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ABSTRACT 

 

 INVESTIGATIONS OF UPSCALING EFFECTS FOR AERODYNAMIC 

DESIGN OF LARGE WIND TURBINE ROTORS BY USING BEM THEORY 

AND OPTIMIZATION 

 

KESİKBAŞ, Ozan 

Master of Science, Aerospace Engineering 

Supervisor: Assoc. Prof. Dr. Nilay Sezer Uzol 

 

December 2019, 96 pages 

 

In recent years, wind power has become one of the most preferred and accepted 

renewable energy sources. However, there are still design challenges of new wind 

turbines especially upscaling problems as the size of rotor blades gets larger and 

larger. The main objective of this research is to understand scaling effects on wind 

turbine design by investigating and developing new design and scaling methodologies. 

For the design studies, the 5 MW NREL wind turbine is used as the baseline rotor. For 

the upscaling studies, this selected 5 MW baseline wind turbine is scaled up to 10, 15 

and 20 MW wind turbines by using the classical upscaling method which is a linear 

scaling rule. For the optimization studies based on the blade element momentum 

theory and multipurpose genetic algorithm, the 5 MW NREL wind turbine blade 

which is taken as the reference blade is first optimized and analyzed. Then, the 

aerodynamic shape and blade mass of the upscaled 10 MW, 15 MW and 20 MW wind 

turbines are optimized. The optimization studies are conducted to maximize power 

generation and minimize blade mass. The aerodynamic and structural parameters of 

the rotor blades such as chord length, twist angle, blade mass and blade stiffness are 

compared. Then, the aerodynamic and structural performance analyses are done by 

using the FAST software and the results are compared for the reference blade, 
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upscaled blades, and optimized blades. Finally, based on the results for the optimized 

wind turbines, new scaling trends are formulated as a function of rotor diameter to 

understand the re-sizing effects on wind turbines. 

 

 

Keywords: Wind Turbine, Upscaling Effects, Genetic Algorithm, Optimization, Blade 

Element Momentum Theory, Aerodynamic and Structural Analyses  
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ÖZ 

 

 PALA ELEMANI MOMENTUM TEORİSİ VE OPTİMİZASYON 

KULLANARAK BÜYÜK RÜZGAR TÜRBİNİ ROTORLARININ 

AERODİNAMİK TASARIMI İÇİN YUKARI ÖLÇEKLENDİRME 

ETKİLERİNİN İNCELENMESİ 

 

KESİKBAŞ, Ozan 

Yüksek Lisans, Havacılık ve Uzay Mühendisliği 

Tez Danışmanı: Doç. Dr. Nilay Sezer Uzol 

 

Aralık 2019, 96 sayfa 

 

Son yıllarda, rüzgar enerjisi en çok tercih edilen ve kabul edilen yenilebilir enerji 

kaynaklarından biri haline gelmiştir. Bununla birlikte, yeni rüzgar türbinlerinin 

tasarım zorlukları hala vardır, özellikle de yukarı ölçeklendirme problemleri, çünkü 

rotor kanat büyüklükleri gittikçe artmaktadır. Bu araştırmanın temel amacı, yeni 

tasarım ve ölçeklendirme yöntemlerini araştırarak ve geliştirerek, rüzgar türbini 

tasarımında ölçeklendirme etkilerini anlamaktır. Tasarım çalışmaları için, 5 MW 

NREL rüzgar türbini temel rotor olarak kullanılmıştır. Yukarı ölçeklendirme 

çalışmaları için, seçilen bu 5 MW temel rüzgar türbini, doğrusal ölçeklendirme kuralı 

olan klasik ölçeklendirme yöntemini kullanarak, 10, 15 ve 20 MW’lık rüzgar 

türbinlerine ölçeklendirilmiştir. Pala elemanı momentum teorisi ve çok amaçlı genetik 

algoritmaya dayalı optimizasyon çalışmaları için, ilk olarak referans olarak alınan 5 

MW NREL rüzgar türbini kanadı optimize edilmiş ve analiz edilmiştir. Daha sonra, 

yukarı ölçeklendirilmiş 10 MW, 15 MW ve 20 MW rüzgar türbinlerinin aerodinamik 

şekli ve kanat kütlesi optimize edilmiştir. Enerji üretimini en üst düzeye çıkarmak ve 

kanat kütlesini en aza indirmek için optimizasyon çalışmaları yapılmıştır. Rotor 

palalarının aerodinamik ve yapısal parametreleri, veter uzunluğu, burgu açısı, pala 

kütlesi ve pala katılığı gibi parametreler karşılaştırılmıştır. Aerodinamik ve yapısal 
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performans analizleri FAST yazılımı kullanılarak yapılmıştır ve referans kanat, 

optimum kanatlar ve ölçeklendirilmiş kanatlar için sonuçlar karşılaştırılmıştır. Son 

olarak, rüzgar türbinlerinde yeniden boyutlandırma etkilerini anlamak için, optimize 

edilen rüzgar türbinlerinin sonuçlarından rotor çapının bir fonksiyonu olarak yeni 

ölçeklendirme eğilimleri formüle edilmiştir.  

 

Anahtar Kelimeler: Rüzgar Türbini, Yukarı Ölçeklendirme Etkileri, Genetik 

Algoritma, Optimizasyon, Pala Elemanı Momentum Teorisi, Aerodinamik ve Yapısal 

Analizler 
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CHAPTER 1  

 

1. INTRODUCTION 

 

Due to the rapid loss of non-renewable energy resources on earth, such as but not 

limited to; fossil fuels, coal, petroleum, alternative energy resources are being sought 

after; wind energy is one of these alternative resources that is widely used.  

Nonetheless, population density and natural areas limit the expansion of wind energy 

installation and vast electricity generation in and around Europe. Setting up large scale 

wind turbines would not only provide a solution to this issue, but also lead to cost 

reduction. Additionally, as illustrated in Figure 1.1, to reduce the cost of energy, our 

intention is to enhance the rotor diameter of the turbine, which would add further 

height and turbine power. Thus, extraction of more energy from larger wind turbines 

means decrease in the overall cost of energy.  

 

Figure 1.1. Wind turbine upscaling pattern [1] 

However, looking at the market analysis of the use of large-scale wind turbines, it can 

be seen that there are many difficulties associated with technical feasibility. The 
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increase in blade size also means an increase in blade mass and other components of 

the turbine. For these reasons, it can be said that it would be difficult to develop large 

turbines using the classical upscaling method. Therefore, instead of using the classical 

upscaling method, to obtain a more efficient wind turbine design, a lot of research is 

being done to develop a new design method that is considered in every aspect. 

Projects such as WINDPACT, UPWIND, and DOWEC each focus on a different 

feature of the new upscaling methods. Between the years 1997-2003, a 64.5 m 

DOWEC [2], [3] blade was studied. It also included the distributed geometric 

properties, stiffness and blade mass properties. The Upwind project [4]  and the NREL 

5 MW model [5] used the blade characteristics which is obtained from DOWEC 

project. 

On the other hand, WINDPACT [6], [7] project studied the impact of enhanced turbine 

size and cost of energy through the development of cost and mass models of the 

components of a wind turbine.  

The UPWIND project focused on identifying major technological and economic 

barriers to large-scale wind turbines. However, instead of achieving optimal wind 

turbine designs through optimization, the UPWIND project used linear scaling rules 

and engineering knowledge from experience. 

Even though past research shows that many significant improvements have been made 

in upscaling, it is necessary to do more research before fully understanding and 

providing solutions to the technical characteristics such as chord length, twist angle 

and blade mass that correlate with upscaling. 

For the reasons mentioned above, the focus of this thesis is the effect of scaling on 

wind turbine blade characteristics, as well as, examining new upscaling approaches 

beyond the classical upscaling method. Upscaling a 5 MW wind turbine to larger sizes 

up to 10, 15 and 20 MW and studying the effect of scaling on the aerodynamic 
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perspective. Also, scaling trends are used to identify size-related problems and detect 

the possible limiting causes.  

1.1. Objective of the Thesis 

Considering the methods for the effects of size on characteristics of a wind turbine, 

the most frequently used ones are the linear scaling rules or the extrapolation of 

existing data. The linear scaling rules, under some assumptions, examine the analytical 

relationships formed by formulating linearly scaled geometric parameters as a 

function of rotor diameter. 

The existing data trends use the correlations between rotor diameter and other 

parameters of wind turbine characteristics. The existing data trends approach needs 

real data to be collected and the scaling trends can be gained by interpolation or 

extrapolation of the collected data. Nevertheless, to study larger wind turbines using 

the existing data trends approach, an extrapolation must be used. To obtain large scale 

wind turbines, extrapolation will go outside the data range and this will result in more 

uncertainty in the trend rules. 

In order to overcome the disadvantages of the first two methods, in this study, wind 

turbine blades are designed and optimized for several different sizes by using the basic 

aerodynamic theories. The relation between different wind turbine parameters and 

rotor diameter can be obtained by using these optimized wind turbines and these 

relations can be used in order to develop new trends. 

For the design studies in this thesis, the 5 MW NREL wind turbine is used as the 

baseline rotor. For the upscaling studies, the 5 MW NREL baseline wind turbine is 

scaled up to 10, 15 and 20 MW wind turbines by using the classical upscaling method 

which is a linear scaling rule. The scaled wind turbine rotors are analyzed and 

evaluated in terms of aerodynamic and structural characteristics by using the FAST 

software. For the design optimization studies, the 5 MW NREL wind turbine blade 

which is taken as the reference blade is first optimized and analyzed. Then, the 

aerodynamic shape and blade mass of the upscaled 10 MW, 15 MW and 20 MW wind 
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turbines are optimized. These larger optimized wind turbines are analyzed and 

evaluated in terms of aerodynamic and structural characteristics by using the FAST 

software. The results of optimized designs are also compared with the results which 

are obtained from the linearly scaled wind turbines. 

1.2. Literature Research 

In recent years, there have been several studies on scaling wind turbines. Ashuri et al. 

[8] investigated the non-linear upscaling approach for wind turbine blades based on 

stress levels. The aim was keeping the stresses in the upscaled blade the same as the 

reference blade which was NREL 5 MW. The reference blade was upscaled to 20 MW 

wind turbine blade by using the non-linear upscaling method. On the other hand, with 

the linear scaling methods, it has been seen that an increase in the total stress of %80 

occurs. It was concluded that the design with the non-linear upscaling approach 

decreases the aerodynamic loads and the weight induced stresses compared to the 

design with the linear upscaling approach. 

Nijsen et al. [9] studied the application of scaling rules on wind turbine design. The 

aim was to show the effects of scaling laws on reaching to the optimum blade design. 

Sieros et al. [10] studied the upscaling of wind turbines and especially the theoretical 

and practical effects of upscaling on the aerodynamic loads and weight. The 

theoretical implications showed unfavorable increases in the weight and loads due to 

upscaling. 

Griffin A. [6] studied scaling effects on the composite blades for 80 to 120 m diameter 

rotors. To obtain a blade-scaling model by using direct design calculations, the 

structural properties of the blade were calculated for different aerodynamic designs 

and rotor sizes. This structural design model was used to obtain some scaling trends. 

For a given blade design, the scaling model indicates that blade mass and costs scale 

as a near-cubic of rotor diameter. In contrast, the commercial blade designs have 

maintained a scaling exponent closer to 2.4 for lengths ranging between 20 and 40 
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meters. From this study, it was indicated that obtaining lower scaling exponent on cost 

and mass has required significant evolution of the aerodynamic and structural designs. 

Ashuri et al. [11] performed the multidisciplinary design optimizations of large wind 

turbines of 5, 10 and 20 MW. Based on the design data and the properties of these 

large wind turbines, the scaling trends for loading, mass, and cost were developed. 

The results showed the technical feasibility of wind turbines up to 20 MW, but the 

design of such large upscaled turbine was cost prohibitive. The results of this research 

support the development of alternative lightweight materials to overcome mass 

problem. The results also showed that the upscaling without changing the concept, the 

materials, and the technology was not feasible. 

Peeringa et al. [4] studied the pre-design of Upwind 20 MW Wind Turbine. In this 

study, the classical upscaling rules were used to obtain a starting point for 20 MW 

wind turbine design which was based on the Upwind 5 MW reference wind turbine. 

Kazacoks R. and Jamieson P. [12]  showed the scaling effects on the hub loads of a 

horizontal axis wind turbine. The general fatigue load trends of several wind turbines 

were generated. The aim was to investigate how loads (especially the fatigue loads) 

change for four wind turbines: 2 MW SuperGen (based on the NREL 2MW turbine), 

3 MW Generic, 3.6 MW Generic, 5 MW SuperGen (based on the NREL 5MW 

turbine). The edge-wise and the flap-wise bending moment at the blade root were 

investigated. They showed that the structural modes and frequencies of rotor decrease 

with the wind turbine size. 

Ashuri T. and Zaaijer  [13] studied the size effects on the design drivers and discussed 

the critical issues for very large scale wind turbine blades. A classical upscaling law 

and a finite element model were used to perform the assessment. The structural 

responses such as the stresses and the displacements due to aerodynamic and inertial 

loadings were analyzed for 5, 10, 15 and 20 MW blades. Based on the results of the 

simulations, the challenges for design of very large blades and some design guidelines 

were presented and the use of light-weight materials were also stated as necessary. 
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1.3. Scope of the Thesis 

In Chapter 1, the introduction on the design of large scale wind turbines are given,  the 

motivation and objectives of the thesis are presented.  

In Chapter 2, the classical upscaling methods and the existing data trends are explained 

in detail. These two methods are compared with each other in terms of advantages and 

disadvantages. A new alternative approach based on an aerodynamic design of large-

scale wind turbine rotors is described.  

In Chapter 3, NREL 5 MW wind turbine was taken as a reference rotor and three 

different turbine blades are obtained for 10 MW, 15 MW and 20 MW rotors by using 

the classical upscaling rules. The aeroelastic behavior of the turbine blades are 

examined and compared with each other by using the FAST [14] software of NREL 

for four different wind turbine rotors, including the reference baseline turbine blade. 

In Chapter 4, the aerodynamic shape and blade mass of the 5 MW, 10 MW, 15 MW 

and 20 MW wind turbines are optimized by using a Multipurpose Genetic Algorithm 

and Blade Element Momentum (BEM) theory, with reference to the NREL 5MW wind 

turbine rotor and scaled rotors. The optimization studies have been conducted to 

maximize the power generation and minimize the blade mass. The blade shape design 

parameters are obtained from the genetic algorithm optimization, and then, the 

optimized 10, 15 and 20 MW wind turbine rotors are modelled and analyzed by using 

the FAST software. Aerodynamic and structural performances are compared with 

each other.  

All results which are obtained in previous chapters, are discussed and summarized, 

and conclusions and future recommendations are given in Chapter 5.  
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CHAPTER 2  

 

2. CLASSICAL SCALING METHODS FOR WIND TURBINE BLADE DESIGN  

 

2.1. Introduction 

Scaling laws can be used to extrapolate existing model properties to larger turbine 

sizes and predict the effect of blade length on design trends such mass and energy 

production. In this section we consider general scaling trends. 

Two classical scaling methods are used in the literature: the linear scaling rule and the 

extrapolation of existing data trends, to understand the effects of scaling on 

aerodynamic and structural characteristics of wind turbines. 

In this study, it is aimed to find the best method for scaling by making a short review 

of the existing classical design methods. The two classical methods for upscaling are 

presented in this chapter. Scaling of wind turbines is done by using the linear scaling 

relations or the extrapolation of existing data where usually there is a relation between 

the rotor diameter and the important parameters of wind turbine design. 

2.2. Approach- I: Linear Scaling Rules 

The classical linear upscaling rules are based on these below assumptions: 

1. The number of blades and their structural concepts are the same  

2. Constant tip speed 

3. Geometrical parameters are related linearly with blade diameter. 

In 2001, Nijssen et al. [9] enlarged the linear scaling laws and, as a case study, applied 

this law in the process of upscaling a wind turbine. In the UPWIND project, in order 

to see the various effects of wind turbine scaling, linear scaling law has been applied 

to most components of the wind turbine by Chaviaropoulos et al. [10]. 
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Different wind turbine sizes become possible by using the scaling laws and the 

relations between blade radius and turbine parameters. For a rotor blade, the classical 

linear scaling rules are presented in Table 2-1. 

Table 2-1 Classical Scaling Rules [15] 

 

2.3. Approach-II: Existing Scaling Trends 

The most comprehensive work on wind turbine mass, power output and loads scale 

trends was made by Jamieson [16] by using the calculations in the UPWIND project. 

These data are shown in three parts. In the first part, the mass of turbine blade is shown 

as a function of rotor diameter. In the second and third parts, the loads data and the 

power output are presented, respectively. 

The loads scaling trends [16] are presented in Figure 2.1 and Figure 2.2 in terms of 

diameter. The flapwise and the edgewise loads should scale with R3 with respect to 

the linear scaling rules as shown in Table 2-1. However, from these two figures, it can 

be seen that the edgewise bending moment exponent is higher than the flapwise 

bending moment exponent of the scaling correlations with diameter. 



 

 

 

9 

 

 

Figure 2.1. Flapwise Bending Moment [16] 

 

Figure 2.2. Edgewise Bending Moment [16] 

The scaling behavior of the blade mass is one of the most important parameters for 

the blade design as stated in Ashuri’s studies [15]. 52 data points which belong 7 

different manufacturers were used to obtain the blade-diameter-mass trend. As shown 

in Figure 2.3., by using curve-fitting to the existing data, a new mass-diameter relation 

was obtained as: Blade mass = 0.6853R2.09 (where, the exponent is less than the linear 

scaling rules.) As shown Figure 2.4., there is an almost square relation with the 

diameter for power output by using the curve fitting to the data points. 
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Figure 2.3. Mass – Diameter trends from existing data[15] 

 

Figure 2.4. Power output vs rotor diameter [15] 

2.4. Comparison of Scaling Approaches 

Although the linear scaling laws are easiest way of scaling a wind turbine to another 

size, it is not accurate when compared with the existing data scaling trends. This is 

expected due to complexity of a wind turbine system as a whole in terms of several 

interdisciplinary areas such as aerodynamics, structure, control and complex wind 

conditions. 
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As shown in Figure 2.1. and Figure 2.2. for the existing data relations, the flapwise 

and edgewise bending moments have relations with the radius as R2.86 and R3.25, 

respectively. Therefore, there is a fair match between the existing data trends and the 

linear scaling rules which are as R3 for both bending moments.  

As shown in Figure 2.3., for mass predictions, by using the extrapolation of existing 

data, there is a R2.29 relation with radius. This value is too below the linear scaling rule 

which is R3. The linear scaling rule of mass blade (R3) could be still a valid law if the 

blade would be made from metal. However, the data points of the figure are taken 

from the composite blades. 

However, for the total energy production, when comparing the linear scaling laws with 

the existing data trends, there is a near match between these scaling methods. In the 

linear scaling rule, the energy production has R2 relation with the radius (diameter). 

As shown in Figure 2.4., for the existing data trends, this relation is R1.85, which is 

quite near the linear scaling rule. It means that the energy production of wind turbines 

is compatible with the rule of the linear scaling. 

The classical upscaling methods are not suitable for certain parameters for larger scale 

wind turbines. Therefore, there is a need for new and reliable scaling trends which are 

based on aerodynamic and structural theories in order to obtain accurate scaling rules. 

The linear scaling rule formulation is more suitable during the conceptual design of 

wind turbines and using only this method is not feasible and reliable for larger scale 

wind turbines with good aerodynamic and structural performances. 

On the other hand, the technical data from manufacturers are not available at larger 

scales. For this reason, the extrapolation of the existing data trends can result in 

uncertainties in the design. 
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CHAPTER 3  

 

3. INVESTIGATION OF LINEAR UPSCALING EFFECTS ON WIND TURBINE 

BLADE DESIGN 

 

3.1. Introduction 

Looking at the market analysis of the use of large-scale wind turbines, there are many 

difficulties with regard to technical applicability. The increase in blade size also means 

an increase in blade mass and other components of the turbine. Although aerodynamic 

forces play an important role in the design of past and present commercial blades, it 

still plays an important role in the design of large diameter wind turbine blades, and 

in addition to aerodynamic effects, structural effects become important as well with 

increasing wind turbine diameter. This chapter examines the aerodynamic behavior 

and the structural behavior of very large-scale wind turbine rotors. In this chapter, 

NREL 5 MW turbine blade is taken as reference, as the baseline rotor, and three 

different turbine blades are obtained for 10 MW, 15 MW and 20 MW rotors by using 

the classical upscaling rules. The aerodynamic and structural behavior of turbine 

blades are examined and compared with each other by using the FAST [14] software 

of NREL for four different wind turbine blades, including the reference turbine blade. 

3.1.1. Linear Upscaling with NREL 5 MW Reference Turbine Blade 

Scaling laws can be used to estimate the properties of a larger diameter turbine blade 

and the effect of blade length on torque and forces, using the properties of the reference 

turbine blade. The classical scaling of the turbine blade is performed by a dimensional 

analysis where the variables are scaled according to the corresponding scale factors. 

By using the scaling laws based on this dimensional analysis, the turbine power, blade 

mass, stiffness properties and root moments can be obtained for a larger diameter 
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blade. In these classical scaling laws, the material similarity and the constant tip ratio 

are assumed. 

First, we define the scale factor α as the ratio of the scaled rotor length (LU) to the 

nominal rotor length (LB): 

𝑎 =
𝑆𝑐𝑎𝑙𝑒𝑑 𝑅𝑜𝑡𝑜𝑟 𝐿𝑒𝑛𝑔𝑡ℎ 

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑅𝑜𝑡𝑜𝑟 𝐿𝑒𝑛𝑔𝑡ℎ
=

𝐿𝑢

𝐿𝑏
                                           (3.1) 

where, "U" represents the scaled blade and "B" represents the nominal blade. The scale 

factor can also be obtained as the ratio of the scaled blade rotor radius to the nominal 

rotor radius. 

The blade mass can be expressed as; 

𝑚𝑢 = 𝑎3𝑚𝑏                                                (3.2) 

and, the rotor power can be expressed as:  

𝑃𝑢 = 𝑎2𝑃𝐵                                                  (3.3) 

It is seen from the equations that as the rotor blade length increases, the rotor mass 

(a3) grows faster than the rotor power (a2). New designs can be made to reduce the 

mass growth due to the scale factor. Equation 3.2 is a volume-dependent scale because 

the material density is constant due to the assumption of material similarity. Since the 

rotor power depends on the area swept by the rotor, there is a square relationship in 

Equation 3.3. 

The scaling laws can also be used to see the loads distributions on the rotors. For 

example, for the root bending moments, the relationships due to the aerodynamic 

forces or gravity loads are given below.  

The aerodynamic lift and drag forces are expressed as: 

𝐹𝐿 =
1

2
𝜌𝐴𝐶𝑙𝑉2

                                                              (3.4) 

𝐹𝐷 =
1

2
𝜌𝐴𝐶𝑑𝑉2

                                                            (3.5) 
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where, V is velocity, ρ is air density, A is area, and Cl and Cd are aerodynamic 

coefficients. Both expressions for the aerodynamic forces are in the same 

mathematical form. The tip speed ratio depends on the wind speed and the rotational 

speed of the rotor. Since the scaling laws assume a constant tip speed ratio, to maintain 

the constant tip speed ratio for longer blades at the same wind speed, the rotational 

speed of the rotor is reduced linearly. Therefore, the area is the only parameter that 

depends on the scale in these equations. Therefore, the aerodynamic forces, such as 

both lift and drag, are scaled by the square of the scale factor. 

For the bending moments due to the aerodynamic loads, α2 dependence as the product 

of the force on the blade elements and α1 dependence due to the position of the applied 

load on the blade occur. Thus, the moments resulting from the aerodynamic loads are 

scaled with the following cubic relationship: 

𝑀𝑈
𝑎𝑒𝑟𝑜 = 𝑎3𝑀𝐿

𝑎𝑒𝑟𝑜                                          (3.6) 

For the root bending moments due to gravity loads, these moments occur depending 

on the blade mass and the position where the load is applied. For the classical scaling, 

the blade mass grows with the cube of the scale factor (Equation 3.2) and the position 

is scaled linearly. Therefore,  the gravitational moments increase with the fourth power 

of the scale factor: 

𝑀𝑈
𝑔𝑟𝑎𝑣

= 𝑎4𝑀𝐿
𝑔𝑟𝑎𝑣

                                        (3.7) 

Thus, it is seen from Equations 3.6 and 3.7 that the moments due to gravity loads are 

scaled at a faster rate than the moments due to aerodynamic loads. The aerodynamic 

loads for blades are typically greater than the gravity loads. Thus, the root bending 

moments caused by the aerodynamic loads have been the main design factor, 

especially in the spanwise direction of the blade. However, it is clear that as the blade 

length increases, the root bending moments due to gravity loads increase by exceeding 

the moments caused by the aerodynamic loads. The gravitational loads basically resist 

the forward-reverse (chordwise) direction. Larger gravity loading requires additional 

reinforcement and design adjustments in the lead-lag direction. 
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The root bending moment relationships can also be rewritten in terms of stress. The 

stress due to the aerodynamic loads is completely independent of the scale factor (α0). 

However, the stress due to gravity loads grows linearly with the scale factor (a1). These 

relationships is important for strength and fatigue calculations in structural analyses. 

Table 2-1 shows the relationships between the design parameters and the scale factor 

based on the classical linear scaling rules.  

3.2. Reference Rotor Model and Rotor Modeling 

In this study, NREL 5 MW rotor with a blade length of 61.5 meters is taken as the 

reference rotor (baseline rotor). Using this reference model, new rotors of 10 MW, 15 

MW and 20 MW wind turbines are obtained by using the classical scaling laws 

specified in the previous section. 

3.2.1. NREL 5 MW Reference Turbine Model 

An aeroelastic model has been developed for the 5 MW turbine by examining the 

existing conceptual designs and similar designs in NREL. The baseline wind turbine 

blade model is analyzed by using the FAST aero-elastic code. This baseline wind 

turbine model, the NREL 5 MW rotor, has been widely used by wind energy 

researchers. The turbine model includes the distributed features for the blades and the 

tower. For the NREL 5 MW turbine model, the structural and aerodynamic properties 

of the DOWEC [2] reference turbine are used, but the blade length is changed from 

64.5 m to 61.5 m. Table 3-1 presents the general characteristics of the NREL 5 MW 

reference turbine. The chord and twist angle distributions, and the airfoil distribution 

of the NREL 5 MW reference turbine are presented in Table 3-2 and Table 3-3 
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Table 3-1 General characteristics of the NREL 5 MW reference turbine [15] 

Design Specification Value (Unit) 

Rated Power 5 (MW) 

Rotor, Hub diameter 126.3 (m) 

Rotor orientation, configuration Upwind, 3 bladed 

Hub height 90.5 (m) 

Cut-in, rated, Cut-out wind speed 3, 11.4, 25 (m/s) 

Cut-in and rated rotor speed 6.9 and 12.1 (RPM) 

Rated tip-speed 80 (m/s) 

Shaft tilt, precone 5, 2.5 (deg) 

Rotor, nacelle, tower mass 110, 240, 347.46 (ton) 

Control strategy Variable-speed, collective pitch 

Peak power coefficient 0.482 

Blade-pitch angle at peak power 0.0 (deg) 

Rated mechanical power 5.297 (MW) 

Rated generator torque 43093 (kN.m) 

Generator slip in transition region 10 (%) 

Maximum blade pitch rate 8 (deg/s) 

 

Table 3-2 The chord length, twist angle distribution and airfoil distribution of the aerodynamic 

performance of the NREL 5 MW [5] 

. 
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Table 3-3 The thicknesses of the airfoil sections used in NREL 5MW Reference Turbine 

Airfoil Type Thickness (t/c) 

Cylinder1 100% 

Cylinder2 100% 

DU40_A17 40.5% 

DU35_A17 35.09% 

DU30_A17 30% 

DU25_A17 25% 

DU21_A17 21% 

NA64_A17 18% 

 

3.2.2. Scaled Turbine Models 

In this section, NREL 5 MW rotor is taken as the reference and new rotors of 10 MW, 

15 MW and 20 MW have been obtained by using the classical scaling rules. The blade 

data from the DOWEC [4] report includes the detailed structural properties as mass 

per unit length, bending stiffness for each direction, and axial and torsional stiffness. 

The classical scaling laws assume the material similarity, therefore, the elasticity 

module and its density are constant. Therefore, the scaling of the cross-sectional 

stiffness properties depends entirely on the geometry. The bending and torsional 

stiffness values are scaled by the fourth power of the scale factor, while the axial 

stiffness values are scaled by the second power of the scale factor. 

The mass and stiffness distributions for the 5 MW reference model and the scaled 

models of 10, 15 and 20 MW are given in Figure 3.1, Figure 3.2 and Figure 3.3. The 

blade mass per unit length was scaled by the square of the scaling factor. For the tower, 

the mass and stiffness properties are increased in the same way as the blade 

characteristics. 

Similarly, the chord length was scaled linearly with the scaling factor and is presented 

in Figure 3.4. Since the twist angle distribution is independent of the scaling factor, it 

is used as the same for all. 
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Figure 3.1 Mass Distribution per Length for Scaled Models 

 

Figure 3.2 Stiffness Distribution in Flap-wise Direction for Scaled Models 
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Figure 3.3 Stiffness Distribution in Edge-wise Direction for Scaled Models 

 

Figure 3.4 Chord Length Distribution for Scaled Models 
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Table 3-4 presents the blade parameters for the scaled models. The mass is scaled by 

the scaling factor cubic power as indicated previously, and the mass inertial moments 

are scaled by the fourth power. The chord length is obtained by linear correlation. The 

rotor speed is obtained inversely proportional to the scaling factor to obtain the same 

blade tip speed. 

Table 3-4 The blade parameters for the scaled models 

Power (MW) Diameter(m) Length (m) Mass (kg) 
Rotational 

Speed (RPM) 

5  126 61.5 17740 12.1 

10  178 87.0 50184 8.56 

15  213 106.5 91528 7.44 

20  246 123 137562 6.99 

 

3.2.3. Performance Analysis of Scaled Wind Turbines 

The scaled models obtained are examined in terms of aeroelastic analysis by using the 

FAST software. One of the analyses capabilities of FAST [1] is to simulate the 

nonlinear motion equations based on time. During this simulation, the time-dependent 

results are obtained by adding both structural and aerodynamic effects to the turbine 

rotor under certain wind conditions. The time-varying changes in the aerodynamic 

loads and performances can be analyzed by also taking structural effects into 

consideration. In these analyses, the specific wind conditions are also considered as a 

constant wind speed of 12 m/s. 

3.2.3.1. Results of Aerodynamic Analysis 

For the rotor power production, as can be seen in Figure 3.5, the performances of the 

rotors obtained by traditional scaling laws decrease sharply. Although the NREL 5 

MW reference turbine may fluctuate for a short time, it has stabilized after a certain 

time. For the 10 MW rotor, the fluctuations in power became stable after a certain 

period of time, which is slightly longer than the 5 MW rotor, however, the 

performance coefficient decreased by half after it became stable. For the 15 MW rotor, 
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the fluctuations took much longer period than for the 10 MW rotor, and the 

performance is reduced by half as in the 10 MW rotor. For the 20 MW rotor, the 

performance power coefficient has never been reaching a steady-state value, and has 

remained fluctuating. 

The thrust coefficients are presented in Figure 3.6 for the scaled rotors. For the 5 MW, 

10 MW and 15 MW wind turbines, the thrust coefficient value is about 0.73. For the 

20 MW rotor, the thrust coefficient has never been constant and has remained 

fluctuating like the power coefficient. 
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Figure 3.5 Time-dependent Power Coefficient (Cp) for Scaled Models 
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Figure 3.6 Time-dependent Thrust Coefficient (Ct) for Scaled Models 
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3.2.3.2. Results of Structural Analysis 

This subsection presents the diameter-loads trends of the scaled blades. In Figure 3.7 

and Figure 3.8, the relationships of the bending moments in flapwise and edgewise 

directions with the rotor diameter are presented. As it can be seen, the bending 

moments are scaled with R4.338 and R4.894 for the flapwise and edgewise directions, 

respectively. This means that the moment in the edgewise direction, which is mainly 

driven by gravity loads, is increased by the scale factor greater than the moment in the 

flapwise direction which is driven by the aerodynamic loads. This is the same as the 

the law of linear scaling which presents for the gravity-induced loads to be scaled 

faster than the aerodynamically driven loads. However, the predicted value for the 

scale factor is different than the expected. 

 

Figure 3.7 Bending Moment-Rotor Diameter Relationship in Flap-wise Direction 
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Figure 3.8 Bending Moment-Rotor Diameter Relationship in Edge-wise Direction 

In Figure 3.9 and Figure 3.10, the time-dependent variations of the flapwise and 

edgewise bending moments for different scaled rotors are presented. As the size of the 

rotors increase, the amplitude of the fluctuations in the bending moments increase, 

and especially for the 20 MW rotor, the fluctuations don’t get smaller with time, 

causing high and periodic changes in the loads.  This sudden dynamic load change is 

critical for fatigue strength. As seen in Figure 3.10, the bending moments in the 

flapwise direction show more stable behavior than the moments in the edgewise 

direction. Therefore, the loads and moments in the edgewise direction become more 

critical for fatigue strength. 
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Figure 3.9 Bending Moments in Edgewise Direction for Scaled Models 
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Figure 3.10 Bending Moments in Flap-wise Direction for Scaled Models 
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3.3. Optimum Wind Speed for 20 MW Rotor 

For the 20 MW scaled rotor, obtained by the classical scaling, the performance results 

for a constant wind speed of 12 m/s are investigated. According to these results, both 

the aerodynamic and structural parameters such as power coefficient, thrust 

coefficient and bending moments are highly fluctuating and unstable. Therefore, the 

optimum wind speed is determined to operate at steady state with maximum 

performance.  

Figure 3.11 shows the power coefficient variation for the 20 MW scaled rotor with 

respect to the changing wind speed. As it can be observed, a maximum power 

coefficient of 0.45 is obtained for a wind speed of 5 m/s. The performance decreases 

towards high speeds and the rotor operates unstable after 10 m/s wind speed. 

 

Figure 3.11 Power Coefficient Variation for Wind Speed for 20 MW rotor 

According to these results, the aerodynamic and structural analyses are performed 

again by using the FAST code for a wind speed of 5 m /s.  As shown in Figure 3.12, 

the oscillations are not observed in the edgewise bending moments due to the 

aerodynamic loads. The flapwise bending moment results due to gravity loads remain 
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similar with the 12 m/s case results because there is no change in the rotor mass and 

rigidity. 

 

Figure 3.12 Flapwise and Edgewise Bending Moment for 20 MW at 5 m/s 

As shown in Figure 3.12 and Figure 3.13 the aerodynamic performance results are 

quite stable and oscillation results are not observed at wind speed of 5 m/s. The power 

coefficient value is around 0.45 and the power of the rotor becomes constant around 

15 MW. Thrust coefficient value is around 0.8. 
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Figure 3.13 Power Coefficient, Rotor Power and Thrust Coefficient for 20 MW at 5 m/s 

3.4. Summary 

According to the results for the scaled rotors, both aerodynamic and structural 

performance losses have been observed for the wind turbine rotors modeled by the 

classical scaling laws, especially for very large rotors. It is concluded that in order to 

continue with the larger turbine design with better performances, the blade geometry 

must be redesigned and structurally more rigid and lighter materials should be used. 
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Hence, in the next part of the thesis, 5 MW, 10 MW, 15 MW and 20 MW wind turbines 

are optimized both structurally and aerodynamically and the results are compared. 
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CHAPTER 4  

 

4. OPTIMIZATION AND DESIGN OF LARGE SCALE WIND TURBINES 

 

4.1. Introduction 

In this section, the aerodynamic blade shape and the blade mass of the 5 MW, 10 MW, 

15MW and 20 MW wind turbine rotors have been optimized by using a multipurpose 

Genetic Algorithm (GA) and Blade Element Momentum (BEM) theory, with 

reference to the NREL 5 MW wind turbine rotor model. The optimization studies have 

been conducted to maximize the power generation and to minimize the blade mass. 

4.2. Optimization Methodology 

The design variables for the blade shape are the twist angle, chord length, percentage 

thickness, and shell thickness of the blade cross sections. In the optimization process, 

the wind speed range, rotor rpm range, maximum power value and maximum stress 

values are entered as constants of the optimization process. 

In the aerodynamic analysis based on the Blade Element Momentum theory, the rotor 

blade is divided into several blade element sections. The structural and aerodynamic 

optimization studies are performed by taking the structural stresses, the bending 

moments and the mass per unit blade length into consideration for each of these blade 

elements. 

The ideal rotor designs for 10 MW 15 MW and 20 MW turbines are also done by 

simplified analytical calculations for comparisons with the scaled and optimized rotor 

designs. 

A multi-purpose design optimization is performed by using the Horizontal Axis Rotor 

Performance Optimization (HARP_Opt) code [16] developed by NREL. The HARP 
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code was developed by using the MATLAB Genetic Algorithm Optimization Toolbox 

and Statistics Toolbox. In this code, the Blade Element Momentum (BEM) theory is 

used to design horizontal axis turbine rotors. The objective of the optimization method 

is to maximize the turbine's annual power generation by minimizing the rotor mass. 

The Annual Energy Production (AEP) is calculated by using the Weibull wind speed 

distribution as [17]: 

𝐴𝐸𝑃 = ∑ 1/2(𝑃(𝑉𝑖+1) + (𝑃(𝑉𝑖
𝑁−1
𝑖=1 ))𝑥𝑓(𝑉𝑖 < 𝑉0 < 𝑉𝑖+1)𝑥8760       (4.1) 

The powers at cut-out and cut-in speeds are indicated by P(Vi + 1) and P(Vi), 8760 

represents the total hour in a year, and the wind speed probability density function 

using the Weibull distribution is represented by f (Vi <V0 <Vi + 1) as: 

𝑓(𝑉𝑖 < 𝑉0 < 𝑉𝑖+1) = 𝑒𝑥𝑝 (−(
𝑉𝑖

𝑐
)𝑘 − 𝑒𝑥𝑝 (−(

𝑉𝑖+1

𝑐
)𝑘

                        (4.2) 

where, c is the scale parameter, k is the shape parameter and V is the wind speed. 

While maximizing the energy production, minimizing the blade mass is a challenging 

objective. In this study, the blade mass has been reduced based on some structural 

constraints such as strain and moments. In order to achieve this goal, the optimal blade 

shape (with pre-bending, chord length, percentage thickness, and shell thickness 

distributions along the span) is calculated by using HARP_Opt code. 

The algorithm of the HARP Optimization code is as shown in the Figure 4.1. Both 

aerodynamic and structural design parameters for an optimum turbine are calculated 

by using the multi-purpose optimization algorithm with the specific targets and 

constraints. 
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Figure 4.1 HARP Optimization Multi-objective design algorithm. 

The structural analyses are performed by using the Euler - Bernoulli Beam Theory 

with the objective of minimizing the blade mass. In the Euler - Bernoulli Beam theory, 

the wind turbine blade is assumed to be a thin - shell cantilever beam with isotropic 

material properties. In order to analyze the structural stability, the design load is 

released from the maximum root moment under all operating conditions, together with 

the applied safety factor. This structural optimization is only achieved by taking into 

account the maximum permissible bending stress. 

In structural optimization, the rotor blade with isotropic material properties is modeled 

as a simple beam model. The rotor blade section is modeled as a thin shell. Strain is 

calculated using Equation 4.3 below, with four strain gauges placed as shown in Figure 

4.2. 
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𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑆𝑡𝑟𝑎𝑖𝑛 𝜀𝑟 = 𝑆𝐹 ∗
𝑀𝑟𝐶𝑟

𝐸𝐼𝑟
                                                    (4.3) 

where, M is the bending moment, C is the distance from the neutral axis, E is the 

modulus of elasticity, I is the moment of inertia, and the subscript r denotes the local 

radial position value. 

 

Figure 4.2 Wind turbine blade cross section showing centroidal axes, centroid and locations of strain 

gauges. [17] 

4.3. Blade Element Momentum Theory (BEM) 

In the Blade Element Momentum (BEM) theory, the Blade Element theory and the 

Momentum theory are combined. The Momentum theory represents a control volume 

analysis of the forces acting on the rotor disk based on the conservation of linear and 

angular momentum. The Blade Element theory represents an analysis of forces at a 

blade section as a function of blade geometry. 

4.3.1. Momentum Theory (Actuator Disk Model) 

The Momentum theory is based on the assumptions which are: 

• no frictional drag,  

• flow is homogeneous,  

• incompressible,  

• steady state,  

• constant pressure increment with continuous velocity through the disc. 
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Figure 4.3. The Actuator Disc Model [18] 

As shown in Figure 4.3, the first region is the free-stream region; the second, just 

before the blades; the third region, just after the blades; and the last one, the far wake 

region. The mass flow rate remains the same through the stream tube. According to 

the continuity equation, the equation along the stream tube can expressed as: 

                                              𝜌𝑈1𝐴1  =  𝜌𝑈2𝐴2  =  𝜌𝑈4𝐴4                       (4.4) 

The difference between U1 and U2 is called the axial induced velocity. This velocity 

is represented in terms of freestream velocity and it is nondimensionalized with the 

freestream velocity: 

                                                     (𝑈1 − 𝑈2) 𝑈1⁄ = 𝑎                                                    (4.5) 

The velocity component, U2, can be expressed as: 

                                                𝑈2 = 𝑈1(1 − 𝑎)                                  (4.6) 

From conservation of momentum across the actuator disk; 

(𝑝2 − 𝑝3)𝐴2 = (𝑈1 − 𝑈4)𝜌𝐴2𝑈1(1 − 𝑎)                         (4.7)      

By using Bernoulli’s equation, pressure values are expressed in terms of velocities, 

the following relation is obtained as: 

  𝑈4 = 𝑈1(1 − 2𝑎)                                                 (4.8) 
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The thrust can also be expressed as the net sum of the forces on each side of the 

actuator disc:: 

𝑇 =
1

2
𝜌𝐴2(𝑈1

2 − 𝑈4
2)                                              (4.9) 

From Equations (3.3), (3.5) and (3.6), the axial thrust on the disc is: 

𝑇 =
1

2
𝜌𝐴𝑈2[4𝑎(1 − 𝑎)] 

The power output of the rotor, P, is equal to the thrust times the velocity at the disc: 

𝑃 = 2𝜌𝐴2𝑈1
3𝑎(1 − 𝑎)                                             (4.10) 

The power coefficient is defined as the ratio of power extracted to the available power: 

𝐶𝑃 =
2𝜌𝐴2𝑈1

3𝑎(1 − 𝑎)

1
2

𝜌𝑈1
3𝐴2

= 4𝑎(1 − 𝑎)2 

which shows an equation of power coefficient with respect to the induction factor. The 

maximum power coefficient can be found as: 

𝑑𝐶𝑝

𝑑𝑎
= 0   𝑎𝑛𝑑 𝑠𝑜, 𝐶𝑃𝑚𝑎𝑥 = 0.593 

This is the maximum power coefficient limit for a wind turbine rotor which is known 

as the Betz Limit. 

4.3.1.1. Angular Momentum Theory 

By considering the conservation of angular momentum in an annular stream tube as 

shown in Figure 4.4, while the blades rotate with an angular velocity of Ω, the blade 

wake rotates with an angular velocity ω, and for the small annular element the 

corresponding torque is calculated as: 

𝑑𝑄 = 𝑑𝑚̇𝜌𝜔𝑟2 = (𝜌𝑈22𝜋𝑟𝑑𝑟)(𝜔𝑟)𝑟                                (4.11) 
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Figure 4.4. Rotating Annular Stream tube 

The angular induction factor a' is defined as: 

𝑎′ = 𝜔 2Ω⁄                                                         (4.12) 

and, the torque expression reduces to: 

𝑑𝑄 = 4𝑎′(1 − 𝑎)
1

2
𝜌𝑈Ω𝑟22𝜋𝑟𝑑𝑟                                 (4.13) 

The resulting thrust on an annular element, dT, is given by: 

𝑑𝑇 = 4𝑎′(1 + 𝑎)
1

2
𝜌𝑈Ω2𝑟22𝜋𝑟𝑑𝑟                                (4.14) 

4.3.1.2. Blade Element Theory 

Blade element theory relies on two key assumptions: 

• There are no aerodynamic interactions between different blade elements 

• The forces on the blade elements are solely determined by the lift and drag 

coefficients. 

The blade is divided up into N elements (usually between ten and twenty) as shown in 

Figure 4.5. Each of the blade elements have different pitch angle, chord length and 

twist angle as shown in Figure 4.6. 
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Figure 4.5. Schematic view of Blade Element Model [18] 

 

Figure 4.6. Blade geometry for analysis of a horizontal axis wind turbine [18] 

From Figure 4.6, the following relationships can be determined;  

𝑡𝑎𝑛𝜑 =
𝑈(1−𝑎)

Ω𝑟(1+𝑎′)
=

1−𝑎

(1−𝑎′)𝜆𝑟
                                                  (4.15) 
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𝑈𝑟𝑒𝑙 = 𝑈(1 − 𝑎)/𝑠𝑖𝑛𝜑                                         (4.16) 

𝑑𝐹𝑙 = 𝐶𝑙
1

2
𝜌𝑈𝑟𝑒𝑙

2 𝑐𝑑𝑟                                          (4.17) 

𝑑𝐹𝐷 = 𝐶𝑑
1

2
𝜌𝑈𝑟𝑒𝑙

2 𝑐𝑑𝑟                                        (4.18) 

𝑑𝐹𝑁 = 𝑑𝐹𝐿𝑐𝑜𝑠𝜑 + 𝑑𝐹𝐷𝑠𝑖𝑛𝜑                                  (4.19) 

𝑑𝐹𝑇 = 𝑑𝐹𝐿𝑠𝑖𝑛𝜑 − 𝑑𝐹𝐷𝑐𝑜𝑠𝜑                                  (4.20) 

If the rotor has B blades, the total normal force (thrust) on the section at a distance, r, 

from the center is: 

𝑑𝐹𝑁 = 𝐵
1

2
 𝜌𝑈𝑟𝑒𝑙

2 (𝐶𝑙 𝑐𝑜𝑠𝜑 + 𝐶𝑑𝑠𝑖𝑛𝜑)𝑐𝑑𝑟                          (4.21) 

The differential torque due to the tangential force operating at a distance, r, from the 

center is given by: 

𝑑𝑄 = 𝐵
1

2
 𝜌𝑈𝑟𝑒𝑙

2 (𝐶𝑙 𝑠𝑖𝑛𝜑 − 𝐶𝑑𝑐𝑜𝑠𝜑)𝑐𝑑𝑟                           (4.22) 

The relative velocity can be expressed as a function of the free stream wind using 

Equation 4.16. Thus, Equations 4.21 and 4.22 from Blade Element theory can be 

written as below as a function of the flow angles at the blade sections and airfoil 

characteristics: 

𝑑𝐹𝑁 = 𝜎′𝜋𝜌𝑈2(1 − 𝑎)2/𝑠𝑖𝑛2𝜑(𝐶𝑙  𝑐𝑜𝑠𝜑 + 𝐶𝑑𝑠𝑖𝑛𝜑)𝑟𝑑𝑟              (4.23) 

𝑑𝐹𝑁 = 𝜎′𝜋𝜌𝑈2(1 − 𝑎)2/𝑠𝑖𝑛2𝜑(𝐶𝑙  𝑠𝑖𝑛𝜑 − 𝐶𝑑𝑐𝑜𝑠𝜑)𝑟2𝑑𝑟           (4.24) 

where, σ is the local solidity, defined by: 

𝜎′ = 𝐵𝑐/2𝜋𝑟                                                             (4.25) 

4.3.1.3. Tip Loss Correction 

A correction factor is used in BEM theory in order to decrease effect of tip vortices 

which is occurred at the turbine blade tip. This correction factor, F, varies from 0 to 1 

and characterizes the reduction in forces along the blade. According to this method, a 

correction factor, F, that must be introduced into the Equations 4.23 and 4.24, is 

defined as: 
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𝐹 = (
2

𝜋
) 𝑐𝑜𝑠−1[𝑒𝑥𝑝 (− {

(
𝐵

2
)[1−

𝑟

𝑅
]

(𝑟/𝑅)𝑠𝑖𝑛𝜑
})]                             (4.26) 

4.3.1.4. Blade Element Momentum Theory 

Thus, the  thrust and torque equations in terms of flow parameters (Equations 4.13 and 

4.14) from the Momentum theory, and the thrust and torque equations derived from 

the blade loads in terms of the lift and drag coefficients of the airfoil (Equations 4.23 

and 4.24) are equated and the following relations are obtained for the induction 

factors: 

𝐶𝑙 = 4𝐹𝑠𝑖𝑛𝜑
(𝑐𝑜𝑠𝜑−𝜆𝑟𝑠𝑖𝑛𝜑)

𝜎′(𝑠𝑖𝑛𝜑+𝜆𝑟𝑐𝑜𝑠𝜑)
                                       (4.27) 

𝑎 = 1/[1 + 4𝐹𝑠𝑖𝑛2𝜑/ (𝜎′𝐶𝑙𝑐𝑜𝑠𝜑)]                                       (4.28) 

𝑎′ = 1/[(
4𝐹𝑐𝑜𝑠𝜑

𝜎′𝐶𝑙
− 1]                                           (4.29) 

Then, the power coefficient is calculated as: 

𝐶𝑝 = (
8

𝜆2
) ∫ 𝐹𝑠𝑖𝑛2𝜑

𝜆

𝜆ℎ
(𝑐𝑜𝑠𝜑 − 𝜆𝑟𝑠𝑖𝑛𝜑)(𝑠𝑖𝑛𝜑 + 𝜆𝑟𝑐𝑜𝑠𝜑)[1 − (

𝐶𝑑

𝐶𝑙
) 𝑐𝑜𝑡𝜑]𝜆𝑟

2𝑑𝜆𝑟  (4.30) 

4.3.2. Design Optimization of 5 MW NREL Wind Turbine 

In this section, the 5 MW NREL wind turbine is optimized by using the HARP 

optimization code. The aerodynamic and structural constraints and all the design 

inputs used in the optimization process are given in the Table 4-1. The Genetic 

Algorithm parameters [19] used in the optimizations are the population size (number 

of individuals per generation) as 25, the maximum number of generations for GA 

iterations as 25, the fraction of individuals created by crossover as 0.25, the number 

of elite individuals per generation as 1, and the error tolerance for the GA fitness value 

as 1.0x10-6. 
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Table 4-1 Design inputs of the optimization of the 5 MW wind turbine 

Minimum flow speed = 2 m/s 

Maximum flow speed = 26 m/s 

Minimum allowable rotor speed = 4 rpm 

Maximum allowable rotor speed = 25 rpm 

Initial Weibull distribution long-term mean flow speed = 6.03 m/s 

Weibull shape factor = 1.91 

Weibull scale factor = 6.8 

Shell thickness increment (mm) = 0.2 

Minimum shell thickness (mm) = 1 

Safety factor multiplied to bending moments = 1.2 

Maximum allowable strain (micro-strain) = 3000 

Density of bulk material (kgm3) = 1800 

E (Modulus of elasticity of bulk material (GPa) = 27.6 

The airfoil profiles remain unchanged during the optimization process, while the 

chord, twist angle, nominal rotational speed and thickness are defined as the blade 

design variables to be optimized. The GA optimization for maximizing the Annual 

Energy Production (AEP) using the HARP optimization algorithm converged with 78 

iterations as the number of stall generations exceeds the limiting value of 25 which 

have been defined already in the code. 
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Figure 4.7 Annual Energy Production vs Blade Mass Relationship for 5 MW blade 

In the Figure 4.7, the convergence of the optimization process according to the annual 

energy production and rotor mass are presented. As can be seen from the figure, the 

annual energy production has become stable after certain iterations. The optimal result 

is chosen as the blade mass close to the reference turbine. Optimized 5 MW turbine 

blade for the selected optimal result is obtained. 

The optimized twist angle is obtained from 5 control points and based on the Bezier 

curve. The fifth-order Bezier curve is used to pass over these control points. The chord 

length is then optimized to reduce the total rotor mass which is the second target. The 

percentage thickness can be defined as the thickness per unit chord length. The 

dimensional thickness is calculated by combining the chord length and percentage 

thickness as t = c * (t / c). As the optimization method is multi-purpose (multi-

objective), the dimensional thickness is of greater importance in reducing the rotor 
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mass. However, the maximum strain value constraint, defined as 3000, prevents the 

rotor mass reduction. 

4.3.3. Comparison of Original NREL 5 MW Blade with the Optimized NREL 5 

MW Blade 

In this comparison study, the original rotor parameters are compared with the 

optimized rotor parameters and the results are presented. By using comparison graphs, 

an idea is given about how different parameters such as twist angle, chord length, mass 

distribution, flapwise and edgewise stiffness values change from root to tip region. 

This is achieved by comparing the aerodynamic and structural parameters of the 

original rotor with the best values obtained from the optimization. 

In Figure 4.8, the comparison of the chord length distribution for the original rotor 

blade and the optimized rotor blade is presented. Here, it is observed that the optimized 

blade chord length increases according to the original chord length up to 40 m rotor 

radius. However, a linear decrease is observed after 40 m. During optimization, no 

significant reduction in chord length is observed due to structural constraints. 

In Figure 4.9 the twist angle comparison of the original blade and the optimized blade 

is shown. During optimization, an upper limit of 40 degrees and a lower limit of -10 

degrees are defined for the twist angle. Therefore, twist angle values increase up to 48 

m rotor blade radius. From 48 m of blade radius to tip, there is twist reduction. 
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Figure 4.8 Comparison of Blade Chord length (m) of Original and Optimized blade. 

  

Figure 4.9 Comparison of Blade Twist of Original and Optimized Blade. 
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Figure 4.10 Mass per unit span (kg/m) distribution 

In Figure 4.10 shows the blade mass per unit span having higher values in the root 

region and reducing into the tip region. 

As shown in Figure 4.11, the flapwise stiffness is increased from root to 0.2 r/R, and 

from this station to the tip, the flapwise stiffness is remained the same. As shown 

Figure 4.12, the edgewise stiffness along span is increased from the root to near tip of 

the blade for the optimized NREL 5 MW blade. 
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Figure 4.11 Flap-wise stiffness distribution along span 

 

Figure 4.12 Edge-wise stiffness distribution along span 
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4.3.4. Performance Comparison of Original NREL 5 MW Rotor with the 

Optimized 5 MW Rotor. 

The aerodynamic and structural performance analyses are done by using the FAST 

code for the baseline rotor and the optimized rotor for 5 MW power level and the 

performance results are compared with each other. 

The performance power coefficient can be defined as the power generating capacity 

of a wind turbine. According to the analyses, it is observed that the power coefficient 

(Cp) value is increased for the optimized rotor as expected. For the original baseline 5 

MW rotor, the power coefficient value is around 0.41, and for the optimized blade it 

is around 0.48 as shown in Figure 4.13. 

 

Figure 4.13 Comparison of Time-dependent Power Coefficient Value (Cp) 
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4.4. Multi-purpose Optimization of the 10, 15 and 20 MW Wind Turbines 

In the previous section, the design optimization of the 5 MW wind turbine is presented 

in detail. In this section, 10, 15 and 20 MW wind turbines are designed using the same 

design methodology. This section presents all the design variables and design 

constraints as well as the characteristics of the resulting optimized wind turbines of 

10, 15 and 20 MW. An aeroelastic design optimization methodology is used to achieve 

the optimum design for large wind turbines. 

In this optimization study, the linear scaling laws are used to find the initial design 

variables. In other words, initial design variables of 10, 15 and 20 MW wind turbines 

are obtained without any conceptual change in their design by applying linear scaling 

laws to the original NREL 5 MW wind turbine. 

As shown in Figure 4.14, Figure 4.16 and Figure 4.18, the optimization process for 

10, 15 and 20 MW wind turbines are presented. In the convergence of the optimization 

process is presented according to the annual energy production and rotor mass. As can 

be seen from the figures, the annual energy production has become stable after certain 

iterations for all cases. The optimal results are marked on the figures. The optimal 

result is chosen as the blade mass being close to the reference turbine.  

Also, upper and lower limits are presented for 10, 15 and 20 MW in Figure 4.15, 

Figure 4.17 and Figure 4.19, respectively. The upper and lower limits determined for 

5 control points are determined as ± 1 neighborhood based on the chord length and 

the twist angle obtained by the classical scaling rules. 
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Figure 4.14 Annual Energy Production vs Blade Mass Relationship for 10 MW blade  

 

Figure 4.15 Upper and Lower Limits of chord and twist angle for 10MW 
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Figure 4.16 Annual Energy Production vs Blade Mass Relationship for 15 MW blade 

 

Figure 4.17 Upper and Lower Limits of chord and twist angle for 15 MW 
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Figure 4.18 Annual Energy Production vs Blade Mass Relationship for 20 MW blade 

 

Figure 4.19 Upper and Lower Limits of chord and twist angle for 20 MW 
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4.4.1. Properties of the Optimized 10, 15 and 20 MW Wind Turbines 

In this section, for the optimized 10, 15 and 20 MW rotors, the aerodynamic and 

structural properties are presented such as the chord length (Figure 4.20, Figure 4.21 

and Figure 4.22), twist angle (Figure 4.23, Figure 4.24 and Figure 4.25), and the 

distributed blade section mass per unit length, the flapwise and edgewise stiffness 

(Figure 4.26, Figure 4.27 and Figure 4.28). To enable a detailed comparison, the 

distributions for the scaled wind turbine rotors are also presented for 10, 15 and 20 

MW. Also, for the chord length and the twist angle, the ideal rotor properties, which 

are obtained from the in-house simplified BEM code, are presented for comparison. 

Table 4-2  summarizes the properties of the optimized 10, 15 and 20 MW wind 

turbines. 

 

Figure 4.20 Chord Length Comparison for 10 MW Blade 
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Figure 4.21 Chord Length Comparison for 15 MW Blade 

 

Figure 4.22 Chord Length Comparison for 20 MW Blade 
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Figure 4.23 Twist Angle Comparison for 10 MW Blade 

 

Figure 4.24 Twist Angle Comparison for 15 MW Blade 
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Figure 4.25 Twist Angle Comparison for 20 MW Blade  
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Figure 4.26 Structural Properties Comparison for 10 MW blade 
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Figure 4.27 Structural Properties Comparison for 15 MW blade 
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Figure 4.28 Structural Properties Comparison for 20 MW blade 

Table 4-2 The gross properties of the optimized blade 

Power (MW) Diameter(m) Length (m) Mass (kg) 
Rotational Speed 

(RPM) 

10  178 87.0 46721 8.56 

15  213 106.5 82303 7.44 

20  246 123 162396 6.99 
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4.4.2. Performance Analysis of the Optimized 10, 15 and 20 MW Wind Turbines 

Based on the blade design parameters obtained from the genetic algorithm 

optimization, the optimized 10, 15 and 20 MW wind turbine blades are then modelled 

and analyzed by using the FAST software, together with the original NREL 5 MW 

baseline model. The aerodynamic and structural performances are compared with each 

other.  

As can be seen in Figure 4.29, the power coefficient value for all optimized wind 

turbine rotors is approximately 0.45. Compared to the results obtained with the 

classical scaling in Chapter 3, there is a performance increase of at least 2 times 

aerodynamically. In Figure 4.30, the rotor power is also presented for the optimized 

rotors showing power levels of 10, 15, and 20 MWs as expected. 

The time-dependent thrust coefficient changes are presented in Figure 4.31 for the 

optimized rotors. For the optimized 10 MW wind turbine, the thrust coefficient is 

about 0.65. For the optimized 15 and 20 MW rotors, the thrust coefficient is about 0.6 

and 0.75, respectively.  



 

 

 

62 

 

 

Figure 4.29 Time dependent power coefficient (Cp) for optimized wind turbine blade 
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Figure 4.30 Time dependent Rotor Power  for optimized wind turbine blade 
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Figure 4.31 Time dependent thrust coefficient (Ct) for optimized wind turbine blade 

According to the results obtained in Chapter 3, the bending moment changes in the 

edgewise direction shows a stable behavior for 5 MW rotor, however the moment 

changes show more fluctuations as the rotor size is increased. Especially, when the 20 

MW model was examined, the sudden load and moment change over time was quite 

high and continue being unstable. However, the time-dependent moment variation in 
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the edgewise direction shows a very stable behavior for a fairly constant value for the 

optimized rotors. For optimized rotors, it is clearly observed that the structurally 

lighter and more rigid designs are achieved. The results for the bending momenta are 

shown in Figure 4.32 and Figure 4.33. 

 

Figure 4.32 Edge-wise Bending Moment for Optimized Wind Turbine Blade 
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Figure 4.33 Flap-wise Bending Moment for Optimized Wind Turbine Blade 

4.4.3. Scaling Trends 

The design of optimized wind turbines for 10, 15 and 20 MW power levels are 

presented in the previous sections. Using the data obtained from these wind turbine 

designs, the new scaling trends are plotted to see the impact on future off-shore large-
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scale wind turbine designs. The scaling trends are presented in detail in the following 

figures. 

The total blade mass variation with diameter of the optimized wind turbines is 

presented in Figure 4.34. As shown in the figure, the diameter-dependent mass 

increase for the optimized rotor blades has an exponential value of 3.121. This value 

is higher than the value of 3 in the linear scaling law. 

According to the linear scaling law, the exponential scale is R4.654 for the moment-

diameter relationship in the flapwise direction and R4.121 for the edgewise direction. 

As can be seen in Figure 4.35 and Figure 4.36, showing more complex behavior, the 

bending moment scales with R3.121 and R3.695 for the edgewise and flapwise 

components, respectively. 

 

Figure 4.34 Curve fit graph for mass trend for the optimized blade  

and the scaled blade 



 

 

 

68 

 

  

Figure 4.35 Curve fit graph for edge-wise bending moment trend for the optimized blade  

and the scaled blade 

 

Figure 4.36 Curve fit graph for flapwise bending moment trend for the optimized blade  

and the scaled blade 
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4.5. Summary 

The optimized rotor blades are analyzed both aerodynamically and structurally by 

using the FAST software. The optimized rotors are compared with the scaled rotors 

obtained in Chapter 3. Aerodynamically, a dramatic increase in power coefficient was 

observed for all optimized rotors compared to the scaled rotors. In addition, the 

structural performance results are also compared. The time-dependent changes in the 

bending moments analysis in the edgewise direction has become more stable for the 

optimized blades than the classical scaled blades. In addition, the diameter-dependent 

scaling trends are obtained for the scaled blades and the optimized blades. For the 

optimized blades, the mass increase is greater depending on the diameter. Despite this 

increase in the blade mass, however, the moment change with diameter is less than the 

blade obtained by classical scaling.
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CHAPTER 5  

 

5. CONCLUSION 

In this thesis, the upscaling trends for designing larger-scale wind turbine rotors are 

investigated by an optimization methodology using the Blade Element Momentum 

theory and Genetic Algorithm and by comparisons of the aerodynamic and structural 

performances. Both the FAST software with aerodynamic and structural analyses and 

the HARP_Opt software with multi-purpose design optimization feature are used for 

the analyses and optimizations. NREL 5 MW turbine blade is taken as a reference 

blade and three different larger turbine blades are designed for 10 MW, 15 MW and 

20 MW rotors. The aeroelastic behavior of the turbine blades are also examined and 

compared with each other.  

First, the larger rotors are designed by using the classical upscaling rules. Both 

aerodynamic and structural performance losses are observed for the wind turbine 

rotors modeled by the classical upscaling rules, especially for very large rotors (15 

and 20 MW). As a result, in order to improve the larger wind turbine rotor design, the 

optimization studies are performed to redesign the blade geometry. The optimum 

chord, twist and mass distributions of the blade geometry are obtained for better 

aerodynamic power performance and for structurally more rigid and lighter blades. 

The objective function for the blade design optimization is to maximize the annual 

energy production by reducing the blade mass. 

In the optimization studies, the NREL 5 MW reference wind turbine rotor is first 

optimized as a validation case by using the BEM and GA with the HARP_Opt 

software. Then, the optimized NREL 5MW blade is analyzed using the FAST software 

and comparisons are made with the reference blade. The aerodynamic power increase 

of 15% is observed. By using the same design methodology, the upscaled 10 MW, 15 

MW and 20 MW wind turbine rotors are optimized both aerodynamically and 

structurally and the comparisons are made. The blade geometry properties such as 
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twist angle, chord length, and the structural properties such as blade mass, flap-wise 

stiffness and edge-wise stiffness are compared for both the optimized and the upscaled 

rotor blades. 

Furthermore, the optimized rotors are also analyzed both aerodynamically and 

structurally by using the FAST software and compared with the upscaled rotors.  

Aerodynamically, there is a dramatic increase in power coefficient for all optimized 

blades compared to the scaled blades. Structurally, the time-dependent moment 

change in the edge-wise direction becomes more stable for the larger-size optimized 

blades compared to the scaled blades.  

In addition, instead of using the classical upscaling trends, from the analyses of the 

optimized large-scale wind turbine designs, new scaling trends that can be used during 

the design of such large-scale rotors are formulated. For the optimized blades, the 

mass increase with diameter is greater than for the scaled blades. Despite this increase, 

however, the moment change with diameter is much less than the classical upscaling 

rules. 

5.1. Future Recommendations  

The future works and recommendations can be summarized as; 

• Instead of the aerodynamic analysis methods used, the optimization 

methodology can be improved by using aerodynamically more advanced 

methods such as Panel Methods or Computational Fluid Dynamics (CFD) 

analysis. 

• Aerodynamic modeling can be improved by also optimizing the airfoil shapes. 

• Instead of the structural analysis methods used, the optimization methodology 

can be improved by using structurally more advanced models such as classical 

lamination theory or Finite Element Analysis (FEA). 

• Structural modeling can be improved by using composite blade models in 

which material properties and topology are more accurately modeled. 
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Composite layer analysis can be expanded to minimize blade mass for the 

optimization process. 

• Instead of genetic algorithm optimization method, panel search optimization 

algorithm which is much faster and more determinative than genetic algorithm 

can be used. 

• Tip Speed Ratio change with diameter can be considered during the 

optimization. Performance comparisons can be made for different wind speeds 

and pitching controls. 
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APPENDICES 

A. Fast Inputs File For 10, 15 and 20 MW Optimized Rotor 
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Figure A. 1 Fast Input File for optimized 10 MW rotor 
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Figure A. 2 Aerodyn Input File for 10 MW Optimized Blade 
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Figure A. 3 Elastodyn Input File for 10 MW Optimized Rotor 
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Figure A. 4 Aerodyn Blade Input File for 10 MW Optimized Blade 
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Figure A. 5 Elastodyn Blade Input File for 10 MW Optimized Blade 
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Figure A. 6 Aerodyn Blade Input File for 15 MW Optimized Blade 
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Figure A. 7 Elastodyn Blade Input File for 15 MW Optimized Blade 
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Figure A. 8 Aerdoyn Blade Input File for 20 MW Optimized Blade 
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Figure A. 9 Elastodyn Blade Input File for 20 MW Optimized Blade 
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