 m/s 
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Figure 3.50: Comparison between preconditioning models at 19 m/s 
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The speed is calculated by adding the wind speed and the speed due to rotation as 

follow: 

ܷ ൌ ටܷ଴
ଶ ൅ ሺΩݎሻଶ (3.6)

where ܷ଴ is the free stream wind speed and Ω is the rotational speed (in this test, 

Ω ൌ 72 RPM ൌ  .is the radial distance from the root to the section ݎ .(ݏ/݀ܽݎ 7.54

For the 5m/s case; 

 At 30% span, U = 13.50 m/s              M = 0.039 

 At 63% span, U = 26.75 m/s              M = 0.078 

 At 95% span, U = 39.94 m/s              M = 0.120 

In Figure (3.49), a pump is noticed at 30% span at the suction side in the case of no 

preconditioning. To understand the physics behind this pump, the relative velocity 

vectors are plotted as in Figure (3.51). From this figure, the velocity vectors are 

smooth at the surface showing no problem in the velocity distribution. In fact no 

physical conclusion could be drawn for the existing pumps.  

At 19m/s, non-preconditioned solution improved even close to the root. Because the 

speed now is higher. 

For the 19m/s case; 

 At 30% span, U = 26.75 m/s              M = 0.078 

 At 63% span, U = 32.43 m/s              M = 0.094 

 At 95% span, U = 43.94 m/s              M = 0.127 

Comparing the Hakimi model with the Merkle model, we see that Merkle model 

gives more accurate solutions in all the sections. Based on these results, it is 

decided to use the Merkle preconditioner throughout the work of this thesis. Note 

that the solution obtained by Hakimi preconditioner started convergence at 300=כߚ. 
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Figure 3.51: Velocity vectors at 30% span for no-preconditioning at 5m/s 
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CHAPTER 4 
 
 
 
 

CFD SIMULATIONS FOR THE EFFECT OF WINGLETS TWIST 

AND PITCH 

 
 
 
 
 
 
The NREL Phase VI rotor blade was selected to be the baseline blade for the 

coming studies. This chapter consists of two main parts; first to see the effect of 

adding a winglet to the blade tip on the power production of the turbine and second 

to see the effects of twisting the blade on the power production of the wind turbine. 

The study of this chapter can be considered as a pre-design process where the 

effective parameters will be selected to be the variable parameters in the design 

process of Chapter 5. The effective parameters are the ones which when changed; 

the power will be considerably affected. The study will be carried on for wind speeds 

in the range of 5 – 9 m/s. The reason behind selecting this range is that the average 

of wind speed usually falls within this range.  

The main aim of this chapter is to study different winglet and twist configurations and 

decide about the best ones to be used for the design and optimization in Chapter 5. 

Using all possible configurations for the design will result in huge CPU time 

consumption and will need large computer resources for the calculations. So limiting 

the number of configurations and variable parameters will result in much less CPU 

time needs. 

The chapter will start with the effect of winglets and then shift to the effect of twist. 

The chord change also has a great effect on the power production. However, in this 

study the chord will not be considered as an optimization parameter because 

changing the chord results in changing the structural properties of the blade, and 

this thesis aims at designing a more powerful wind turbine blade without changing 

its weight significantly. 
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4.1 Winglet Study 
 
 
The idea is to add a winglet which is able to carry aerodynamic loads so that the 

vortex caused by the winglet spreads out the effect of the tip vortex which results in 

decreasing the downwash and reducing the induced drag [51].  

To understand how the winglet reduces the drag, it is necessary first to understand 

the difference between the profile drag and induced drag.  

The profile drag is a consequence of the viscosity of the air moving on the airfoil 

surface, as well as due to the pressure drag. As the wind turbine blades moves in 

the viscous air, part of the air sticks to while other is kept in motion. For the air to 

rotate with the blade, it must have taken energy from the blade. The profile drag is 

the cause of this transfer of energy from the blade to the air. The profile drag 

depends on many factors including the wetted area of the blade, the shape of the 

blade airfoil and the angle of attack [106, 107]. 

 On the other hand, the induced drag is a consequence of producing lift by the 

blade. If there is lift, then there must be pressure difference between the sides of the 

blade. And the sides are distinguished as the pressure side (the side which has 

higher pressure) and the suction side (the side which has lower pressure). Due to 

this pressure difference, there is a flow around the tip from the pressure side to the 

suction side. This flow which is a spanwise flow is felt all along the trailing edge as 

the flow leaving the suction side moves inward while the flow leaving the pressure 

side moves outward. Once these two opposing flows meet at the trailing edge, they 

give rise to a swirling motion that is concentrated into the known tip vortices. The 

generation of vorticies requires energy and this energy is transferred from the blade 

to the air. This transfer of energy is induced drag. 

The induced drag can be reduced by reducing the spanwise flow. The winglets 

provide a way to do that [108]. The idea of adding a winglet to the wind turbine blade 

is to produce a flow opposing the flow produced by the blade. This flow will tend to 

cancel or weaken the main flow of the blade and hence reduce the spanwise flow 

and consequently reduce the induced drag. The winglet diffuses or spreads out the 

influence of the tip vortex and as a result it reduces the induced drag. One should 

remember that, adding a winglet also results in increasing the wetted area, hence 

increasing the profile drag. So the designer’s aim is to obtain the most reduction in 

induced drag for the smallest increase in profile drag. 
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4.1.1 Winglet Configurations 
 
The winglet is added by extending the blade tip by 1.5 % of the blade radius and 

then tilting the extra section. Based on the tilting direction, four winglet 

configurations have been tested to check for the best configuration for power 

production: 

 Configuration 1: The blade tip is tilted towards the pressure side (PS) 

 Configuration 2: The blade tip is tilted towards the suction side (SS) 

 Configuration 3: The blade tip is tilted tangentially towards the (LE) 

 Configuration 4: The blade tip is tilted tangentially towards the (TE) 

For each configuration, two cant angles and two twist angles have been examined 

to see the effect of cant and twist angles on the power production.  

The definition of the cant and twist angles of the winglet is shown in Figure (4.1): 

 
 

Figure 4.1: Cant and twist angle definition of winglets [50] 
 
 
The produced winglets are summarized in Table (4.1):  
 
 

Table 4.1: Winglets for configuration 1 
 

Winglet 
Cant angle 

(deg.) 
Twist angle 

(deg.) 

WL1-1 45 0 

WL1-2 45 2 

WL1-3 90 0 

WL1-4 90 2 
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Where, WL1-1 refers to winglet 1 of configuration 1, WL1-2 refers to winglet 2 of 

configuration 1 and so on for the winglets of the other configurations. So total of 16 

winglets have been tested. The different winglet configurations are shown in Figure 

(4.2). 

 
 

a) Original blade 
 

b) 1.5% extension 
 

c) Tilting towards pressure side (WL 1-1) 
 

d) Tilting towards suction side (WL 2-1) 
 

e) Tilting towards leading edge (WL 3-1) 
 

f) Tilting towards trailing edge (WL 4-1) 
 

Figure 4.2: Different winglet configurations 
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4.1.2 CFD Simulations and Results 
 
The same mesh topology used in Section (3.2) is applied here. The results were 

obtained by solving the RANS equations with the ݇ െ  Launder – Sharma as the ߝ

turbulence model and the Merkle preconditioner. The results are obtained for the 

wind speed range between 5 and 9 m/s. 

It is important to calculate the percentage of power increase due to the different 

winglet configurations. The percentage of computed power and thrust increase with 

respect to the original blade geometry for each configuration are listed below: 

Configuration 1: Tilting towards PS 
 

Table 4.2: Percentage of power increase for the winglets of configuration 1 

Wind speed 
(m/s) 

WL1-1 WL1-2 WL1-3 WL1-4 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
5.0 -3.15 0.73 -2.24 0.10 -0.25 0.70 -2.24 0.10
6.0 1.28 0.84 -0.50 0.56 1.92 1.13 -0.50 0.56
7.0 1.51 1.22 1.64 0.84 1.87 1.07 1.64 0.84
8.0 -0.57 0.46 0.48 0.78 1.80 0.98 0.38 0.72
9.0 1.48 0.87 0.11 0.06 1.42 1.10 0.11 0.06

 

 

Configuration 2: Tilting towards SS 
 

Table 4.3: Percentage of power increase for the winglets of configuration 2 

Wind speed 
(m/s) 

WL2-1 WL2-2 WL2-3 WL2-4 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
5.0 4.80 3.49 3.54 2.69 2.69 3.16 3.54 3.28
6.0 5.03 3.47 4.74 3.19 5.05 3.75 5.05 3.66
7.0 4.64 3.35 3.56 2.82 3.67 3.20 3.03 2.74
8.0 4.66 3.39 4.57 3.13 4.95 3.52 4.76 3.39
9.0 4.56 3.64 3.72 2.78 2.66 2.37 3.72 2.89

 

 

Configuration 3: Tilting towards LE 
 

Table 4.4: Percentage of power increase for the winglets of configuration 3 

Wind speed 
(m/s) 

WL3-1 WL3-2 WL3-3 WL3-4 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
5.0 -0.75 0.97 -1.82 0.24 -4.93 ‐1.38  -1.02 0.45
6.0 0.34 1.31 0.61 0.75 -0.50 ‐0.28  0.93 1.04
7.0 0.82 0.91 1.73 1.07 0.70 0.23  1.52 0.64
8.0 3.33 2.15 1.24 0.78 1.14 0.52  1.28 0.83
9.0 2.47 1.79 0.79 0.52 1.25 0.81  0.81 0.57
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Configuration 4: Tilting towards TE 
 

Table 4.5: Percentage of power increase for the winglets of configuration 4 

Wind speed 
(m/s) 

WL4-1 WL4-2 WL4-3 WL4-4 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
5.0 0.75 1.40 -1.72 0.02 -1.46 0.18 -4.25 812.90
6.0 0.82 1.59 0.75 1.03 -0.04 0.38 -1.43 1064.00
7.0 2.33 1.75 1.61 1.14 1.02 0.69 -0.50 1311.00
8.0 2.95 1.96 1.24 0.72 1.14 0.72 -0.38 1527.00
9.0 1.86 1.62 0.94 0.75 0.56 0.46 -0.50 1724.00

 
 
From the results above, it is clear that the best configuration for increasing the 

power production is to place the winglet towards the suction side. This result is in 

agreement with the results obtained in Ref. [49, 109].  

Also it is clear that changing the cant and twist angles has a considerable effect on 

the power production. WL2-1 gives the best power results at 5 m/s while WL2-3 

gives better results at 8m/s. To obtain the maximum power for a wide range of wind 

speeds, multipoint optimization is necessary. The multipoint optimization is 

explained in details in Chapter 5. 

Being the best configuration, configuration 2 will be selected for further results and 

for the optimization in Chapter 5 as well. 

Not only the power increases with a winglet but also the axial thrust. Hence, a load 

analysis is necessary to see the structural effects of the additional thrust.  

To see the effect of the winglets on the separation and vortex formation, the relative 

velocity streamlines are plot for the winglets WL2-1 and compared with the original 

blade at different spanwise sections. However, since the stall starts after 9 m/s wind 

speed, the separation and vortex formation will be very clear at higher speeds. So 

the CFD computations are made again at wind speed 15 m/s. 

The relative velocity contours with streamlines at 9 and 15 m/s are shown in Figures 

(4.3) and (4.4). 

It is clear that the winglet has a slight effect on changing the separation and tip flow 

characteristics, hence pressure distributions and power levels. This is seen 

especially at 15m/s in sections 63% and 80%.  
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a) Original Blade 
 

 

b) WL2-1 
Figure 4.3: Relative velocity contours with streamlines comparison at 9m/s 

 

 

47 % 47 % 

63 % 63 % 

80 % 80 % 

95 % 95 % 
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a) Original Blade 
 

 

b) WL2-1 

Figure 4.4: Relative velocity contours with streamlines comparison on at 15 
m/s 

47 % 47 % 

63 % 63 % 

80 % 80 % 

95 % 95 % 
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From the results obtained for the winglets, one may notice that the increase in 

power due to the winglets is still small. In the average of 3.5%. As mentioned before, 

the winglets had slight effect on the separation and vorticies. This means that, the 

power increase is not only due to weakening the vorticies but also due to reduction 

in the tip losses. An optimization of the cant and twist angels will result in more 

power production as stated in Chapter 5. 

To better see the change in vorticity due to winglets, the magnitude of vorticity iso-

surface are plotted for all the winglets of configuration 2 as well as for the original 

blade at 9 and 15 m/s. 

 

 
a) Original blade 

 
b) WL2-1 c) WL2-2 

 
d) WL2-3 

 
e) WL2-4 

Figure 4.5: Comparison of vorticity magnitude iso-surface at the blade tip region 
for different winglets at 9 m/s 
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a) Original blade 

b) WL2-1 c) WL2-2 

d) WL2-3 
 

e) WL2-4 

Figure 4.6: Comparison of vorticity magnitude iso-surface at the blade tip region 
for different winglets at 15 m/s 

 
 
It is clear from the above figures that the addition of winglets changes the magnitude 

of vorticity. Moreover, the vorticity magnitude is different for different winglets. More 

and investigations about the winglets are available in Chapter 5. 
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4.2 Blade Pitch and Twist Study 
 
 
The pitch and twist angles are very important parameters which have a considerable 

effect on the power production of wind turbine rotor blades. The twist angle decides 

on the values of the local angle of attack. Twisted blades for wind turbines have 

been proved to be superior to the untwisted ones due to their full utilization of the 

blade area to produce lift at low drag. The twist angle is defined in Figure (4.7) 

(reproduced from [31]): 

 
 

 
 

Figure 4.7: The pitch and twist angles definition 
 
 
Where ௧ܸ is the tangential velocity, ௭ܸ is the axial velocity and ௥ܸ௘௟ is the relative 

velocity. 

The angles appearing in Figure (4.7) are defined as follow: 

 ߙ: is the angle of attack defined as the angle between the chord line and the 

relative velocity. 

 ߶: is the flow angle defined as the angle between the relative velocity and 

the plane of rotation. 

 ߠ: is the local pitch angle defined as the angle between the local airfoil chord 

line and the plane of rotation. 

In fact ߠ is called the local pitch angle which is a combination of the pitch angle ߠ௣ 

and the twist angle ߚ: 

ߠ ൌ ௣ߠ ൅ (4.1) ߚ

Where the pitch angle is the angle between the tip chord line and the plane of 

rotation. And the twist angle is measured relative to the tip chord line. The pitch 

angle is constant and it is added to the varying twist angle along the blade span.  
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In particular it is possible to use the twist to influence the flow separation and stall at 

a certain wind speed. For this reason, the fixed pitch rotor blades are not linearly 

twisted. The twist angles towards the root are greater than the angles towards the 

tip. This variation in twist is determined by both the stall characteristics and the 

starting torque [3].  

The effect of different blade twist variations on the power production of the blade 

can be seen in Figure (4.8). It is clear that non-twisting the blade results in 

considerable reduction in power. The advantage of untwisted blades is the easy and 

low cost manufacturing. However, since the modern blades are mostly 

manufactured in molds and made of fiber glass, manufacturing became also easy 

for twisted blades. The profit of the more energy produce by twisted blades is more 

than the price difference of manufacturing untwisted blades. 

 
 

 
 

Figure 4.8: Effect of blade twist on the blade power coefficient [14] 
 
 
The pitch angle effect on the power production of a wind turbine blade is shown in 

Figure (4.9). Similar results are given in [110]. 

 



103 
 

 
 

Figure 4.9: Effect of pitch angle on the blade power coefficient [57] 
 
 
In this section, different pitch and twist configurations were investigated and 

compared to the original NREL VI blade. The analysis includes the effect of pitch 

and twist on the power production and the stall characteristics. 

 
 
4.2.1 Pitch and Twist Configurations 
 
 
The original NREL VI sequence H blade is of nonlinear twist and 3 degrees of pitch. 

11 different positive and negative pitch angles have been investigated and 

compared to the NREL VI H. The angles are between -3 to 8 excluding the 3 

degrees angle which corresponds to the original NREL VI H blade.  

Positive pitch means twisting down toward wind direction. On the other hand, 

negative pitch means twisting up away from the wind direction.  

In addition to that, another configuration related to twist is investigated. In this 

configuration, the twist angles of the NREL VI blade have been set to zero keeping 

the pitch angle of the original blade as 3 degrees. In other words, this configuration 

is the untwisted form of the NREL VI. 

The 3D views of some blades of different pitch angles and untwisted blade are 

shown in Figure (4.10): 
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a) NREL VI b) Untwisted blade 
 

c) Pitch of -3 degree 
 

d) Pitch of 8 degrees 

Figure 4.10: 3D view of different pitch and twist configurations 
 
 
4.2.2 CFD Simulations and Results 
 
Similar to the winglet study, in the twist CFD simulation the same mesh topology 

used in Section (3.2) is applied. Also, the results were obtained by solving the RANS 

equations with the ݇ െ  Launder – Sharma as the turbulence model and using the ߝ

Merkle preconditioner. The results are obtained for the wind speed range between 5 

and 9 m/s. 

The change of pitch and twist angles has shown a big effect on the power output. 

The power curves of selected different pitch angles and the untwisted blade 

compared to the original blade are shown in Figure (4.11): 
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Figure 4.11: Power curves for the different pitch and twist angles 
 
 
It is clear from Figure (4.11) that the blade of -3 degrees of pitch has stalled earlier 

than the other blades. Then the stall is delayed as the pitch angle increases. The 

curves corresponding to the other pitch angles are not included in the plot for sake 

of clarity. The untwisted blade has also shown an earlier stall.  

The percentage of computed power and thrust increase with respect to the original 

blade geometry for each pitch angle are listed in Tables (4.6), (4.7) and (4.8): 

 

Table 4.6: Percentage of power and thrust increase for the (-3 – 0 deg.) pitch angles 

Wind 
speed 
(m/s) 

-3 deg. -2 deg. -1 deg. 0 deg. 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
5.0 3.70 58.55 8.41 49.36 9.77 39.81 9.80 30.14
6.0 2.29 42.50 5.95 37.05 7.99 30.39 9.08 23.55
7.0 -4.50 30.56 -0.20 26.52 2.30 22.18 3.61 17.07
8.0 -17.75 20.10 -10.20 17.89 -5.58 14.95 -1.81 12.01
9.0 -42.32 11.63 -25.29 11.63 -20.01 8.10 -11.70 6.42

 

Table 4.7: Percentage of power and thrust increase for the (1 – 5 deg.) pitch angles 

Wind 
speed 
(m/s) 

1 deg. 2 deg. 4 deg. 5 deg. 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
5.0 8.89 8.09 4.61 9.92 -8.86 -10.06 -14.35 -21.20
6.0 5.99 15.95 4.40 7.79 -6.35 -8.93 -13.39 -17.79
7.0 4.19 11.74 1.83 5.87 -3.64 -7.01 -9.27 -14.02
8.0 -0.10 8.16 -0.29 3.66 -2.86 -5.94 -4.91 -11.10
9.0 -5.76 4.74 -2.56 2.14 -0.73 -4.74 -1.95 -25.56
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Table 4.8: Percentage of power and thrust increase for the (6 – 8 deg.) pitch angles 

Wind 
speed 
(m/s) 

6 deg. 7 deg. 8 deg. Untwisted 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
Power 

% 
Thrust 

% 
5.0 -29.80 -32.90 -45.60 -43.85 -56.28 -55.88 3,86  11,41

6.0 -20.81 -25.95 -27.40 -34.88 -37.73 -42.38 ‐2,64  9,29

7.0 -14.02 -21.27 -20.29 -28.44 -26.88 -35.79 ‐4,37  5,11

8.0 -8.86 -16.91 -14.58 -23.04 -18.72 -29.11 ‐14,63  2,61

9.0 -4.08 -13.36 -7.66 -18.45 -10.71 -23.08 ‐22,06  1,74

 
 
From the results above, there is a great change in the power for the different twist 

and pitch angles.  

To understand the effect of the twist and pitch angles on the stall characteristics, the 

relative velocity contours with streamlines are plotted at different sections of the 

blade for pitch angles of -3 degrees and 8 degrees at 9 m/s. 

From Figures (4.12) to (4.14), it is clear that the stall characteristics have been 

affected. In the cases of -3 degrees pitch and untwisted blade, the stall starts earlier. 

This is clear from the vortices formed at the suction side. Where in the case of 8 

degrees pitch, the stall has been delayed. This is clear from the smooth streamlines 

leaving the trailing edge of the suction side. 

The best pitch angle seems to be the pitch angle of the original NREL VI blade 

which is 3 degrees. At this angle the power is high at wide range of wind speeds. 

The pitch angles less than 3 degrees, they produce more power at low wind speeds 

but with a drastic decrease in power at moderate wind speeds. Pitch angles higher 

than 3 degrees, produce low power at both low and moderate wind speeds. More 

results for the pitch angle effect on the power production at low, mid and highe wind 

speeds are available in Chapter 5. 

Based on the results of this chapter, one can see the effects of the winglet and the 

twist on the wind turbine power production. It is hard to guess the best winglet shape 

and the best twist distribution for the maximum power production for wide range of 

operating wind speeds. This task needs optimization techniques as explained in 

details in Chapter 5. 
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Magnitude of Relative Velocity (m/s) 

 

 
a) Original 

 

 
b) Untwisted 

 
c) Pitch of -3 degrees 

 

 
d) Pitch of 8 degrees 

Figure 4.12: Relative velocity contours with streamlines at 9 m/s at 47% span for 
different twist and pitch angles 
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Magnitude of Relative Velocity (m/s) 

 

 
a) Original 

 

b) Untwisted 
 

 
c) Pitch of -3 degrees 

 

 
d) Pitch of 8 degrees 

Figure 4.13: Relative velocity contours with streamlines at 9 m/s at 80% span for 
different twist and pitch angles 
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Magnitude of Relative Velocity (m/s) 

 

 
a) Original 

 

b) Untwisted 

 
c) Pitch of -3 degrees 

 

 
d) Pitch of 8 degrees 

Figure 4.14: Relative velocity contours with streamlines at 9 m/s at 95% span for 
different twist and pitch angles 
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CHAPTER 5 
 
 
 
 

AERODYNAMIC DESIGN AND OPTIMIZATION 
 
 
 
 
 
 
Optimization of wind turbines is a multidiscipline process including optimization of 

aerodynamics, structure, electrics and economics. For the wind turbine blades, the 

aerodynamics optimization is the major concern.  

The aim of this study is to optimize the wind turbine blade of NREL VI without major 

change in the blade structural properties and weight. The objective of optimization is 

to increase the torque of the blade at low and medium wind speeds. To account for 

wide range of operating conditions, a multipoint optimization is carried out at 

different wind speeds. The wind speed range is between 5 and 9 m/s.  

First the optimization process and techniques are introduced. Then the winglet 

which was introduced in the previous chapter will be optimized and after the blade 

twist will be optimized separately. Finally, a CFD analysis over the final optimized 

geometry is carried out and the results are compared with the original NREL VI 

blade. 

 
 
5.1 Design and Optimization – General Overview  
 
 
The optimization process starts with a CFD loop which includes four processes; 

geometric blade generation, mesh generation of the blade, CFD simulation and 

post-processing. Then the CFD results will be optimized by modifying the 

geometrical parameters (design variables).  

In the optimization, it is too expensive to perform the CFD computations for each 

possible geometry. Therefore, the CFD results as a function of the geometrical 

parameters are approximated using Artificial Neural Network (ANN) [111] and an 

approximate mode is resulted.  
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The purpose of the approximate model is to have a fast method which is able to 

evaluate the blade aerodynamic performance. This method requires a database 

containing several blade geometries and their associated aerodynamic and 

geometrical performances. 

The samples of the database are used to construct the approximate model. Then 

the CFD loop is carried out only for this model and the results are stored in a new 

database (which includes the old database as well). Then another approximate 

model is constructed from the new database and CFD loop starts again and the 

process continues until the maximum number of the design cycles is reached. So 

after each design cycle, the number of samples in the database grows and the 

approximate model becomes more accurate.  

 

 

 

 

 

 

 

 

 

 
Figure 5.1: Optimization loop 

 
 
5.1.1 Design Variables and Database Generation 
 
The design variables are the geometric parameters of the blade, such as twist, 

chord length, airfoil profile,..etc, which change within upper and lower limits to 

produce different blade shapes. Those shapes are the new geometric blades used 

in the database. Then, meshing and CFD computations are carried out on each new 

blade. The new blades and their associated CFD computations are stored in the 

database. 

CFD loop: 

- Geometric blade generation 
- Mesh generation 
- Solving 
- Postprocessing 

Output Variables (Database)

Design Variables Genetic Algorithm: 

- Selection Operator 
- Reproduction & 

Matuation Operator 
- New Population 

The CFD computations are 
approximated as a function of 
the geometrical parameters 
using ANN 
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It should be noted that, the number of design variables should be as low as possible 

to simplify the optimization process and save CPU time. On the other hand the 

number of design variables should be as high as possible to obtain more accurate 

and reliable design. 

 
5.1.2 Objective Function 
 
The objective function refers to the aerodynamic performance that the designer 

wishes to improve. In the case of wind turbines, increasing the torque and hence 

increasing the power is the main objective function. 

However, in this study, for the several geometrical parameters or CFD results, a 

penalty is computed such that, the higher the penalty, the further the value from the 

desired result becomes. Then a pseudo-objective function is defined as the 

summation of these penalty terms. Thus the optimization problem is to minimize the 

objective function in function of geometrical parameters subject to some constraints 

to result in a result closest to the desired result. In other words, the general 

approach of the optimization problem is to transform the original constrained 

minimization problem into an unconstrained one by converting the constraints into 

penalty terms that are increasing when violating the constraints. Mathematically, the 

penalty ܲ݊ is defined as: 

ܲ݊ ൌ ܹ ቆ
ܳ௜௠௣ െ ܳ

ܳ௥௘௙
ቇ

ଶ

 (5.1)

Where; 

 ܹ : is a weight factor which allows to control the influence of a penalty term 

on the objective function, it is set by the user 

 ܳ௜௠௣: is the imposed quantity 

 ܳ: is the computed quantity 

 ܳ௥௘௙ is the a reference value 

Then, the pseudo-objective function ܨ (also called transfer function) is defined as: 

ܨ ൌ ෍ ܲ݊ (5.2)

For example if the goal of optimization is to increase the torque, the penalty can be 

put on the torque with a desired value of 20% of increase in torque. The optimization 

will then result in a new blade with a torque as close to 20% increase as possible. 
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5.1.3 Artificial Neural Network (ANN) 
 
The basic principle of using the ANN is to build an approximate model of the original 

analysis problem. In the approximate model, the CFD computations are 

approximated as a function of the geometrical parameters. This approximate model 

can be used in the optimization loop instead of the original model. In this way too 

much CPU cost by performing CFD computations on every possible geometry is 

avoided.  

The ANN consists of several elementary processing units called nodes. The nodes 

are arranged in layers as shown in Figure (5.2) [112].  

 
 

Figure 5.2: Schematic diagram of the ANN [112] 
 
 
The first input layer connects all the inputs to the network. Whereas, the last output 

layer produces the outputs. The inputs to the ANN are the geometrical parameters 

of the blade shape and boundary conditions, where the outputs are the aerodynamic 

performance parameters. All the inputs of a layer are connected to all nodes by the 

weighting factor ܹ. Each node performs the summation of the weighted inputs and 

bias value to form its own output. The result is then processed through the transfer 

sigmoidal function ܨ. The signal is propagated in the same way up to the output 

layer. The output of each node of the layer is given as [113]: 

ܽ௡ሺ݅ሻ ൌ ܨ ቈ෍ ௜ܹ௝

ௌሺ௡ିଵሻ

௝ୀଵ
ܽ௡ିଵሺ݆ሻ ൅ ܾሺ݅ሻ቉ ൌ ሾ݅௡ሺ݅ሻሿ (5.3)ܨ
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Where: 

 ܽ௡ሺ݅ሻ is the output value of the ݅௧௛ node of  output of ݊௧௛ layer 

  ܾሺ݅ሻ is the bias function 

Now it is important to find the connection weight matrices and the bias vectors in 

order to make the actual output vector coincide with the prescribed output vector. 

Such connection process is called learning process. The learning process leads to 

the best reproduction of the geometries and CFD computations contained in the 

database. The algorithm tries to minimize the error that the neural network produces 

on the database samples. The error is defined as: 

௟ܧ ൌ
1
2

෍ ൫ ௝݀
௟ െ ௝ܽ

௟൯
ଶ௡௢௨௧

௝ୀଵ
 (5.4)

Where; 

 ௝݀
௟ is the database value of the ݆௧௛ output of the ݈௧௛ sample 

 ௝ܽ
௟ is the ANN value of the ݆௧௛ output of the ݈௧௛ sample 

In order to eliminate the error, the derivatives of the error are expressed with respect 

to the weight factors. This allows for the iterative calculations of the weight and bias 

components modifications.  

 
5.1.4 Optimization Algorithm (Genetic Algorithm) 
 
The choice of the optimization algorithm is mainly based on two considerations: 

- Many local optima may exist in the design space and hence global 

optimization technique is required. 

- The evaluation of the blade performance using the approximate model of 

ANN is very fast. Hence, the number of required function evaluations is less 

important than if a detailed computation was needed at each step. 

Based on the above considerations, the global methods are preferred over the local 

ones. Among the global methods, the Genetic Algorithm is used in this study. 

The generation loop of the genetic algorithm is explained in Figure (5.3): 
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Figure 5.3: Genetic algorithm and generation loop 
 
 
The terms related to the GA are explained as below: 

 Population size: Determines the number of individuals generated during the 

process. 

 Number of reproduction cycles: Determines how many times the population 

will be produced. 

 Truncation rate: Determines the number of samples which are allowed to 

reproduce. For example if the truncation rate is 20, then only 20 best 

samples will be used to generate a new sample in the next generation.  

 Elitism: Determines the number of individuals that are directly transmitted to 

the next generation. If the elitism is 1, this means that only the best sample is 

transmitted to the next generation without any modifications. 

 
5.1.5 Illustration of the Optimization process  
 
In this section an illustration to show how the whole optimization process is 

performed. 

Given a flow solution variable ܨ (objective function). Assuming that only one design 

variable ܩ has been selected. Then the steps for optimization are as follow: 

Initial Population: Random 
generation of geometrical 

parameters 

Fitness Evaluation: ANN is 
used to evaluate the blade 

performance 

Selection Operator New Population 

Reproduction and Matuation 
Operator 
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Step 1: Database generation 

Assume that only four samples are generated in the database. The exact CFD 

results of the four samples are shown in Figure (5.4):  

 
 

 
Figure 5.4: Initial database of CFD results 

 
 
Step 2: Approximation of the CFD computations 

 The CFD computations are approximated as a function of the geometrical 

parameters using the ANN. 

 
 

 
Figure 5.5: Approximate model using ANN 
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Step 3: Prediction of the optimum 

The optimum shape corresponds to the optimum objective function is predicted by 

the Genetic algorithm. 

 

 
Figure 5.6: Predicted optimum by GA 

 
 
Step 4: CFD computation of the predicted optimum 

CFD calculations are run based on the predicted optimum. The new blade and its 

associated CFD computations are stored in the new database together with the 

initial samples. So the new database now contains five samples. 

 

 
Figure 5.7: CFD calculation for the predicted optimum 

Predicted optimum 

New CFD result 
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Step 5: New approximation of the CFD computations 

A new approximation of the new database using ANN is carried out and results in 

new approximate model. 

 

 
Figure 5.8: New approximate model using ANN 

 
 
Step 6: Prediction of new optimum 

Again the new optimum of the new database with the new ANN is predicted by the 

genetic algorithm. 

 

 
Figure 5.9: Prediction of new optimum by GA 

New CFD result 

New predicted optimum 
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Step 7: CFD calculation of the new predicted optimum 

Again, new CFD calculations are run based on the new predicted optimum. The new 

blade and its associated CFD computations are stored in the new database together 

with the initial samples and the sample of the previous predicted optimum. So the 

new database now contains six samples. 

 

 
Figure 5.10: CFD computations for the new predicted optimum 

 
 
The steps from 2 to 4 represent one iteration in the design process. It is also called 

one design cycle. The 2nd design cycle starts at step 5 and ends at step 7. The 

iterations continues till the number of iterations (design cycles) is reached. 

 
 
5.2 Winglet Design and Optimization 
 
 
The design of the winglet is based on the results obtained in Section (4.1). One 

configuration was used in the design process which is winglet tilted towards the 

suction side of the blade. That is because this configuration showed higher energy 

production compared to the other configurations of Section (4.1). 

 
 
 
 

New CFD result 
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5.2.1 The Parametric Model 
 
The parametric model consists of 20 sections from hub to tip. The first two sections 

(towards the root) are circular and the other sections are defined by the S809 airfoil. 

The first 19 sections correspond to the NREL VI blade, where the 20th section is for 

the winglet.  

A 2D meridional view of the wind turbine is shown in Figure (5.11): 

 
 

Figure 5.11: Meridional view of the wind turbine 
 
 
5.2.2 Design Variables and Constraints 
 
Only the winglet part (section 20) is optimized. The number of design variables 

included in the optimization is restricted to 2 parameters, the cant angle and the 

twist angle. All other parameters are kept constant and used as constraints. 

The varying parameters are as follow: 

 Cant angle: 3 angles (45, 68 and 89) 

 Twist angle: 8 angles (-2,-1,…,5) 

So the total number of varying parameters is 24. 

It should be noted that, 0 degrees of twist of the blade with respect to the tip chord 

corresponds to 90 degrees of twist with respect to the wind. So in the parametric 

model, the twist angles are added to 90 degrees to account for position with respect 

to the wind. 

2D view for the winglet profile at different twist angles (-2, 0, 3, and 5 degrees) is 

given in Figure (5.12): 

sections 

shroud 

hub 

blade
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Figure 5.12: Twist variations of the winglet 

 
 
In the design process, it is important to define the limits within which the design 

variables will change. In this case, the upper limit for cant angle is 89 degrees and 

lower limit is 45 degrees. While the upper limit for the twist angle is 5 degrees and 

lower limit is -2 degrees. 

 
5.2.3 Database Generation 
 
All the 24 varying parameters are considered in the design. Hence a database of 24 

samples is generated which contains 24 different blade geometries and their 

associated aerodynamic and geometrical performances. Meshing, CFD simulations 

and post-processing are carried out for each sample and the results are stored for 

the optimization. 

 
5.2.4 Optimization Settings and Objective Function 
 
To guarantee wide range of operating conditions, multipoint optimization is imposed. 

The optimization will carry out on three different wind speeds; 5m/s, 7m/s and 9m/s. 

To do so, the database is generated for each operating condition resulting in 72 

samples (24 samples for each operating point). The design variables and their limits 

as well as the meshes are the same for each operating point. However, the CFD 
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computations are different because the boundary conditions are different for the 

different wind speeds. 

The objective of the optimization is to increase the torque. Hence increasing the 

power output. The same objective is imposed for each operating point. 

The genetic algorithm is imposed as the optimization method. The settings of the 

GA which are used in this study are as follow: 

 Population size = 50 

 Reproduction cycles = 50  

 Truncation rate = 20 

 Elitism = 1 

Where the above mentioned terms were defined in Section (5.1.4). 

 
5.2.5 Optimization Results and CPU Cost 
 
The convergence history of the optimization procedure is shown in Figure (5.13). 

One may notice that the error between the neural network predictions and the CFD 

results decreases and both of the curves converges after 14 iterations. 

 
        Design Cycles 

 

Figure 5.13: History of convergence of objective function 
 
 



123 
 

The cant and twist angles of the winglet of the optimized geometry converged to 84 

and 2 degrees (92 degrees with respect to the wind direction) respectively to give 

the best shape for the maximum torque.  

 
 

 
Reproduction Cycles 

 

Figure 5.14: Convergence of the cant angle of the optimized winglet 
 
 

 
Reproduction Cycles 

 

Figure 5.15: Convergence of the twist angle of the optimized winglet 
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The optimized winglet gave a considerable increase in torque compared with initial 

geometry (without winglet) as shown in Table (5.1): 

 
 

Table 5.1: Optimization objectives and results 

Operating 
Condition 

Initial Torque 
 (N.m) 

Optimized 
Torque (N.m) 

Percentage of 
increase (%) 

5 m/s 290.3 324.4 11.7 
7 m/s 755.4 823.3 9.0 
9 m/s 1261.6 1363 8.0 

 
 
Comparing the results in Table (5.1) with the results obtained in Table (4.3), one 

notices that the increase in power due to the optimization of the winglet is more than 

the increase due to any winglet configuration obtained in Section (4.1).  

Geometrical comparisons between the initial geometry (without winglet) and the final 

geometry with the optimized winglet are shown as meridional view in Figure (5.16) 

and 2D blade profile view at the tip in Figure (5.17): 

 
 

 
 

Figure 5.16: Meridional view of initial geometry and final geometry with optimized 
winglet 
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Figure 5.18: Comparison of power curve between NREL VI and optimized 

winglet 
 
 

 
 

Figure 5.19: Percentage increase in power production of the optimized winglet 
 
 

 
 

Figure 5.20: Comparison of axial thrust between NREL VI and optimized winglet 
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Figure 5.21: Percentage increase in axial thrust of the optimized winglet 

 
 
From the figures above, it is clear that the increase in power is more than the 

increase in axial thrust. In fact the average percentage increase of power is 9% 

where the average percentage increase in axial thrust is 1.3 %. This is a good result 

which means that the addition of the optimized winglet to the geometry does not 

have a big impact on the structural characteristics, including loads, of the blade. a 

complete structural integrity analysis is performed in Chapter 6. 

The winglets have an effect on the normal and tangential forces acting on the blade 

sections. As stated before, the tangential force represents the driving force while the 

normal force represents the axial thrust (loads) on the blades. Increasing the driving 

force leads to more power production. The normal and tangential force coefficients 

 are computed using Equations (3.4) and (3.5) and the results compared ்ܥ ே andܥ

to the original blade are shown in Figures (5.22) and (5.23). The results are obtained 

for three different wind speeds along spanwise direction of the blade: 
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Figure 5.22: Comparison of original blade normal force coefficient with the 
optimized winglet one 

 

0

0,2

0,4

0,6

0,8

0,2 0,4 0,6 0,8 1

C
N

r/R

5 m/s Optimized WL

Original

0

0,4

0,8

1,2

1,6

0,2 0,4 0,6 0,8 1

C
N

r/R

9 m/s Optimized WL

Original

0

0,5

1

1,5

2

2,5

3

0,2 0,4 0,6 0,8 1

C
N

r/R

15 m/s Otimized WL

Original



129 
 

 
 

 
 

 
 

Figure 5.23: Comparison of original blade tangential force coefficient with the 
optimized winglet one 
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At 5 and 9m/s, Figure (5.22) shows that ܥே of the optimized blade in the inboard 

region of the blade is almost same as ܥே of the original blade. As one goes towards 

the tip, the ܥே of the optimized blade becomes more and the percentage of increase 

over the original blade becomes maximum at 99% span. This shows the effect of the 

winglet on the tip region. Since the normal force gives an indication about the axial 

thrust, this result agrees with the one obtained in Figure (5.21) where the axial thrust 

of the optimized blade is more at 5 and 9m/s. 

At 15m/s, ܥே is less than for the optimized blade. Again this result agrees with the 

one of Figure (5.21) where the axial thrust at 5m/s decreases at 15m/s.  

Figure (5.23) shows that the increase of ்ܥ of the optimized blade over ்ܥ of the 

original blade is more towards the tip region. This explains the increase in power at 

5, 9 and 15m/s in Figure (5.19). As mentioned before, ்ܥ represents for the driving 

force and its increase results in an increase in the torque and hence in the power. 

The axial velocity streamlines comparison at the blade tip at wind speeds of 5 and 9 

are shown in Figures (5.24) and (5.25). 

Figures (5.24) and (5.25) show the effect of the winglet on the flow in the axial 

direction. In the original blade, a vortex tends to form at the suction side in the tip 

region of the blade and the flow slightly separates. However, with the optimized 

winglet, the flow is more attached and directed to the downstream without 

separation.  
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Axial Velocity (m/s) 

 
 

Original Blade 

 
 

a) Original blade 

 
 

b) Optimized Winglet 

 
 

Optimized Blade 
 

Figure 5.24: Comparison of axial velocity streamlines between original and 
optimized blades at 5m/s 
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Axial Velocity (m/s) 

 
Original Blade 

 
 

a) Original blade 

 
 

b) Optimized Winglet 
 

 
Optimized Blade 

 

Figure 5.25: Comparison of axial velocity streamlines between original and 
optimized blades at 9m/s 
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To see the vorticities clearly, the relative velocity streamlines are plot as seen in 

Figures (5.26) and (5.27): 

Relative Velocity (m/s) 

 

 

 
 

a) Original blade (TE) 

 

 
 

b) Optimized Winglet (TE) 

 

 
 

c) Original blade (LE) 
 

 

 
 

d) Optimized Winglet (LE) 
 

Figure 5.26: Comparison of relative velocity streamlines between original and 
optimized blades at 5 m/s 
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Relative Velocity (m/s) 

 

 

 
 

a) Original blade (TE) 

 

 
 

b) Optimized Winglet (TE) 

 

 
 

c) Original blade (LE) 
 

 

 
 

d) Optimized Winglet (LE) 
 

Figure 5.27: Comparison of relative velocity streamlines between original and 
optimized blades at 9 m/s 

 
 
From Figures (5.26) and (5.27), one notices the vortex formation at the trailing edge 

of the original blade tip region. This vortex becomes less significant in the case of 

the optimized winglet and the flow becomes more attached. These results are in 

agreement with the increase of power due to the optimized winglet.  
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The axial velocity contours at 0.1 m behind the blade in the ݔ െ  plane are plot for ݕ

plot and compared form both cases as seen in Figures (5.28) and (5.29): 

 
 

Axial Velocity (m/s) 

 

a) Original blade b) Optimized Winglet 

 
0.1 m 0.1 m 

 
0.2 m 0.2 m 



136 
 

 
0.3 m 0.3 m 

 
0.8 m 0.8 m 

Figure 5.28: Comparison of axial velocity contours between original and optimized 
blades at different distances behind the blade in the x-y plane at 5 m/s 

 
 
From Figure (5.28), at 0.1 m behind the blade, the flow around the optimized winglet 

is more attached towards the tip. This is also clear at 0.2 and 0.3 m. As one goes far 

behind the blade, the effect of the winglet decreases. So at 0.8 m, the flows around 

the original blade and optimized winglet-blade are same. 

Similar results are observed in Figure (5.29) at 9m/s.  

Another notice is that the velocity behind the blade is less in the case of the 

optimized winglet. And as the velocity behind the blade decreases, more power is 

captured by the blade. These notices explain the increase in the power due to the 

addition of the optimized winglet. 
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Axial Velocity (m/s) 

 

a) Original blade b) Optimized Winglet 

 
0.1 m 0.1 m 

 
0.2 m 0.2 m 
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0.3 m 0.3 m 

 
0.8 m 0.8 m 

Figure 5.29: Comparison of axial velocity contours between original and optimized 
blades at different distances behind the blade in the x-y plane at 9 m/s 

 
 
To see the effect of the winglet on the vorticity, the vorticity contours are plot at the 

TE of the blade in the tip region. From the results obtained in Figures (5.30), (5.31) 

and (5.32), it is noticed that the high vorticity at the tip of the original blade has been 

reduced I magnitude and shifted by the winglet. 
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Vorticity Magnitude (1/s) 

 

a) Original blade b) Optimized Winglet 

 
  

Figure 5.30: Comparison of vorticity contours between original and optimized blades 
at the TE in the x-z plane at 5 m/s 

 
 

Vorticity Magnitude (1/s) 

 

a) Original blade b) Optimized Winglet 

 
  

Figure 5.31: Comparison of vorticity contours between original and optimized blades 
at the TE in the x-z plane at 9 m/s 

 

 



140 
 

Vorticity Magnitude (1/s) 

 

a) Original blade b) Optimized Winglet 

 
  

Figure 5.32: Comparison of vorticity contours between original and optimized blades 
at the TE in the x-z plane at 15 m/s 

 
 
5.3 Blade Twist Design and Optimization 
 
 
The twist optimization is a hard task as will be explained in this section. The twist 

mainly affects the stalling time (early or late stall) of the blade. For early stall, the 

blade generates more power at lower wind speeds. However this power decreases 

drastically as the wind speed increases. On the other hand, late stall results in less 

power at low speeds but high power at high speeds. To increase the power at wide 

range of wind speeds, extensive database generation and optimization should be 

done.  

 
5.3.1 The Parametric Model 
 
The parametric model consists of 10 sections from hub to tip. As explained in Sec. 

(4.2), the original blade consists of 19 sections. However, testing the twist for 19 

sections is too cumbersome. For example, if the twist angle of each section is 

changed through 5 angles, then a database of 19ହ ൌ 2,476,099 samples will be 

necessary. So the number of sections has been decreased to 10 and the rest of the 

sections are obtained by interpolation.  

The 3D view of the original and parametric models are shown in Figure (5.33): 
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a) Original Blade 

 

 
b) Model Blade 

 

Figure 5.33: Original and model blades 
 
 
5.3.2 Design Variables and Constraints 
 
As stated before, the parametric model consists of 10 sections. The first two 

sections (towards the hub) are circular and their twist angle is set equal to the twist 

angle of the 3rd section. So the variable parameters are the twist angles of each of 

the remaining 8 sections of the blade.  

The varying parameters are as follow: 

 Twist angle of section 3: 17 angles (99, 100, …, 115) 

 Twist angle of section 4: 5 angles (98, 99,…,102) 

 Twist angle of section 5: 4 angles (96, 97,…,99) 

 Twist angle of section 6: 4 angles (94, 95,…,97) 

 Twist angle of section 7: 5 angles (90, 91,…,94) 

 Twist angle of section 8: 5 angles (90, 91,…,94) 

 Twist angle of section 9: 4 angles (90, 91,…,93) 

 Twist angle of section 10: 4 angles (90, 91,…,93) 
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So the total number of varying parameters is 544000. However, as explained in 

Section (5.3.3), not all of the varying parameters are used in the database 

generation. 

2D view for the section 4 at different twist angles is given in Fig. (5.34): 

 
 

 
Figure 5.34: Range of twist variations of the blade 

 
 
5.3.3 Database Generation 
 
As mentioned before, the total number of varying parameters is 544000. This means 

that for three different wind speeds, a database of 544000×3 = 1632000 samples 

should be generated and all those samples should be used for optimization as input. 

However, the computer resources available are unable to accomplish this task. It 

needs years of continuous running to obtain such huge database with around 

420000 Gb of needed free space. Instead, some of the varying parameters were 

kept constant while others are varying. This way gives an insight of the effect of the 

twist of the different sections on the power production. Around 300 samples were 

generated and to get faster optimization, only the best 90 samples were selected. 

The samples were tested for three different wind speeds; 5m/s, 9m/s and 19m/s.  
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From the results of the generated samples, it is very difficult to have a twist 

distribution which causes increase in power for wide range of operating wind 

speeds. It is easy to increase the power at a certain wind speed by optimizing the 

twist. However, this increase is at the expenses of a drastic decrease of power at a 

different wind speed.  

 
5.3.4 Optimization Settings and Objective Function 
 
To guarantee wide range of operating conditions, multipoint optimization is imposed. 

The optimization will carry out on three different wind speeds; 5m/s, 9m/s and 

19m/s. To do so, the database is generated for each operating condition resulting in 

270 samples (90 samples for each operating point). The design variables and their 

limits as well as the meshes are the same for each operating point. However, the 

CFD computations are different because the boundary conditions are different for 

the different wind speeds. 

The objective of the optimization is to increase the torque. Hence increasing the 

power output. The same objective is imposed for each operating point. 

The genetic algorithm is imposed as the optimization method. The settings of the 

GA which are used in this study are as follow: 

 Population size = 50 

 Reproduction cycles = 50  

 Truncation rate = 20 

 Elitism = 1 

Where the above mentioned terms were defined in Section (5.1.4). 

 
5.3.5 Optimization Results and CPU Cost 
 
The convergence history of the optimization procedure is shown in Figure (5.35). 

One may notice that the error between the neural network predictions and the CFD 

results decreases and both of the curves converges after 29 iterations. 
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Design Cycles 
 

Figure 5.35: History of convergence of objective function 
 
 
The optimized twist gave a slight increase in torque compared with initial geometry  

as shown in Table (5.3): 

 
 

Table 5.3: Results of optimized twist 

Operating 
Condition 

Initial Torque 
 (N.m) 

Optimized 
Torque (N.m) 

Percentage of 
increase (%) 

5 m/s 290.3 302.1 4.0 
9 m/s 1261.6 1299 3.0 

19 m/s 887.8 913.6 3.0 
 
 
As mentioned before, it is hard to obtain an optimum twist which satisfies wide range 

of operating conditions. This opens the door for finding the optimum angle for each 

wind speed. In other words, to change the stall regulated blade into pitch regulated 

blade which can capture the necessary wind to generate more power. However, in 

this case, not only the power is considered but the loads as well. The pitch regulated 

turbine is explained in Chapter 6. 

The computations were done in parallel. 6 processors were used for the 

computations. The operating system is Windows Vista with Intel Core 2 Quad of 

2.5GHz. The CPU cost of the different processes during the design is listed in Table 

(5.4): 

 



145 
 

Table 5.4: CPU cost of twist optimization 

Process CPU time (Intel 2.5 GHz) 

CFD of initial geometry for three 
operating conditions. 

3×2 H = 6 H 

Database generation: 90 samples 
for each operating condition. 

90 × 3 × 2 H = 540 H 

Optimization: 29 iterations 29 × 3 × 2.2 H = 191.4 H 

Total 737 H per processor 
 
 
5.3.6 Results Final Optimized Twist  
 
Here is a comparison between the optimized twist geometry and the original NREL 

VI blade. The computations were run for the wind speed range between 5 and 25 

m/s. 

The power curve comparison is shown in Figure (5.36): 

 
 

Figure 5.36: Comparison of power curve between NREL VI and optimized twist 
 
 
Comparison of the axial thrust at different wind speeds is shown in Figure (5.37): 
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Figure 5.37: Comparison of axial thrust between NREL VI and optimized twist 
 
 
From the two figures above, it is clear that the increase in power is more than the 

increase in axial thrust. In fact the average percentage increase of power is 4.0 % 

where the average percentage increase in axial thrust is -1.2 %. This is a good 

result which means that the optimized twist causes an increase in the power and a 

decrease in the axial thrust and loads. However, the increase in power is still very 

low (only 4%). This means that the twist angle distribution of the original blade is 

almost optimum. To increase the power to much higher levels, the pitch angle of the 

blade need to be optimized. 

  
 
5.4 Blade Pitch Design 
 
 
Due to the difficulty in designing a twist distribution which satisfies the objective 

function of increasing the power at different, low, mid and high, wind speeds, it 

seems to be more efficient of using pitch regulated blades than stall regulated ones. 

In this case, the power can be increased for each wind speed separately by setting 

the optimum pitch angle for each wind speed. 

The parametric model is the same NREL VI blade without modification in the 

sections. The varying parameter is just the pitch angle of the blade. So generating a 

database for different pitch angles for each wind speed is enough to choose the best 

angle. The best angle is chosen according to the high power and low thrust. 
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5.4.1 Database Generation 
 
A separate database is generated for each wind speed. Each database consists of 

different number of samples according to different pitch angles as shown in Table 

(5.5). 

 
 

Table 5.5: Database of pitch design. 

Wind Speed 
(m/s) 

Range of pitch angle (deg.) Number of samples 

4 -4,-3,…,5,6 11 
5 -4,-3,…,1,2 7 
6 -6,-5,…,4,5 12 
7 -6,-5,…,5,6 13 
8 -4,-3,…,5,6 11 
9 -4,-3,…,5,6 11 

10 -1,0,…,4,5 7 
11 -1,0,…,5,6 8 
12 -1,0,…,5,6 8 
13 -1,0,…,8,9 11 
14 -1,0,…,8,9 11 
15 -1,0,…,8,9 11 
16 -1,0,…,8,9 11 
17 -1,0,…,8,9 11 
18 -1,0,…,8,9 11 
19 -1,0,…,8,9 11 
20 -1,0,…,8,9 11 

 
 
5.4.2 Results 
 
Changing the pitch angle has a great effect on the power and axial thrust of the wind 

turbine. The pitch angles were designed for a rated power of 12kW at a rated wind 

speed of 11m/s. At wind speeds higher than 11m/s, the pitch angle was changed to 

set the power constantly at 12kW.  

The optimum pitch angles for the different wind speeds are shown in Figure (5.38): 
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Figure 5.38: Optimum pitch angles 

 
 
The pitch angles are added to the optimized twist distribution of each section of the 

blade. For example, at section 3 of the blade, the optimum twist angle is 112 deg 

and the optimum twist angle is -3 deg. So the real twist of the blade at section 3 is 

109 deg. 

A comparison between the NREL VI power curve and the computed power curve for 

the optimum pitch is shown in Figure (5.39): 

 

 
Figure 5.39: Comparison of power curve between NREL VI and optimum pitch 

 
 
The optimum pitch has shown an average increase of about 8% in power for low 

wind speeds and an increase of about 30% in power for the whole wind speed 

range. 
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The results for the axial thrust are shown in Figure (5.40): 
 

Figure 5.40: Comparison of axial thrust between NREL VI and optimum pitch 
 
 
It is noticed that the axial thrust for the optimum pitch is higher than that of NREL VI 

up to 8m/s and after that it becomes less. At low wind speeds even though the axial 

thrust is higher, it still low in value and can be tolerated by the blades. At high wind 

speeds, the axial thrust becomes more important phenomenon from structure point 

of view. Large values of axial thrust may result in structural problems including the 

destruction of the blades. This is avoided in the optimum pitch angles as the axial 

thrust is less than that of NREL VI. 

More results and CFD analysis are obtained in Section (5.5) for the final optimized 

blade where, optimum winglet, optimum twist distribution and optimum pitch angles 

are combined to produce the final design. 

 
 
5.5 Final Design – Post-Processing 
 
 
In this section, the optimized winglet, the optimized twist distribution and the 

optimum pitch angle for each speed are combined in one final blade.  

The power curve comparison between the different designs is shown in Figure 

(5.41): 
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Figure 5.41: Comparison of power curve between NREL VI, optimum pitch and 

final design 
 
 
It is clear that the rated power has been increased to 12.5kW. The percentage of 

increase in the power production compared to the original NREL VI is shown in 

Figure (5.42): 

 

 
Figure 5.42: Percentage increase in power production of the final design 

 
 
It is noticed that there is a large increase in power production due to the optimum 

winglet, twist and pitch. Even at low wind speeds, the increase is about 20%. The 

overall average increase in power is around 37%. 

The results for the axial thrust are shown in Figure (5.43): 
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Figure 5.43: Comparison of axial thrust between NREL VI, optimum pitch and 

final design 
 

The percentage of increase in the axial thrust compared to the original blade is 

shown in Figure (5.44): 

 

  
Figure 5.44: Percentage increase in axial thrust of the final design 

 

Again, the increase in axial thrust is at low wind speeds but at high wind speeds, the 

axial thrust decreases. So the values of axial thrust at low wind speeds are still small 

and can be sustained by the blade. 

To understand the increase in the power production, one needs to see the change in 

the aerodynamic forces acting on the blade, the pressure coefficient distribution and 

the formation of vorticies behind the blade. The normal and tangential force 

coefficients ܥே and ்ܥ are computed using Equations (3.4) and (3.5) and the results 

compared to the original blade are shown in Figures (5.45) and (5.46).  
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Figure 5.45: Comparison of original blade normal force coefficient with the final 
optimum blade 
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Figure 5.46: Comparison of original blade tangential force coefficient with the 
final optimum blade 
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At 5 m/s, Figure (5.45) shows that ܥே of the optimized blade is about 50% higher 

than ܥே of the original blade. This explains the large increase in axial thrust of the 

optimized blade at 5ms.  

At 9m/s, it clear that the increase in ܥே is small compared to the increase at 5m/s 

and 15 m/s. This is because the optimum pitch angle of the optimized blade is same 

as that of the original blade. So the increase in ܥே is only due to optimum winglet 

and twist. Comparing Figure (5.45) with Figure (5.22) at 9 m/s, one notices that the 

trend of the curves is similar. As mentioned before, the optimum twist effect is not 

very significant on the axial thrust so the significant effect comes from the winglet 

and that is why the results in Figures (5.45) and (5.22) are similar.  

At 15 m/s, the average ܥே value of the optimized blade is about 4% less than ܥே 

value of the original blade. This result agrees with the one in Figure (5.44) where the 

axial thrust has decreased at 15m/s.  

Figure (5.46) shows that, at 5 and 15 m/s there is a significant increase in ்ܥ values. 

This indicates that the driving force has increased which explains the increase in the 

power in Figure (5.42). Where at 9 m/s, the increase is less because the effect is 

only due to the winglet and twist as mentioned before.  

The pressure coefficients at different spanwise locations for three wind speeds are 

obtained in Figures (5.47), (5.48) and (5.49): 
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Figure 5.47: Cp distribution comparison between NREL VI and final design at 5m/s 
Jkh h jh  
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Figure 5.48: Cp distribution comparison between NREL VI and final design at 9m/s 
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Figure 5.49: Cp distribution comparison between NREL VI and final design at 
15m/s 

 
 
At 5m/s, the pressure coefficient is different from the original blade. The pressure is 

less at the suction side while it is more at the pressure side resulting in more power.  

At 9m/s, there is no clear difference between the pressure coefficient distribution of 

the optimized blade and the one of the original blade at the sections close to the 

root. Close to the tip region, sections 95% and 99%, the difference becomes clearer. 

At 9 m/s, the optimum pitch angle is the same as for the original blade. So the power 

difference comes from the optimized winglet whose effect is more towards the tip. 

At 15 m/s there is change in the pressure distribution resulting in increase in the 

power. 

The relative velocity streamlines are plotted at 13m/s and 15m/s as shown in 

Figures (5.50) and (5.51). The streamlines are not shown for pre-stall wind speeds 

(5 and 9m/s) because separation at pre-stall speeds is weak. 
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a) Original Blade 
 

 

b) Optimized Blade 

Figure 5.50: Relative velocity contours with streamlines comparison at 13 m/s 
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a) Original Blade 
 

 

b) Optimized Blade 

Figure 5.51: Relative velocity contours with streamlines comparison at 15 m/s 

30 % 30 % 

47 % 47 % 

80 % 80 % 

95 % 95 % 



162 
 

At 13m/s, the vortex behind the optimized blade is less than that behind the original 

blade. This is also clear at 15m/s, where the vortex is closer to the blade. Towards 

the tip region, the effect of the optimum winglet appears. From Figure (5.51), at 95% 

a vortex was formed behind the original blade where it disappeared behind the 

optimized blade and the flow became more attached. 
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CHAPTER 6 
 
 
 
 

CONCLUSIONS AND RECOMMENDATIONS 
 
 
 
 
 
 
6.1 Concluding Remarks 
 
 
The main purpose of this study is to aerodynamically design and optimize winglet, 

twist angle distribution and pitch angle for a wind turbine blade using CFD to 

produce more power. During the study many issues were considered and analyzed; 

- Preconditioning 

- NREL Phase II and VI for validation 

- Turbulence models 

- Different winglet, twist and pitch configurations 

 Based on the results of the optimization and the other issues, the following 

concluding remarks can be drawn; 

 Since the Mach number of the airflow around the wind turbine blades is very 

small, preconditioning is necessary to overcome the lack of accuracy and the 

slow convergence of the compressible flow codes. A comparison between 

the solver without preconditioning, with Merkle preconditioner and with 

Hakimi preconditioner have been done and the results were compared with 

the measured pressure coefficient data for the NREL Phase VI. The results 

have showed the need for the preconditioner to obtain more accurate and 

faster solution. The most accurate solution was obtained by using the Merkle 

preconditioner. It is believed that the advantage of Merkle over Hakimi 

preconditioner in this study is the robustness of Merkle preconditioner at high 

aspect ratios. For wind turbines, due to the mesh in the far field, the aspect 

ratio might reach high values (e.g. 30000), and needs a very robust code to 

ensure good convergence with accurate results. 
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 Two test cases have been investigated to validate the RANS solver of 

Numeca Fine/Turbo. The test cases are NREL Phase II and VI. Different 

turbulence models were used in the validation. The ݇ െ  Launder – Sharma ߝ

has shown superior results compared to the other models in both of the test 

cases. In fact it was expected that the SST ݇ െ ߱ would give better results 

since it takes the advantage of both the ݇ െ ߱ and ݇ െ  models. The results ߝ

obtained in this study are in agreement with previous results in literature that 

the ݇ െ ݇ model could predict the power more accurately than the SST ߝ െ ߱ 

model. To well assess this issues, different meshes with different y+ values 

should be tested and also more wind turbine test cases should be 

considered. However, the ݇ െ  Launder – Sharma has shown sufficient ߝ

accuracy to be selected as the turbulence model for the further computations 

and also for the design and optimization. Comparing the computed spanwise 

pressure coefficient distribution by the RANS solver with the measured data, 

it is noticed that at pre-stalled wind speeds, the results are very close to the 

measured data except for small deviation at the LE which might be due to 

Kutta condition. As the wind speed increases above the stall value, the 

deviation becomes bigger especially in the suction side of the blade where 

vortices are formed.  The vortices are stonger towards the root and the 

deviation between the computed data and measured data is more towards 

the root. Since the ݇ െ  Launder – Sharma model is a low Reynolds number ߝ

model, it is not capable of accurately capture the flow at stall especially when 

there is a great separation. As one goes towards the tip of the blade, even at 

post-stall wind speeds, the separation becomes less and the accuracy of the 

solver becomes more. 

 

 Before starting the design process and in order to decrease the number of 

design variables to decrease the CPU cost of the computations, a pre-deign 

study has been made. Different winglet configurations have been analyzed 

and the results for the power production were compared with the results of 

the original blade. Among the different configurations, it was noticed that 

adding a winglet to the wind turbine blade and making it pointing towards the 

suction side of the blade results in more power production. That 

configuration was used for the winglet design and optimization. Also the 

effect of twist and pitch on the power production was investigated and the 

results have showed the big effect of pitch and twist on power production. 
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The results also have showed that it is difficult to have one pitch angle which 

causes an increase in power for wide range of wind speeds. The increase in 

power at certain wind speed for a certain pitch angle is usually at the 

expense of the power at different wind speeds.  

 
 The Genetic algorithm together with the artificial neural network were used in 

the optimization of the winglet. The design variables were the cant and twist 

angles and the objective function was the power output. To ensure validity of 

the design for wide range of operating conditions, multipoint optimization was 

carried out to maximize the power at wind speeds of 5, 7 and 9 m/s. The 

CPU time was 968 hours. The optimized winglet has shown an increase in 

power of about 9.5%. Both the power and the loads (represented by the axial 

thrust) have increased. However the increase in power is much more than 

the increase in the axial thrust means that such increase in the axial thrust 

has no significant effect on the structural properties of the blade. Results for 

the aerodynamic forces (normal and tangential force coefficients) were 

obtained. These results have shown that both of the forces increase 

especially in the tip region which shows the effect of the winglet. Other 

results showed how the winglet affects the flow by making it more attached 

at the tip resulting in more power production. So the addition of winglet 

increases to the wind turbine blade increases the power output of the turbine 

and optimizing the winglet results in even more power. The 9.5% increase in 

power is relatively good increase. Talking about big wind turbines of 2MW 

rated power, then such turbine produces about 6,132,000 kWh in a wind 

farm of 35% capacity factor. Such amount of energy makes about 204400 

EUR. So any 9.5% increase in energy amount means an increase of about 

20000 EUR per year which is usually the cost of maintenance of a wind 

turbine per year. 

  

 The twist design and optimization was also conducted by GA and ANN. The 

variable parameters were the twist angles at 8 sections of the blade resulting 

in 300 samples for the database and 90 samples for the optimization. And 

the objective functions were the power output at three different wind speeds 

The results for the optimized twist have shown no significant increase in 

power meaning that the original blade has already an optimum twist 

distribution. 
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 To obtain better power production at every wind speed, the best way is to 

change the pitch angle for every wind speed. In other words, to change the 

blade from stall regulated into pitch regulated. A database was generated 

which included many samples for wind speeds between 5 and 20 m/s 

resulting in total of 176 samples. The optimum pitch angle was selected 

according to maximum power and tolerable thrust. However, at high wind 

speeds (higher than stall) the power keeps increasing. To prevent so, the 

pitch angles at post-stall wind speeds were chosen such that the power does 

not exceed the rated value (12 kW). By pitch regulating the power at low 

wind speeds increased by about 20% and it increased by about 30% for the 

whole speed range. Another factor that should be considered is the increase 

in axial thrust. The axial thrust has considerably increased at low wind 

speeds but it decreased at mid and high wind speeds. The increase in value 

at low wind speeds is still small and can be tolerated by the blade. There 

would have been structural problems if such increase occurred at high wind 

speeds. 

 

 Finally, the optimum winglet, the optimum twist and the optimum pitch angle 

for each wind speed were combined to yield the final design. The results of 

the final design have shown a large increase in power production compared 

to the original blade. The average of power increase was about 37%. 

 
 

6.2 Recommendations and Future Work 
 
 
Recommendations for future work include: 

 Grid sensitivity analysis for different turbulence models and different wind 

turbine blades. Different grids with different y+ values should be tested to 

decide on the best turbulence model for wind turbine simulations. 

 For the winglet optimization, more design variables are to be considered 

such as different airfoils. 

 For the twist optimization again different airfoils are to be included in the 

design variables. 
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