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ABSTRACT

GENETIC ALGORITHM BASED AERODYNAMIC SHAPE OPTIMIZATION OF
WIND TURBINE ROTOR BLADES USING A 2-D PANEL METHOD WITH A

BOUNDARY LAYER SOLVER

Polat, Özge

M.S., Department of Aerospace Engineering

Supervisor : Prof. Dr. İsmail Hakkı Tuncer

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

December 2011, 83 pages

This thesis presents an aerodynamic shape optimization methodology for rotor blades of hor-

izontal axis wind turbines. Genetic Algorithm and Blade Element Momentum Theory are im-

plemented in order to find maximum power production at a specific wind speed, rotor speed

and rotor diameter. The potential flow solver, XFOIL, provides viscous aerodynamic data of

the airfoils. Optimization variables are selected as the sectional chord length, the sectional

twist and the blade profiles at root, mid and tip regions of the blade. The blade sections are

defined by the NACA four digit airfoil series or arbitrary airfoil profiles defined by a Bezier

curve. Firstly, validation studies are performed with the airfoils and the wind turbines having

experimental data. Then, optimization studies are performed on the existing wind turbines.

Finally, design optimization applications are carried out for a 1 MW wind turbine.

Keywords: Horizontal Axis Wind Turbine, Aerodynamic Design, Genetic Algorithm Opti-

mization, Blade Element Momentum Theory, Panel Method
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ÖZ

RÜZGAR TÜRBİNİ ROTOR PALASININ SINIR TABAKA HESAPLAMALI İKİ
BOYUTLU PANEL METODU İLE GENETİK ALGORİTMA TABANLI AERODİNAMİK

ŞEKİL OPTİMİZASYONU

Polat, Özge

Yüksek Lisans, Havacılık ve Uzay Mühendisliği Bölümü

Tez Yöneticisi : Prof. Dr. İsmail Hakkı Tuncer

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

Aralık 2011, 83 sayfa

Bu tezde yatay eksenli rüzgar turbinlerinin rotor palalarının aerodinamik şekil optimizasy-

onuna yönelik metod geliştirilmiştir. Genetik Algoritma ve Pala Elemanı-Momentum Teorisi

kullanılarak türbinin verilen rüzgar hızı, rotor hızı, rotor çapı ve pala sayısında en fazla

üretebileceği güç miktarının bulunması amaçlanmıştır. XFOIL programı ile pala kesitlerinin

sürtünme etkisini de içeren aerodinamik özellikleri istenen hücum açısı ve Reynolds sayısında

elde edilmiştir. Optimizasyon değişkenleri pala elemanlarındaki veter uzunlukları, burkulma

açıları ve pala ucu, ortası ve kökü için pala kesitleridir. NACA dört basamak serisi ve Bezier

eğrileriyle oluşturulan pala kesitleri kullanılmıştır. İlk etapta bazı pala kesitleri ve rüzgar

türbinleriyle validasyon çalışması yapılmıştır. Daha sonra varolan türbinlerin üzerinde opti-

mizasyon yapılmış ve en sonunda 1 MW güç kapasitesine sahip türbin tasarlanmıştır.

Anahtar Kelimeler: Yatay Eksenli Rüzgar Türbini, Aerodinamik Tasarım, Genetik Algoritma

Optimizasyonu, Pala Elemanı-Momentum Teorisi , Panel Metod Hesaplamaları
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CHAPTER 1

INTRODUCTION

World is getting crowded resulting in higher energy needs. Increase in energy demand, limited

sources and environmental concerns give rise to investigation of new energy sources. Existing

sources are limited and destructive for nature. We should think of saving nature in a sense that

leaving the world to our children as a place that worths to live. The impact of renewables to

the nature are minor as compared to that of nonrenewables. Nuclear energy leaves dangerous

waste behind that has to be contained for hundreds of years. What is more, the leakage of

radioactive material is very harmful on humans. Coal mining is affecting the nature with

polluting the air and damaging lands. Usage of fuel oil is harmful for air, land and water. All

of these facts bring importance to the clean and renewable energy sources such as solar, water,

biomass and wind.

A significant progress in wind turbine technology has been achieved in recent years due to the

world′s primary energy needs and the potential in wind energy. Being one of the promising

renewable energy sources, harnessing of wind energy has gained importance all over the world

and the deployment of wind turbines in the world has been steadily increasing.

1.1 Wind Turbines

In recent years people has chasen after wind turbines being fascinating in a way of capturing

invisible force of wind which is clean and free. A huge rise in global installed capacity has

taken place with increase from 40,000 megawatts at the end of 2003 to 94,000 megawatts

at the end of 2007. European Union Heads of State aims at obtaining %20 of energy from

renewables by 2020 [1].
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Figure 1.1: Global Annual Wind Power Capacity Between 1991-2007 (in MW)[1]

Figure 1.2: Wind Farm of Horizontal Axis Wind Turbines

Wind turbines convert the kinetic energy of wind into electrical or mechanical energy. They

are mainly categorized as vertical axis and horizontal axis wind turbines based on the axis

of rotation. VAWT are relatively modest in power generation. They can be drag type like

Savonius turbines and lift type such as Darrius one. Their main advantage is the simplicity in

design and construction with housing the generator and gearbox at ground level. On the other

hand, they achieve lower power capacity compared to HAWT (Figure 1.3). Consequently,

HAWT are utilized more extensively for electricity generation (Figure 1.2) and this type of

wind turbines is within the scope of the conducted study.
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Figure 1.3: Power Coefficients Of Wind Rotors For Different Designs[2]

Wind turbines are classified according to their power capacities and rotor diameters as tabu-

lated in Table 1.1 [3].

Table 1.1: Wind Turbine Size Classification

Size Power Capacity Rotor Diameter
Small 50 kW-100 kW 10 m-20 m
Medium 100 kW- 1 mW 20 m-50 m
Large >1 mW > 50 m

Typical horizontal axis wind turbines are composed of rotor, rotor shafts and bearings, gear-

box, control system, generator, yaw system and tower. Main design guidelines are tabulated

in Table 1.2. A rotor is composed of blades and hub and is the main component directly re-

lated to the power capacity. Number of blades and blade geometry are essential in terms of

performance. A blade geometry is defined by twist, chord length, thickness and airfoil pro-

files. In addition to this, the rotor radius is the main factor in determining the power capacity.

Rotors are classified as upwind or downwind based on the orientation with respect to the wind

direction. Blades can be rigid or teetering and the hub is constructed considering the type of

connection. Power control is essential to prevent the generator from high level of mechanical

3



power input at very high wind speeds. The wind turbines are controlled actively or passively.

In passive controlled wind turbines, at high wind speeds stall pehenomenon takes place and

reduction in performance leads to the solution for power control. In active power control

there are two choices for turning blades which are pitching and feathering. Pitch regulation

is perfomed by turning the blades out of wind direction which causes blades to stall. For the

feathering case, blades are turned into the wind direction in order to lower the aerodynamic

performance. Pitch regulation method is illustrated in Figure 1.4. Yaw system is integrated on

wind turbines to capture the power from wind by orientiating rotor with respect to the wind

direction. Rotors can have fixed or variable speed and this property is related with the type of

the generator used.

Table 1.2: Critical Design Guidelines

Number of Blades Widely 2 or 3
Rotor Orientation Downwind or Upwind
Blade Geometry Twist, Chord Length, Thickness, Blade Sections, Rotor Radius
Hub Design Rigid or Teetering
Power Control Stall, Pitch to Stall, Pitch to Feather
Rotor Speed Fixed or Variable
Yaw System Free or Active
Generator Synchronous or Induction, Gearbox or Direct Drive Generator

Figure 1.4: Power Control with Pitch Regulation[2]
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Power curves of a typical stall and pitch regulated wind turbine are depicted in Figure 1.5.

Cut-in speed refers to the wind speed that the wind turbine starts to produce power. At rated

wind speed, nominal power is reached and after that point a control mechanism works by lim-

iting the power generation. This is done according to the permissible power of the generator.

At the wind speeds greater than cut-out wind speed, power generation is ceased for safety and

protecting the wind turbine from damage considering the limits set by the strength of the rotor

structure.

Figure 1.5: Power Curve

1.1.1 Aerodynamic Design Features of Rotor Blade

A rotor is the main component of a wind turbine which convert the kinetic energy of the

wind into the mechanical energy. Wind turbine blades are airfoil-shaped bodies which create

lift and drag. These forces are decomposed into tangential and thrust forces (Figure 1.6).

Tangential forces acting on blades create rotation torque which is directly related to the power

generated.

The geometrical shape of a rotor blade is essential in terms of the mechanical power captured

from the wind and the main parameters dominating are;

- Blade Section Profiles (Airfoil Characteristics)

- Chord Length Distribution

- Twist Distribution
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Figure 1.6: Aerodynamic Loads On Wind Turbine Rotor[2]

In increasing the performance of wind turbines, the lift to drag ratio of blade sections is the

most decisive factor, especially at outboard and mid span. The design lift coefficient refers to

the lift coefficient at the maximum lift to drag ratio. The difference between the design and

the maximum lift coefficients should be about 0.2 to prevent excessive loads and to provide a

sufficient margin with respect to stall [4][5]. In addition, there is a trade-off in selecting airfoils

with high lift coefficient considering the fact that high performance airfoils have abrupt stall

characteristics; whereas moderate airfoils own gentle stall characteristics which is important

in reducing blade dynamic excitations [6]. Furthermore, at the root region of the blade high
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thickness is desirable for structural stiffness. Hence, thicker airfoils are employed to prevent

undesirable chord length and problems in tower clearance [7].

Wind turbine rotor blades are generally tapered because of the structural and aerodynamical

reasons. The main concern is the structural strength requirement at the blade root. From the

aerodynamics point of view, at inboard sections tangential velocity is lower. Compensation

of this fact calls for an increase in the local blade solidity which also adds to the structural

stiffness.

In order to achieve greater aerodinamical efficiency blades are twisted. The optimum twist

distribution can only be found at a certain tip speed ratio. At this tip speed ratio the desired

angle of attack distribution is obtained considering the airfoil aerodynamic properties. Espe-

cially, the root sections are highly twisted into the wind direction in order to prevent stall by

decreasing the angle of attack.

1.1.2 Airfoils Used In Wind Turbine Blades

Airfoil series that are widely used in wind turbine applications are listed below [8].

- NACA 6 digit series (National Advisory Committee for Aeronautics)

- Risoe family airfoils (Risoe National Laboratory)

- FFA Series (The Aeronautical Research Institute of Sweden)

- S Series (National Renewable Energy Laboratory)

- FX Series (University of Stuttgart)

- DU Series (Delft Univeristy of Technology)

Airfoils used in general aviation are also employed in wind turbine blades. However, the

requirements made on wind turbine blades are distinctive at some points. There are two main

reasons why various institutes in the world have developed specialized airfoils in recent years;

the need for thicker airfoils at root and the sensitivity to contamination.

The demand on thicker airfoils comes from the desirable thickness of blade root for the struc-

tural concerns and the restriction on chord length. In order to satisfy this requirement, airfoils

with high thickness have been designed. From the performance point of view, general avia-

tion airfoils with aerodynamically high quality can satisfy the requirement for high lift to drag

ratio. On the other hand, different from aircraft wings, wind turbine blades can not be cleaned
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and contamination occurs. Imperfections on the surface of the blade cause performance degra-

dation. An early transition from laminar to turbulent boundary layer takes place and this re-

sults in lower maximum lift coefficient. New generation airfoils designed for wind turbine

blades are less sensitive to contamination [5]. In Figure 1.7 and Figure 1.8 performances of

some airfoils in clean and contaminated situations are compared. The NACA63-425 airfoil

has relatively poor performance in the contaminated situation due to their high sensitivity to

roughness whereas the wind turbine dedicated airfoils (DU 91-W2-250 and S814) are less

sensitive.

Figure 1.7: Performances of Selected Airfoil Series at Clean Situation[5]

Figure 1.8: Performances of Selected Airfoil Series at Contaminated Situation[5]
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1.2 Optimization Techniques

Optimization is defined as the selection of the best from a domain with many alternatives.

There are several search techniques which are divided into three main groups, gradient based,

enumerative and random search techniques as depicted in Figure 1.9 [42]. Gradient based

algorithms are deterministic methods and depend on the existence of the objective function

derivatives. Consequently, these methods have limited scope considering the problems in-

volving objective functions that are not continuous and differentiable. Enumerative schemes

evaluate objective function at many points in the search domain resulting in the lack of effi-

ciency, especially at problems with great size and complexity.

Figure 1.9: Search Techniques

Disadvantages of gradient based and enumerative search techniques lead to increase in pop-

ularity of random search schemes. Evolutionary algortihms, simulated annealing and swarm

algorithms are examples of random search methods. Genetic Algortihm, one of the evolution-

ary techniques, is a stochastic adaptation procedure based on natural genetics and selection. It

is suitable for global optimization problems with large number of design varibles. In addition,

it is applicable to multi-disciplinary optimization problems and inherently parallel process that

can be distributed to different processors.
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1.3 Previous Studies on Aerodynamic Design of Wind Turbines

Wind turbine design is a multi-disciplinary topic which involves aerodynamics, structures,

electricity, noise, cost and manufacturing. Among all the other aspects, aerodynamics is the

main factor that is directly related to the power production. Consequently, there are many

studies have been conducted for the aerodynamic design of wind turbines in the research

community.

Horizontal Axis Rotor Performance Optimization program developed by National Renewable

Energy Laboratory utilizes Genetic Algorithm and Blade Element Momentum theory to de-

sign wind turbine [9]. Its objective is maximizing annual energy production or efficiency.

Wind speed distribution, limits for chord length and twist, rotor poperties such as power

control, rotor speed, rotor diameter are defined. Airfoil database consists of aerodynamic co-

efficients at different angle of attacks and Reynolds numbers is supplied for program. Blade

shape is optimized within the given limits for chord length, twist and thickness.

In design process of Risoe airfoil family, Simplex Optimization Algorithm coupled with po-

tential flow solver, XFOIL [10], was employed and Navier-Stokes solver, EllipSys2D was

used in the evaluation of results [11]. It was stated that, although evolutionary algorithms are

less sensitive to local minima, they were time consuming and constraints had to be included

as a penalty term at the objective function. Hence, gradient based optimization technique,

whcih was lack of global optimality, was chosen. Airfoil shape was represented by B-spline

curves. Conducted study [12] was inspired from this methodology. Furthermore, in another

design study S809 airfoil was designed with the objectives of maximizing lift coefficient, ob-

taining low profile drag and reducing the degradation in perfromance in the condition of fixed

transition near the leading edge [13]. Inverse design method with The Eppler Airfoil Design

and Analysis Program was implemented. C. Bak [14] investigated airfoil performances with

inverse BEM and the actuator disc method, 3-D Navier-Stokes solver. It was concluded that

rotational and 3-D effects on airfoil were very important and compared to 2-D wind tunnel

measurements the lift coefficient was low in stall at the tip wheres, it was high in stall at the

inner part of the blade. J. Bosschers [15] also searched for the influence of blade rotation

on the sectional aerodynamics of rotating blades by applying a model and overpredicted the

lift coefficients. K. Ahlund [16] aimed to compare 2-D and 3-D behaviour of aerodynamic

coefficients on wind turbines and had difficulties measuremement with probe attached to the

10



leading edge at high angles of attacks where 3-D effects were strong.

Wind turbine ART-B was created for experimental purposes rather than to be commercial

competitive [17]. It was aimed to reflect state-of-the-art aerodynamic performance. Airfoil

data was gathered from Eppler Airfoil Design and Analysis Code with the contribution of

available wind tunnel data for validation. Multi-point inverse design of the rotor blade was

performed by PROPID finding twist and chord distributions and pitch to achive design tar-

gets. Power performance was optimized for variable-speed and variable-pitch operation by

maximizing rotor power coefficient at all wind speeds up to rated wind speed. An incre-

ment of 32.1% in the annual energy production was achieved with respect to the baseline

wind turbine ART-1. At another blade design study genetic algorithm based optimization

program, PROPGA, was used for finding the maximum annual energy production and min-

imum cost of energy configurations [6]. Ultimate flap-bending loads were found and size

skin thickness was estimated for simple cost model utilized. It was concluded that airfoils

having high maximum lift coefficient were desirable at outboard sections and airfoils designs

should seek to increase maximum lift coefficient while preserving gentle stall characteristics.

Y. Zhiquan [18] implemented Complex Method for optimization and employed BEM tool as

aerodynamic performance calculator. Design variables were chord and twist at blade sec-

tions and optimization object was to maximize annual energy production. N. Cencelli [19]

did aerodynamic optimization of wind turbine blades. Sequential Quadratic Programming

method yielded optimization for airfoils used at blade elements and geometric specifications

of wind rotor. XFOIL was employed to gather aerodynamic data of airfoils and BEM was im-

plemented for power calculation. P. Fuglsang [20] developed optimization method based on

Sequential Linear Programming and Method of Feasible Directions to minimize cost which

was determined by fatigue and extreme loads and annual energy production. Six different

sites were determined [21] and site specific design optimization was conducted. J. Mendez

[22] used Genetic Algorithm to perform aerodynamic design of wind turbine. Power calcu-

lations were carried out with BEM and experimental airfoil data was used. Chord and twist

distributions were employed as design variables. In the study conducted by O. Ceyhan [23]

optimization methodology based on the Genetic Algorithm was implemented for maximiz-

ing the power output of a horizontal axis wind turbine. Power calculations were carried out

with the Blade Element Momentum theory and experimental airfoil data was used. Chord

and twist distributions were employed as the design variables. Optimum airfoil or group of
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airfoils along the blades was found which corresponded to a single design variable.

In order to estimate aerodynamic behaviour, C.Burger [24] utilized Vortex Lattice Method in

a Genetic Algorithm optimization scheme. NACA four digit series were employed which has

the camber and camber location as design variables. Thickness was not considered since one

layer vortex modeling was not accounted for thick airfoils. It was evaluated that Vortex Lattice

Method was efficient for this kind of optimization problem. However, wake, compressibility

and viscous effects were needed to be added. J.Tangler [25] came with a conclusion that Lift-

ing Surface Wind Turbine performance prediction method was more desirable as compared

to BEM tool. However, it was found out that computer execution time for LSWT was about

10 times greater than BEM tool.

CFD is another approach in investigating the aerodynamics of wind turbine and blade sec-

tions. N.Mandas [26] conducted a study on numerical prediction of horizontal axis wind tur-

bine flow. RANS euations were solved with Moving Reference Frame (MRF) usind Spalart-

Allmaras as turbulence model. Satisfactory agreement with BEM solutions was achieved.

R.Amano [27] implemented MRF in design of more efficient rotor blade. Pre-study for va-

lidiaton showed that CFD with MRF supplied compatible results with test data. R.Mikkelsen

[28] worked on 2-D actuator disc model and 3-D actuator line technique coupled with Navier-

Stokes equations. M.Garcia [29] dealed with the oprimization of airfoils with reducing the

drag coefficient while preserving the lift coefficient. Arifoil was defined by B-Spline curves.

Gradient-based method using steepest descent was implemented to define the displacement

of each control point. CFD analysis was coupled with optimization process. In another study,

active flow control, effect of vortex generators, adding a stall strip and surface roughness were

investigated with using Navier-Stokes solver [30]. It was concluded that in order to find out

the effects of aerodynamic accessories, more realistic 3-D modelling was needed.

1.4 Objectives of The Present Work

In this study, an aerodynamic shape optimization methodology is developed for the horizontal

axis wind turbine blades. Genetic Algorithm is implemented for maximizing the power output

of a wind turbine at a prescribed wind speed, rotor speed and rotor diameter. Design variables

are selected as chord length distribution, twist distribution and blade profiles. Optimum air-
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foils are found for root, mid and tip sections along the blade. NACA four digit airfoil series

and airfoils defined by Bezier curves are employed during design process. Airfoils are rep-

resented by design variables such as geometrical properties; maximum thickness, maximum

camber position and maximum camber or control points of Bezier curves. Aerodynamic

characteristics of turbine blade sections are obtained by employing the potential flow solver,

XFOIL. Thus, the aerodynamic database of any airfoil profile is computed which makes shape

optimization possible. The solution of flow field around airfoil profiles is obtained under the

given flow conditions. It is equipped with a boundary layer flow solver to include the viscous

effects for a given Reynolds number. The BEM tool, which is used for power predictions,

is developed and validated. Chord length and twist distributions are either defined for each

blade element or for root, mid and tip regions of the blade. In the first approach yielded dis-

tributions are not continuous curves whereas the Bezier spline used in the second approcah

results in continuous and more realistic distributions.

The present study has some limitations. Instead of maximizing annual energy production,

maximizing of power at a specific wind speed is aimed. In other words, optimization process

is carried out for only one wind speed. However, in annual energy production calculations,

the annual wind speed distribution of a site is required. That makes it site-specific design

which is out of the scope of this thesis. In addition to this, the optimization is conducted for a

specific rotor speed, number of blades and rotor diameter. NACA four digit airfoil series and

arbitrary airfoils defined by a Bezier curve are used. In case of using other existing airfoils,

except NACA five digit airfoil series which is already defined in XFOIL, airfoil coordinates

should be supplied. The transition between different airfoils used in root, mid and tip of the

blade is ignored. The number of possibilities for each design variables should be in the order

of 2n because of the nature of the optimization algorithm implemented.

Throughout the present study, Potential Flow Solver, Blede Element Method and Genetic Al-

gorithm are used and the theoretical background of these methods are given in Chapter 2. In

addition, representations for the NACA four digit airfoil series and Bezier curve originated

airfoils are described. The implementation of these methods in the current study is explained.

In Chaper 3, results are presented and related discussion is made. Firstly, the validation stud-

ies for the Potential Flow Solver, XFOIL, and the developed BEM tool, are presented. Airfoils

NACA4412, S809, NACA63418, FFA-W3-241 are analyzed and viscous flow solutions are

compared with the experimental data. The same procedure is applied for the BEM tool con-
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sidering the test data for wind turbines NREL Phase III [31], Risoe [31] and NordTank [14].

In addition, the Genetic Algorithm performance is investigated with solving a trial case. Af-

ter obtaining satisfactory validation results, design process is proceeded with optimization of

existing wind turbines. This is done on wind turbines Risoe and NordTank at a specific wind

speed and improvements in power generation are achieved. Next, the design optimization is

carried out for a wind turbine with a power capacity of 1 MW. Rotor diameter, rotor speed

and rated wind speed, which are not the design variables of the optimization tool, are decided

based on the competitor study conducted. In Chapter 4, conlusions of the study and future

work are given.
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CHAPTER 2

METHODOLOGY

In this section, the theoretical background of the methods applied throughout the study is

described. Genetic Algorithm is coupled with the Blade Element Momentum tool and the

Potential Flow Solver, XFOIL, in order to develope a design optimization methodology. The

BEM tool calculates the objective function, which refers to the power generation, for op-

timization process. XFOIL supplies necessary aerodynamic data including viscous effects

at the blade sections for given flow conditions. Airfoil profiles are defined with parametric

representations of NACA four digit airfoil series or Bezier curves.

2.1 Blade Element Momentum Analysis Tool

The Blade Element Momentum theory is a widely used method to perform aerodynamic anal-

yses of rotors. A blade is divided into elements and each element is examined independently

from each other by using corresponding airfoil profile aerodynamic data. The Betz limit

which stands for the theoretical limit of power extraction from wind is found by applying the

momentum theory.

2.1.1 The Betz Limit

Wind turbines extract mechanical energy from the kinetic energy of the wind and there is a

theoretical limit for this extraction. The one-dimensional momentum theory, which is also the

base for the Blade Element Momentum theory derivation, is applied to find the Betz limit. The

rotor is modeled as a disc which slows the wind speed and causes a pressure drop as shown in
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Figure 2.1: Pressure and Velocity Variation Across Rotor Disc[36]

Figure 2.1. This model is a basic approach with several assumptions. The disc is considered

as ideal with no friction and with an infinite number of blades. Thrust is uniform over the disc

and there are no rotational effects. Flow is homogenous, incompressible and steady state. The

static pressure at upstream and downstream of the rotor is equal to the ambient static pressure.

The conservation of linear momentum is applied to the control volume that encloses the both

sides of the actuator disc. Combining this with the Bernoulli equation, which states that the

total energy in the flow remains constant provided that no work is done on or by the fluid, at

two control volumes on either side of the disc result in the velocity relation given in Equation

2.1 [36]. The axial induction factor, a , is defined for the fractional decrease in wind velocity

across the rotor disc as in Equaiton 2.2.

u =
Vo + u1

2
(2.1)

a =
Vo − u

Vo
=⇒ u = Vo(1 − a) (2.2)
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Thrust force is formed as a result of pressure jump across the disc and sectional thrust is given

in Equation 2.3.

dT = ρV2
o 4a(1 − a)πrdr (2.3)

The power generated is equal to the thrust times velocity at the disc;

P =
1
2
ρAV3

o 4a(1 − a)2 (2.4)

Power coefficient, Cp, expressed in Equation 2.5, is the ratio defines the efficiency in extract-

ing the mechanical power from wind and it characterizes the wind turbine rotor performance.

It turns out that Cp reaches its maximum value of 0.593 at the axial induction factor of 1/3

[37].

Cp =
Rotor Power

Power in the Wind
=

P
1
2ρAV3

o
= 4a(1 − a)2 (2.5)

The Betz limit stands for the ideal case. If rotational effects are added, energy extraction will

be lower than the case without rotation. A wind turbine rotor causes the flow behind rotate in

the opposite direction from that of the blades (Figure 2.2). Thus, the rotational kinetic energy

in the wake results in less power extraction. Turbines with low rotor speeds are subjected to

more wake rotation losses. This is due to the higher torque generated [37].

After eliminating the axial velocity by using a control volume that moves with the rotating

blades and deriving an expression for the pressure difference across the blades Equation 2.6

is found. Across the disc, the angular velocity of the air relative to the blade increases from Ω

to Ω + ω [37]. Sectional thrust is given in Equation 2.7.

P2 − P3 = ρ
(
Ω +

1
2
ω
)
ωr2 (2.6)
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Figure 2.2: Velocity Triangle at a Section of Blade

dT =

(
P2 − P3

)
dA =

[
ρ
(
Ω +

1
2
ω
)
ωr2

]
2πrdr (2.7)

The angular induction factor is expressed as;

a′ =
ω

2Ω
(2.8)

After substituing a’ into the Equation 2.7;

dT = 4a′(1 + a′)ρΩ2r2πrdr (2.9)

By equating the Equation 2.7 and the Equation 2.3, a relation between the axial and the

tangential induction factors is achieved as given in Equation 2.10.

a(1 − a)
a′(1 + a′)

=
Ω2r2

U2 (2.10)

Applying the conservation of angular momentum leads to find the torque exerted on the rotor.

Torque exerted on the rotor is equal to the change in angular momentum of wake as stated in

Equation 2.11.

dQ = 4a′(1 − a)ρUΩr2πrdr (2.11)
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In addition, the power generated at each element is given by;

dP = ΩdQ (2.12)

Tip speed ratio is defined as the ratio of tangential velocity of the rotor blade tip to the wind

speed as expressed in Equation 2.13.

λ =
ΩR
Vo

(2.13)

In Figure 2.3, power coefficients at different tip speed ratios are shown for an ideal turbine

with and without wake rotation [37]. It is observed that wake losses are dominant at lower tip

speed ratios.

Figure 2.3: Power Coefficient of an Ideal Wind Turbine with and without Wake Rotation

2.1.2 BEM Theory Overview

In Blade Element Theory the blade is divided into the segments and each element is taken into

account separately (Figure 2.4). In other words, there is no radial aerodynamic dependency
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between elements. Moreover, forces are same in each annular element. Thus, interactions

between blades are not examined [2]. Forces are determined considering only lift and drag

characteristics of the blade section.

Figure 2.4: Blade Element[36]

Each element experiences lift and drag forces depending on the relative velocity, Urel, and

angle of attack, α, as depicted in Figure 2.5. Lift and drag forces at a blade element are found

by relations;

dL =
1
2
ρU2

relClcdr (2.14)

dD =
1
2
ρU2

relCdcdr (2.15)

Forces, perpendicular and tangential to the rotation plane, are evaluated based on the lift and

drag forces using angle of relative velocity, ϕ, which is related to the sectional twist angle, θT ,

the blade pitch angle, θP, and the angle of attack, α.

ϕ = θT + θP + α (2.16)
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Figure 2.5: Velocities and Angles at Blade Section[37]

The sectional thrust force and torque are given by;

dT = B
1
2
ρU2

r (Cl cosϕ + Cd sinϕ)cdr (2.17)

dQ = B
1
2
ρU2

r (Cl sinϕ −Cd cosϕ)crdr (2.18)

Relative velocity at each section is related to the axial and tangential induction factors as given

in Equation 2.19.

tanϕ =
U(1 − a)

Ωr(1 + a′)
(2.19)
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Solidity is defined as the fraction of the annular area that is covered by blades and expressed

by Equation 2.20.

σ =
Bc
2πr

(2.20)

Axial and tangential induction factors are expressed as;

a =

(
4sin2ϕ

σ(Cl cosϕ + Cd sinϕ)
+ 1

)−1

(2.21)

a′ =

(
4sinϕcosϕ

σ(Cl sinϕ −Cd cosϕ)
− 1

)−1

(2.22)

In order to solve the derived relations, an iterative approach is needed [37]. Firstly, axial and

tangential induction factors, a and a’, are initialized. The flow angle is computed with Equa-

tion 2.19 and the angle of attack is calculated considering the sectional pitch. Aerodynamic

data as Cl and Cd is gathered at corresponding angle of attack. Next, using Equation 2.21

and Equation 2.22 axial and tangetial induction factors are found. The iterative calculation

process is performed until the induction factors are converged within a specified tolerance.

In order to improve the BEM model and make it more realistic some empirical models are

applied. The Prandtl’s tip loss factor (2.23) is one of them and accounts for the losses occur

because of the pressure difference between suction and pressure side of the blade [37]. Air

tends to flow from the lower to the upper side resulting decrease in power generation near the

tip.

F = (2/π)cos−1
[
exp

(
−

(B/2)[1 − (r/R)]
(r/R)sinϕ

)]
(2.23)

Axial and tangential induction factors become;

a =

(
4Fsin2ϕ

σ(Cl cosϕ + Cd sinϕ)
+ 1

)−1

(2.24)
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a′ =

(
4Fsinϕcosϕ

σ(Cl sinϕ −Cd cosϕ)
− 1

)−1

(2.25)

Moreover, experiments show that the momentum theory becomes invalid at axial induction

factors greater than 0.4 [36]. In Figure 2.6, different rotor states are depicted with corre-

sponding thrust coefficients and axial induction factors [36]. If the thrust coefficent is greater

than 0.96 based on Glauert empirical relationship, following approach is used to find the axial

induction factor [38].

a =
18F − 20 − 3

√
CT (50 − 36F) + 12F(3F − 4)

36F − 50
(2.26)

Figure 2.6: Thrust Coefficient and Axial Induction Factor Relation with Rotor States[36]

In this study, the BEM tool is implemented as a objective function calculator of the optimiza-

tion process. It is coupled with XFOIL which is used for gathering the airfoil aerodynamic

data as lift and drag coefficients. The wake rotation is included. Addition to this, the Prandtl’s

tip loss model and the Glauert correction are applied.
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2.2 Potential Flow Solver

In this section, the open source flow solver, XFOIL, is explained with its necessary features.

The theory behind the Panel Method and the potential flow which has elements of uniform

flow, source, sink and vortex flow are described. A potential flow stands for invisvid flow.

However, XFOIL has a capability of modeling viscous effects with a coupled boundary layer

solver.

2.2.1 The Panel Method

The potential flow theory, which is also called the irrotational flow, implies the assumption

that fluid elements have no angluar velocity [34]. Flow is defined by the potential function

(Equation 2.27 and Equation 2.28), φ, which is a continuous function that satisfies the laws of

conservation of mass and momentum with assuming the flow is incompressible, inviscid and

irrotational. The stream function, ψ, is equation that gives streamlines of a flow and related to

flow velocities as given in Equation 2.29.

Potential Function = φ(x, y) (For 2D Flow) (2.27)

u =
∂φ

∂x
, v =

∂φ

∂y
(2.28)

u =
∂ψ

∂y
, v = −

∂ψ

∂x
(2.29)

Potential functions can be defined for various simple flows, such as uniform flow, source

or sink, free vortex flow. In Figure 2.7, an uniform flow is sketched. Potential and stream

functions are given in Equation 2.30 and Equation 2.31.

φ = Ux (2.30)

ψ = Uy (2.31)
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Figure 2.7: Uniform Flow

In a source or sink flow, streamlines are straight lines originated from a central point and the

radial velocity varies inversely with the distance from the central point whereas the tangential

velocity is equal to zero as shown in Figure 2.8. Potential and stream functions are given in

Equation 2.32 and Equation 2.33 assuming the fluid is flowing at a rate of Q.

Figure 2.8: Source and Sink Flows

φ =
Q
2π

lnr (2.32)

ψ =
Q
2π
θ (2.33)

A vortex flow is another elementary flow where all streamlines are concentric circles around

a point as sketched in Figure 2.9. Velocity along the streamline is constant. However, it
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decreases with distance to the center. A vortex flow is irrotational expect at the origin where

singularity occurs. Circulation, which is also definition of the vortex strength, is given around

a streamline with radius r as in Equation 2.34.

Circulation = Γ = −

∫
C

Vds = −Vθ(2πr) (2.34)

Figure 2.9: Vortex Flow

Potential and stream functions of a vortex flow are expressed as;

φ = −
Γ

2π
θ (2.35)

ψ =
Γ

2π
lnr (2.36)

These simple flow elements can be superimposed to create more complex flows. The Panel

Method is a technique based on this methodology and is used for solving potential flows

around airfoils. The airfoil surface is divided into the segments called panels and vortex

and/or source sheets are placed at the centers of each panel. Each panel induces a velocity on
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itself and on the other panels. The airfoil surface is treated as a streamline. Hence, velocity

is tangential to the surface and flow can not penetrate into the airfoil. The stream function is

constant along the line which passes through the mid points of each panel. In Figure 2.10,

an airfoil in a free stream expressed by vortex sheet of variable strength, Γ, is depicted. The

induced velocity from the vortex sheet combined with the free stream velocity gives the airfoil

shape as a streamline of the flow. Thus, the airfoil is simulated by placing a vortex sheet over

the airfoil surface.

Figure 2.10: Simulation of An Airfoil with Vortex Sheet

In order to find out the pressure distribution along the airfoil surface, firstly contributions in

terms of velocities are listed including source and/or vortex strengths which are unknowns

[35]. These unknowns are found by generating system of equations based on the flow tan-

gency conditions and the Kutta condition. The Kutta condition implies that flow must leave

the trailing edge smoothly. Consequently, the pressures at upper and lower surfaces must be

equal resulting in same tangential velocity at the panels adjacent to the trailing edge. After

calculating the source and/or vortex flow strengths, tangential velocities at the each panel are

found. Next, the Bernoulli’s equation is applied to obtain the pressure distribution.

2.2.2 XFOIL Overview

XFOIL [10], which has developed by M. Drela, is an open source program used for the design

and analysis of airfoils at subsonic flows. It has several routines for different purposes. In this

section, the features of it that are necessary for current study are explained.

XFOIL has a capability of calculating both inviscid and viscous flows. The linear-vorticity
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stream function Panel Method is implemented for inviscid flow calculations [39]. Airfoil

flowfield is constructed by the superposition of a freestream flow, a vortex sheet on the airfoil

surface and a source sheet on the airfoil surface and wake. The Kutta condition is used. In

order to obtain viscous solutions a model is builded up on this potential flow theory. The

friction drag on the airfoil is anlayzed with modeling boundary layer and wake with a two-

equation lagged dissipation integral boundary layer formulation. It is based on the velocity

distribution derived by the Panel Method. The thickness of the boundary layer changes with

Reynolds number. Additionally, to compute the viscous and inviscid coupling the envelope

type transition formulation using a global Newton method is implemented. Hence, the transi-

tion from laminar flow to turbulent flow is modeled via standard eN-criterion. Free transition

takes place depending on the user-specified parameter, Ncrit which is related to the turbulence

level of the flow as shown in Table 2.1.

Table 2.1: Transition Factor and Turbulence Intensity Relation in XFOIL

Ncrit Tu (%)
5 0.371
6 0.245
7 0.161
8 0.106
9 0.070
10 0.046

The parameter, Ncrit, is used to model the effects of ambient disturbances on transition and

suitable values for different situations are given in Table 2.2 [40].

Table 2.2: Transition Factor for Different Situations in XFOIL

Situation Ncrit

Sailplane 12-14
Motorglider 11-13
Clear Wind Tunnel 10-12
Average Wind Tunnel 9
Dirty Wind Tunnel 4-8

In this study, XFOIL is coupled with BEM tool and provides the airfoil aerodynamic data at

each section for corresponding angle of attack and Reynolds number. NACA four and five
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digit airfoil series are defined parametrically in XFOIL. Thus, there is no need to provide the

coordinates of NACA four digit airfoil series which is employed throughout the optimization

process. For other airfoils, created with Bezier curves, coordinates are supplied. Viscous flow

solutions are obtained. The transition factor, Ncrit, is taken as 9 which refers to the average

wind tunnel situation. It is a typical value for a smooth wing surface in a low-turbulence envi-

ronment [41]. XFOIL has an ability to mirror compressibility effects by integrated Karman-

Tsien correction. However, in current study incompressible flow solutions are obtained since

wind turbines are subjeced to low speeds. What is more, the BEM theory is constructed on

the assumption of incompressible flow.

2.3 Airfoil Representation

The Potential Flow Solver, XFOIL, necessiates airfoil coordinates for solving flow around

airfoils and gathering lift and drag coefficients. In this study, from existing airfoil series

NACA four-digit family, which has a parametric representation based on maximum thickness,

maximum camber and maximum camber location, is employed. Addition to this, new airfoils

are designed by Bezier curves. The applicability of forming airfoil shapes with higher order

Bezier curves and splines composed of piecewise cubic Bezier curves is investigated.

2.3.1 Parametric Representation of NACA Four-Digit Airfoil Series

The NACA four-digit airfoil series are parametrically defined airfoils. The first digit gives

the maximum camber (m) in percentage of the chord length (c) and the second digit gives

the position of the maximum camber (p) in tenths of the chord length. The last number with

two digits is the maximum thickness (t) in percentage of the chord length. In Figure 2.11,

NACA2412 airfoil is depicted. It has a maximum camber of 2%, maximum camber location

of 40% and maximum thickness of 12%. The equations for symmetrical and asymetrical

airfoils of the NACA four-digit airfoil series are given in Equation 2.37 and Equation 2.38.

y =
t

0.2
c
[
0.2969

√
x
c

]
− 0.1260

(
x
c

)
− 0.3516

(
x
c

)2

+ 0.2843
(

x
c

)3

(2.37)
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Figure 2.11: NACA2412 Airfoil

y =


m x
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(
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c

)
if 0 < x < pc

m c−x
(1−p)2

(
1 + x

c − 2p
)

if pc < x < c
(2.38)

2.3.2 Bezier Curve Representation

A Bezier curve is a specialized parametric curve which is widely used in computer graphics.

It has the definition given in Equation 2.39. P refers to the coordinate of the control point and

n is the order of Bezier curve. A curve is defined by n+1 control points.

B(t) =

n∑
i=0

Ci
nti(1 − t)n−iPi , t ∈ [0, 1] (2.39)

Ci
n =

n!
i!(n − i)!

(2.40)

A cubic Bezier curve is a special representation of a cubic polynomial given in a parametric

form as in Equation 2.41. The curve passes through the starting and ending control points and

these points are usually called knot points (P0 and P3). Control points (P1 and P2) form the

shape of the curve. The connection of knot and control points with straight lines results in a

Bezier polygon as depicted in Figure 2.12. As a property of Bezier curves, they are tangent to

the Bezier polygon at start and end of the curve. If the curve is split from an arbitrary point,

the resulting curves are also Bezier curves.
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B(t) = (1 − t)3P0 + 3(1 − t)2tP1 + 3(1 − t)t2P2 + t3P3 , t ∈ [0, 1] (2.41)

Figure 2.12: Cubic Bezier Curve

A Bezier spline is the form of curve that is composed of Bezier curves. Piece-wise curves

intersect at knots point. Control points are found in such a way that the curve is continuous.

Hence, two derivatives are made equal at knot points.

Figure 2.13: Bezier Spline
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In Figure 2.13, a Bezier spline composed of 2 cubic Bezier curves are depicted. At the co-

inciding knot point, first and second derivatives are equal as stated in Equation 2.42 and

Equation 2.43. At start and end of the curve the second derivative is set to 0 treating as natural

conditions as expressed by Equation 2.44 and Equation 2.45. For this case unknown 4 control

points can be found by prescribed equations. In general, if there are n control points exist, n

conditions can be defined. System of equations appears to form a tridiagonal matrix with the

diagonal dominance and can be solved by variable elimination.

P′3(1) = P′4(0) (2.42)

P′′3 (1) = P′′4 (0) (2.43)

P′′0 (0) = 0 (2.44)

P′′7 (1) = 0 (2.45)

Figure 2.14: B-Spline Representation of NACA0012

In this study, two approaches based on Bezier curves are used. As a first approach, the airfoil

shape is defined by a Bezier spline consists of cubic Bezier curves. In Figure 2.14, the Bezier

spline representation of NACA0012 is compared with the parametric representation of NACA

four digit airfoil series. The spline is composed of 12 cubic Bezier curves and passes through

the knot points. In forming arbitrary airfoil shapes, ‘y’ coordinates of 10 knot points are

defined as design variables. Knot points at leading and trailing edges are kept constant. The

slope is continuous throughout the curve. Hence, problems related to the discontinuities,
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especially at the leading edge are eliminated. On the other hand, this type of representation

turns out to be inefficient in terms of the variability of airfoil shapes. The reason behind this

fact is that the spline passing through the knot points decreases the probility of having proper

airfoil shapes.

As the second approach, a higher order Bezier curve representation is implemented. It is

found out that this kind of representation is more practical in forming arbitrary airfoils. In

Figure 2.13 an airfoil is represented with a Bezier curve of order 21. Totally, 22 control points

exist and ‘y’ coordinates of 20 points are employed as design variables. Start and end of the

curve is at the trailing edge of the airfoil. ‘x’ coordinates of the control points are constant

and they are selected in such a way that the airfoil is kept between the x positions of 0 and 1.

Coordinates of the curve are calculated with Equation 2.46, Equation 2.47 and Equation 2.48.

Parameter ‘t’ varies between 0 and 1 uniformly. A single continuous curve is resulted without

any problem regarding curvature discontinuity.

x(t) =

21∑
i=0

Ci
21ti(1 − t)21−iPxi , t ∈ [0, 1] (2.46)

y(t) =

21∑
i=0

Ci
21ti(1 − t)21−iPyi , t ∈ [0, 1] (2.47)

Ci
21 =

21!
i!(21 − i)!

(2.48)

Figure 2.15: Higher Order Bezier Curve Representation
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2.4 Genetic Algorithm

2.4.1 Genetic Algorithm Overview

The Genetic Algorithm is a stochastic optimization method that is inspired by the biological

evaluation process. Components of a Genetic Algorithm are encoding technique, initialization

procedure, evaluation function, selection of parents and genetic operators such as mutation,

crossover and elitism. Individuals are composed of chromosomes which carry the properties

of individuals as variables of the problem. Chromosomes are represented with different en-

coding types like binary coding, permutation encoding, value encoding, etc. The evolution

starts with a population that is created randomly. Thus, an initial condition is not required.

The objective function is calculated for each individual. According to the values of the objec-

tive function, two individuals are selected and the crossover takes place with recombining the

genetic material from the two parents. The mutation occurs by causing a change in the chro-

mosome pattern to ensure the diversity of the population. The Genetic Algorithm operates on

the principle of survival of the best. The elitisim refers to the process that the best solution

survives to the next generation and it increases the performance of the optimization process

by preventing the loss of the best individual. A new generation is created and the same proce-

dure is carried out until a satisfactory solution is found or until the maximum generation limit

is reached.

In this study, the Genetic Algorithm optimization tool developed by D. Carroll[43][44] is em-

ployed. Binary coding, in which the variables are discretized into the number of possibilities,

is applied. Thus, the chromosome length is related to the number of possibilities in the binary

format. For example, a string of length 5, including five 0s and 1s, represents 32 possibilities.

Tournament selection for choosing random pairs for mating is implemented. Fitter individual

in each pair mates and one child which has mixed chromosomes of the two parents as a result

of crossover is created. Two types of crossover, single-point and uniform, are applied. In

the single-point crossover, the chromosome set of one parent overwrites the chromosome set

of the other parent at a randomly chosen crossover point. On the other hand, in the uniform

crossover any combination of chromosome sets of each parent can be obtained. Jump and

creep mutations are included in order to ensure the diversity of the population. A randomly

picked chromosome is placed in the chromosome set with the jump mutation and it is inde-
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pendent from the parent values. In the creep mutation, a randomly picked chromosome is kept

between the variables values of parents. The elitism operator replicates the best individual to

the next generation.

In addition to the conventional GA, the micro-GA technigue is implemented the the Genetic

Algorithm tool of D. Carrol. The micro-GA works with a small pupulation size of 5 and

evolves in a same fashion of the conventional technique. The evolutinary operators such as

elitism and crossover take place. Different from convential technique, mutations are elimi-

nated and a restart mechanism is added. After it is locally converged with few iterations, a

new generation is created randomly and the best individual from former converged genera-

tion is kept. The Micro-GA shows faster convergence to the optimal region and can be used

with population sizes up to 15 with inreasing performance for complex problems [44]. In this

study, the micro-GA technique is used.

2.4.2 GA Implementation in Current Study

The Genetic Algorithm is implemented to the wind turbine design optimization process as

summarized in Figure 2.16.

Figure 2.16: Optimization Process
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Design variables are assigned as the chord length distribution, the twist distribution and the

blade profiles along the blade. The NACA four-digit airfoil series is defined with geometri-

cal properties and the airfoils formed with Bezier curves are represented by control points.

XFOIL and the BEM tool are employed in the computing of the objective function by cal-

culating the power of the individuals. Iterations are continued until the maximum generation

limit is reached.

There are some user-defined inputs for the developed optimization tool. The maximum gen-

eration number, the population size, the design variable limits and the maximum generation

limit are defined for the Genetic Algorithm. Moreover, number of possibilities, which are in

order of 2n, are provided for each design variable. For BEM calculations, the wind speed, the

air density, the kinematic viscosity, the rotor speed, the rotor and hub radius, and the number

of blades are supplied. In addition to the user-defined inputs, there is an interrelation between

the inputs and outputs of implemented tools as given in Table 2.3.

Table 2.3: Input and Outputs of Implemented Tools

Tool Inputs Outputs

Max. Generation
Population Size Twist Distribution

GA Design Variable Limits Chord Length Dist.
Number of Possibilities Airfoils
Power of Individuals

Wind Speed
Density
Kinematic Viscosity
Rotor Speed

BEM Rotor and Hub Radius Power
Number of Blades
Chord Length Dist.
Twist Distribution
Aerodynamic Data

Airfoil
XFOIL Reynolds Number Aerodynamic Data

Angle of Attack
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2.4.2.1 Design Variables

The chord length distribution, the twist distribution and the blade profiles at root, mid and tip

sections are the design variables of the optmiziation process.

There are two approaches used for defining the chord length and twist distributions. Studies

conducted on the existing wind turbines are done considering the chord length and twist at

each blade element. Thus, continuity in the spanwise is not taken into account. As the second

approach, in design optimization of a wind turbine, two cubic Bezier curves are used and the

chord length and twist values only at the tip, mid and root sections are employed as the design

variables. Consequently, continuous distributions are obtained.

Blade profiles are selected from NACA four digit airfoil series or arbitrary airfoils are de-

signed with Bezier curves. For NACA four digit airfoil series, the properties such as the

maximum camber, the maximum camber position and the thickness are taken as the design

variables. Totally 1024 different NACA four digit airfoils are used in the design process and

the ranges for the airfoil properties considered are as follows:

- Maximum camber range from 1% to 8% (with increment of 1%)

- Maximum camber location range from 10% to 80% (with increment of 10%)

- Maximum thickness range from 10% to 40% (with increment of 2%)

In addition to the NACA four digit airfoil series, airfoil profiles defined by high order Bezier

curves are also employed. The control points of the Bezier curves are selected as the design

variables. Hence, there is a great flexibility in airfoil shapes. However, it is possible to obtain

unacceptable shapes in the design process. These shapes include self-intersecting airfoils and

airfoils with more than 2 changes in concavity in the upper surface and airfoils with more

than 3 changes in concavity in the lower surface. The individuals having these shapes as

blade profiles are eliminated (without BEM calculations) by assigning their power generation

to zero.
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2.4.2.2 Objective Function Computing

The objective of the optimization proces is maximizing the generated power which is com-

puted with BEM and XFOIL calculations. After generation with the required population size

is formed, the power calculations are conducted for each individual. These calculations are

independent from each other. Thus, the Genetic Algorithm is inherently parallel and it is fea-

sible to apply a parallel-programming in order to reduce the runtime for solving a problem

and also increase the size of the problem that can be solved. In this study, Message Passing

Interface (MPI) technique is applied and data is passed between the processes in a distributed

memory environment. The number of required cores are defined by the population size.
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CHAPTER 3

RESULTS AND DISCUSSION

The aerodynamic blade optimization tool based on the Genetic Algorithm is developed for

wind turbines. In Section 3.1, the validation studies are conducted to find out the applicability

of the employed tools, the BEM tool, the potential flow solver, XFOIL. In addition perfor-

mance of the Genetic Algorithm is investigated. After obtaining satisfactory results, the study

is proceeded with the optimization applications on the existing wind turbines, Nordtank and

Risoe in Section 3.2. Finally, the competitor study is done and two wind turbines having a

power capacity of 1 MW are designed.

3.1 Validation Studies

In this section, the validity of the tools used in wind turbine performance calculation is inves-

tigated. BEM tool is used to predict the aerodynamic performance of a wind turbine in terms

of the generated power. Thus, as a starting point the BEM tool is validated with the exper-

imental data of differently sized wind turbines. In addition, the verification of the potential

flow solver, XFOIL, is carried out with analyses of several airfoils. Finally, the performance

of Genetic Algorithm is investigated.

3.1.1 XFOIL Airfoil Data Validation

Aerodynamic forces on an airfoil depend on the relative velocity, the air density, the orien-

tation of airfoil, the air viscosity and the compressibility of medium. The orientation of an

airfoil is defined by the angle of attack which is the angle between the chord line and the

relative velocity. The resultant force of pressure and friction forces is decomposed to lift and
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drag forces. The lift force is the force that is perpendicular to the incoming flow. It comes

from the difference between pressure forces on upper and lower sides of the airfoil. The drag

force is parallel to the incoming flow and pressure forces and friction forces act on it.

Reynolds number is a non-dimensional parameter used to characterize the flow condition. It

is the ratio of inertial and viscous forces. Mach number is another non-dimensional param-

eter. The higher the Mach number, the higher the compressibility. Wind turbine blades are

subjected to low speeds. Thus, the effect of Mach number, in other words compressibility

effect, is not considered in power production.

Figure 3.1: Aerodynamic Coefficients of NACA4412 at Re=3x106

Figure 3.2: Aerodynamic Coefficients of S809 at Re=106
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Figure 3.3: Aerodynamic Coefficients of NACA63418 at Re=3x106

Figure 3.4: Aerodynamic Coefficients of FFA-W3-241 at Re=1.5x106

In order to check the validity of the aerodynamic data gathered from the potential flow solver,

XFOIL, NACA4412, NACA63418, S809 and FFA-W3-241 airfoils are anlayzed and the re-

sults are compared with expreminetal data [8][32][31] from Figure 3.1 to Figure 3.4. Viscous

effects are considered with the boundary layer solver that exists in XFOIL.

There are different flow regimes over an airfoil and they are categorized as the attached flow

regime, the stall development regime and the flat plate regime. Factors affecting the transition

between these regimes are airfoil characteristics, the angle of attack and the Reynolds number.
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In the attached flow regime, which takes place at low angles of attack, the lift increases with

angle of attack whereas the drag is relatively low. As the angle of attack increases, maximum

lift is reached and stall develops. After stall occurs, the boundary layer separates and a wake

region is formed over the airfoil. The drag is rised and the lift is diminished. At very high

angle of attacks, the flat plate regime takes place and the flow is fully separated.

According to the comparisons carried out between XFOIL results and experimental data, it

is observed that XFOIL gives satisfactory results for small angle of attacks in the attached

flow regime. However, the prediction of stall region is poor. It is an expected result since the

prediction of stall behaviour is challenging even though with higher order methods. Usage

of XFOIL in the optimization tool is feasible considering the short computation time. The

optimization tool is builded up for the first phase of design and recalculations on the designed

turbines can be done with higher order methods which require more computation time.

3.1.2 NREL Phase III Wind Turbine Validation Study

NREL Phase III [31], having a power capacity of 19.8 kW, is a small wind turbine designed

for experimental studies. The rotor diameter is 10 m and the rotor blades have a uniform blade

profile, S809. The chord length and the twist distribution are shown in Figure 3.5.

Figure 3.5: NREL Phase III Wind Turbine - Chord Length and Twist Distributions

NREL Phase III is examined with the BEM tool at different wind speeds. BEM analyses are

performed with 17 blade sections for which the chord length and the twist values are given

[31]. Two results are obtained with the airfoil data gathered from the experiments and from the
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potential flow solver, XFOIL. According to the Figure 3.6, the BEM tool provides acceptable

results considering the experimental data. It is observed that at high wind speeds, the solutions

of BEM tool slightly differ. The reason behind is that the angle of attack increases at high wind

speeds. In a similar manner as it is shown in airfoil data comparison at post stall region in

Section 3.1.1 , power predictions diverge. The prediction with the experimental airfoil data is

closer to the wind turbine test results.

Figure 3.6: NREL Phase III Wind Turbine - BEM Model and Test Results Comparison

Comparison of BEM and experiment results are shown in Table 3.1.

Table 3.1: BEM and Experiment Results Comparison for NREL Phase III

Wind Speed (m/s) XFOIL Coupled BEM (kW) Experiment (kW) Diff. (%)
8 6.75 5.43 24.0
9 9.04 7.73 16.9
10 10.97 9.48 15.7
11 13.10 10.60 23.5

Sectional angle of attacks are depicted in Figure 3.7 for different wind speeds. As it is ob-

served, higher wind speed results in increased angle of attacks. At the wind speed of 5 m/s,

the root sections exposure negative angle of attacks. This is due to the fact that the inboard

part is highly twisted.
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Figure 3.7: NREL Phase III Wind Turbine - Sectional Angle of Attack

Figure 3.8: NREL Phase III Wind Turbine - Wake and Tip Losses

In order to examine the effect of tip and wake losses, power curves are depicted for different

cases in Figure 3.8. It is observed that the tip losses are more dominant than wake rotation

losses. At higher wind speeds the tip losses are more observable. In addition, wind turbine is

subjected to more wake losses at lower tip speed ratios as compatible with the theory (Figure

2.3). In Figure 3.9, loads on the blade at 10 m/s are shown. As expected the outboard con-

tributes to the generated thrust and torque much more than the inner sections. The outboard

sections are more efficient in terms of the power.
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Figure 3.9: NREL Phase III Wind Turbine - Aerodynamic Loads at 10 m/s

3.1.3 Risoe Wind Turbine Validation Study

Risoe [31] is a medium sized wind turbine having 100 kW power capacity and having a rotor

diameter of 19 m. Its chord and twist distirbutions are given in Figure 3.10. The rotor blade

is composed of NACA 63-2XX airfoil profiles with different thickness values.

Figure 3.10: Risoe Wind Turbine - Chord Length and Twist Distributions

Risoe is examined at different wind speeds with the BEM tool and the comparison with the

experimental data is carried out as depicted in Figure 3.11. The blade model is divided into 9

elements. Although at the wind speeds at which stall takes place the predictions are started to

diverge, in the linear region solutions are well-matched. The airfoil data coming from experi-
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ment or XFOIL do not make much difference in terms of power predictions. The comparison

of BEM tool and experiment results are shown in Table 3.2.

Table 3.2: BEM and Experiment Results Comparison for Risoe

Wind Speed (m/s) XFOIL Coupled BEM (kW) Experiment (kW) Diff. (%)
6 16.84 16.67 1.1
10 70.20 72.12 2.7
11 86.65 80.00 8.3
15 95.66 105.76 9.5

Figure 3.11: Risoe Wind Turbine - BEM Model and Test Results Comparison

At low wind speeds of 5 m/s and 6m/s, the sectional angle of attacks are nearly same through-

out the blade. This is due to the fact that the blades are twisted. At higher wind speeds the

angle of attacks start to increase at root sections rapidly because the twist angles are no more

enough to overcome the effect of the wind speed. The high angle of attacks emerged at 15

m/s, cause the blades to exposure stall which is observed as a performance degradation in the

power curve given in Figure 3.11.

In order to investigate the contributions of the losses, the power curves without the wake

rotation and without the tip losses are extracted as depicted in Figure 3.13. It is observed
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Figure 3.12: Risoe Wind Turbine - Sectional Angle of Attack

that the tip losses are dominant over the wake rotation losses and their contributions reach to

higher level at higher wind speeds.

Figure 3.13: Risoe Wind Turbine - Wake and Tip Losses

The aerodynamic loads, thrust and torque, increase from the root to the tip region of the blade

as shown in 3.14. At the tip region they start to decrease due to the the tip losses arised.
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Figure 3.14: Risoe Wind Turbine - Aerodynamic Loads at 10 m/s

3.1.4 NordTank Wind Turbine Validation Study

NordTank [14] is a medium size turbine having a rated power of 500 kW. Its rotor diameter

is 40 m. The chord length and twist distirbutions are as given in Figure 3.10. FFA-W3-331,

FFA-W3-241 and NACA63418 airfoil profiles are employed along the rotor blade.

Figure 3.15: NordTank Wind Turbine - Chord Length and Twist Distributions

The power curves found with the BEM tool using 17 blade elements and the experiments are

compared in Figure 3.16. The BEM analysis with the experimental airfoil data is closer to the

test results. The BEM tool and the test results are tabulated in Table 3.3 and it is observed that

the percentage difference between results is higher at wind speed 17 m/s. It is evaluated that
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at lower wind speeds all results are consistent whereas at high wind speeds the results start to

diverge due to the poor airfoil data predictions at stall region. The sectional angle of attacks

at various wind speeds are depicted in Figure 3.17.

Table 3.3: BEM and Experiment Results Comparison for NordTank

Wind Speed (m/s) XFOIL Coupled BEM (kW) Experiment (kW) Diff. (%)
6 76.03 72.42 5.0

8.5 237.96 240.84 1.2
10 365.05 352.00 3.7
17 651.81 572.63 13.8

Figure 3.16: NordTank Wind Turbine - BEM Model and Test Results Comparison

According to the BEM analyses, NordTank experiences different amount of tip and wake

losses based on the wind speed as given in Figure 3.18. The losses are increasing with de-

creasing tip speed ratios.
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Figure 3.17: NordTank Wind Turbine - Sectional Angle of Attack

The aerodynamic loads on the blade at 10 m/s are depicted as sectional thrust forces and sec-

tional torque in Figure 3.19. As it is expected, the outboard sections have greater contribution

to the power generation due to the fact that they exposure higher tangential speeds.

Figure 3.18: NordTank Wind Turbine - Wake and Tip Losses

The BEM tool, which calculates the aerodynamic performance, is the key point of the opti-

mization process since it is the objective function calculator. In order to decide whether the

calculation method is appropriate or not for design process, the validation studies are con-
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Figure 3.19: NordTank Wind Turbine - Aerodynamic Loads at 10 m/s

ducted. XFOIL gives satisfying airfoil aerodynamic data at the attached flow regime. Thus,

considering its computation time it is a desirable tool to be employed in such an optimization

study. The power estimations of Risoe and NordTank are well-matched with the experiment

results up to the wind speeds at which the area of stall region increases. On the other hand,

there is a slight shift in power predictions of NREL Phase III. This can be due to the experi-

mental data of both airfoil and wind turbine or due to the implementation of the BEM model

on such a small wind turbine at which 3D effects are dominant. Employing the XFOIL data

instead of the experimental data do not make considerable difference up to high wind speeds,

whereas at the stall region results alter. This drawback is not significant in terms of the usage

of the BEM tool and XFOIL in design optimization process since the rotor blades are never

designed at the stall region. Based on all of these facts, the accuracy of the aerodynamic

performance calculation method is sufficient and it is proper to use it in the optimization

algorithm.

3.1.5 Genetic Algorithm Performance

In order to investigate the Genetic Algorithm performance, a trial case is solved using 3 blade

elements of an arbitrary wind turbine geometry. The chord length and twist distributions are

not changed. There are 3 design variables as the properties of NACA four digit airfoil series

and totally 1024 possibilities are available as explained in Section 2.4.2.1. All the cases are
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solved with the BEM tool to find the airfoil section that gives maximum power. It is turned

out to be that NACA8612 is the best solution for this problem.

Figure 3.20: Genetic Algorithm Performance

On the other hand, the Genetic Algorithm is applied to the problem with population sizes

of 5 and 10. As it is illustrated in Figure 3.20, with population size of 10, best solution is

converged at 16th generation and with population size of 5, best solution is found at 42th

generation. Rather than solving 1024 cases, 160 turbines and 210 turbines are solved until

the best solution is reached. Thus, the Genetic Algorithm brings a great reduction in the

computational time.

3.2 Optimization Applications on Existing Wind Turbines

The optimization applications are performed on the existing wind turbines, Nordtank and

Risoe. Two approaches for blade profile definition which are NACA four digit airfoil series

and arbitrary airfoils defined by Bezier curves are used. The chord length and twist distri-

butions are limited in order to prevent divergence from the original rotor blade. Moreover,

the chord length and twist values are selected for each blade element. Consequently, the

continuity of the distributions in spanwise direction is ignored.
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3.2.1 NordTank Wind Turbine Optimization

The wind turbine optimization study is performed on NordTank. The airfoils are selected

for root, mid-span and tip regions of the blade. NACA four-digit airfoil profiles and airfoils

defined by Bezier curves are employed. The chord length and twist values are considered at

17 blade elements. The micro-GA technique with population sizes of 5 and 10 is used. The

optimization is carried out for the wind speed of 10 m/s.

In Tabe 3.4 cases that are solved are summarized with their design variables, number of design

variables and performance improvements.

Table 3.4: Summary of Optimization Cases with NordTank

Cases Design Variables # of Design Variables Imp. (%)
1 Profiles (NACA) 9 10.0
2 Profiles (Bezier of order 13) 36 10.0
3 Chord, Twist, Profiles (NACA) 43 10.7
4 Chord, Twist, Profiles (Bezier of order 13) 70 9.1
5 Chord, Twist, Profiles (Bezier of order 21) 94 10.0

In Case 1, only the blade profiles are assigned as the design variables and NACA four digit

airfoil sections are employed. The selected airfoils for the blade tip, mid and root sections are

shown in Figure 3.21. Totally 150 generations, having 5 individuals at each, are created and

improvement in the power is depicted in Figure 3.22. The blade geometry is given in Figure

3.23.

Bezier curves with order of 13 are used in Case 2 for defining the blade profiles at the tip, mid

and root regions as given in Figure 3.24. The chord length and twist distributions are kept

constant. The power improvement in genarations are given in Figure 3.25. Totally, 320 gena-

rations, each having 10 individuals, are created. There is a tendency to form improper shapes

with Bezier curves since the control points are assigned randomly. The power generations for

the individuals with these shapes are not calculated. Hence, they are eliminated. The blade

geometry is depicted in Figure 3.26.
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Figure 3.21: Case 1 - Selected NACA Airfoils

Figure 3.22: Case 1 - Cp versus Generations
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Figure 3.23: Case 1 - Blade Geometry

Figure 3.24: Case 2 - Designed Airfoils
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Figure 3.25: Case 2 - Cp versus Generations

Figure 3.26: Case 2 - Blade Geometry
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In Case 3, the chord length and twist distributions and the blade profiles are employed as the

design variables. NACA four digit airfoil profiles are chosen for different blade regions as

shown in Figure 3.27. The chord length and twist distributions are selected for each blade

element (totally 17 blade elements). 400 generations having 5 individuals are originated as

depicted in Figure 3.28. For the chord length and twist distributions limits at each blade

element assigned as the %25 greater and the %25 lower than the original value (Figure 3.29).

Thus, minor changes in the chord length and twist distributions are allowed in order not to

diverge from the original problem. The chord length values found by optimization process,

are reached to the prescribed limits due to the fact that the aerodynamic forces are directly

proportional to the area of the blade element.The blade geometry is shown in Figure 3.30.

The airfoil representation with Bezier curves with order of 13 and 21 are used in Case 4 and

Case 5 respectively. Original airfoils are created as depicted in Figure 3.31 and Figure 3.35.

The leading edge of the airfoils are not fixed. Hence, flexibility for pitching is gained. The

optimization processes are carried out with 300 (Figure 3.32) and 400 (Figure 3.36) genera-

tions composed of 10 individuals. The chord length and twist distributions are changed within

the given limits as shown in Figure 3.33 and Figure 3.37 and the chord length distributions

are close to the given limits in both cases. The blade geometries are depicted in Figure 3.34

and Figure 3.38.

Figure 3.27: Case 3 - Selected NACA Airfoils
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Figure 3.28: Case 3 - Cp versus Generations

Figure 3.29: Case 3 - Chord Length and Twist Distributions
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Figure 3.30: Case 3 - Blade Geometry

Figure 3.31: Case 4 - Designed Airfoils
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Figure 3.32: Case 4 - Cp versus Generations

Figure 3.33: Case 4 - Chord Length and Twist Distributions
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Figure 3.34: Case 4 - Blade Geometry

Figure 3.35: Case 5 - Designed Airfoils
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Figure 3.36: Case 5 - Cp versus Generations

Figure 3.37: Case 5 - Chord Length and Twist Distributions
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Figure 3.38: Case 5 - Blade Geometry

Table 3.5: Computation Time

Population Size Single Core Parallel Computing
5 169.0 sec. 34.3 sec.
8 270.4 sec. 34.5 sec.

It takes about 3 minutes with a single core to populate a generation with 5 individuals having

17 blade elements. An optimization process takes about 20 hours with maximum generation

of 400. Parallel-computing is applicable since power calculations of individuals are indepen-

dent from each other. Message Passing Interface (MPI) technique is used and power produc-

tion of each individual is calculated at different core. Execution time is (nearly) inversely-

proportional to the number of cores allocated due to the transfer of small amount of data

between mastercore and subcores as tabulated in Table 3.5.
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3.2.2 Risoe Wind Turbine Optimization

The optimization study is conducted on the wind turbine Risoe. The airfoils are selected

for root, mid-span and tip regions of the blade. NACA four digit airfoil profiles and airfoils

defined by Bezier curves are employed. The chord length and twist values are considered

at 9 blade elements. Micro-GA technique with population sizes of 5 and 10 is used and

optimization is performed at 10 m/s.

In Tabe 3.6 cases that are solved are summarized with their design variables, number of design

variables and performance improvements.

Table 3.6: Summary of Optimization Cases with Risoe

Cases Design Variables # of Design Variables Imp (%)
1 Profiles (NACA) 9 13.6
2 Chord, Twist, Profiles (NACA) 27 13.9
3 Chord, Twist, Profiles (Bezier of order 21) 78 13.6

In Case 1 and Case 2, NACA four digit airfoil profiles are used and generations composed of

5 individulas are created. The results are shown from Figure 3.39 to Figure 3.43. In Case 2,

the chord length and twist values are chosen for 9 blade elements. In order to be consistent

with the problem the chord length and twist distribution limits at each blade element assigned

as the %25 greater and the %25 lower than the original value. The chord length distributions

found by optimization processes are close to the limits due to the fact that the larger area of the

blade elements causes greater aerodynamic forces. Different from the study done in Case 2,

in Case 3 original airfoils are designed for root, mid and tip sections of the blade with Bezier

curves of order 21. Airfoils defined by Bezier curves of order 13 are not employed since it

is observed that they are monotonic. 350 generations consist of 10 individuals are created.

The results are depicted from Figure 3.46 to Figure 3.48. The blade geometries are shown in

Figure 3.44, Figure 3.45 and Figure 3.49.
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Figure 3.39: Case 1 - Selected NACA Airfoils

Figure 3.40: Case 2 - Selected NACA Airfoils
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Figure 3.41: Case 1 - Cp versus Generations

Figure 3.42: Case 2 - Cp versus Generations
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Figure 3.43: Case 2 - Chord Length and Twist Distributions

Figure 3.44: Case 1 - Blade Geometry
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Figure 3.45: Case 2 - Blade Geometry

Figure 3.46: Case 3 - Designed Airfoils
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Figure 3.47: Case 3 - Cp versus Generations

Figure 3.48: Case 3 - Chord Length and Twist Distributions
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Figure 3.49: Case 3 - Blade Geometry

3.3 Aerodynamic Design of A 1MW Wind Turbine

In this section, the design optimization for a 1 MW wind turbine is explained. Firstly, com-

petitor study is conducted in order to decide on the number of blades, the rotor diameter,

the rotor speed and the nominal wind speed. Two different blades are designed with NACA

four digit airfoil series and original airfoils obtained by Bezier curves of order 21. The chord

length and twist distributions are defined by a Bezier spline composed of two piecewise cubic

Bezier curves. In this method, chord length and twist values at root, mid and tip of the blade

are design variables and these values are calculated for the rest of the blade elements. Hence,

the distributions are continuous curves and the designs are more realistic.

3.3.1 Competitor Study

The competitor study is done in order to determine the design guidelines (settled properties);

the number of blades, the rotor diameter, the rotor speed and the nominal wind speed. The
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sesign optimization process is carried out for a wind turbine having these features.

Figure 3.50: Rotor Diameter and Rated Power Relation

The rotor diameter is the main feature of a wind turbine that dominates power generation. An

increase in the swept area of the rotor leads to higher capture of the wind energy. However,

there are some drawbacks on diameters such that weight increases with longer blades. In

addition, there is a restriction in the tip speed considering aerodynamic noise considerations.

For the design optimization study, the rotor diameter is decided based on the competitor study.

In Figure 3.50, rotor sizes and corresponding power capacities of 1300 commercial wind

turbines are shown [47]. A trendline is depicted that relates the rotor diameter and the power.

According to this trendline, a wind turbine having a rotor diameter of 58 m is expected to

achieve 1 MW power.

Table 3.7: Competitor Study

Suz-S52 Ener-E53 Ves-V52 Ener-E44 Dew-D6 Suz-S66
Rat. Power (MW) 0.6 0.8 0.85 0.9 1 1.25
Rotor Diam. (m) 52 53 52 44 62 66
Rotor Sp. (rpm) 24 12-28 26 12-34 20 13-20
Tip Sp. (m/s) 65 78(max.) 71 78(max.) 65 69(max.)
# of Blades 3 3 3 3 3 3
Nom.Wind S.(m/s) 13 13 16 16 12 14
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The technical specifications of some commercial wind turbines having power capacities be-

tween 0.6 MW and 1.25 MW are tabulated in Table 3.7. Three-blade configuration is decided

in accordance with its general acceptance in the wind turbine industry. Among competitors,

mimimum nominal wind speed is 12 m/s and this value is selected in order to force the opti-

mization process. The rotor diameter of 50 m is selected as smaller than the value found from

the trendline and the commercial wind turbines. The rotor speed is determined based on the

tip speed considerations and the rotor diameter. Tip speed is a decisive factor in aerodynamic

noise generation and it is advised to restrict the tip speed within the limit of 65 m/s [48].

Hence, the rotor speed comes out to be 25 rpm. The chosen wind turbine specifications are

summarized in Table 3.8.

Table 3.8: Decided Specifications

Rated Power (MW) 1
Rotor Diameter (m) 50
Tip Speed (m/s) 65
Rotor Speed (rpm) 25
Number of Blades 3
Nominal Wind Speed(m/s) 12

3.3.2 Designed 1 MW Wind Turbines

Wind turbines having 1 MW power capacities are designed. The technical specifications given

in Table 3.8 are used. NACA four digit airfoil series and arbitrary airfoils defined by Bezier

curves are employed during design optimization. The chord length and twist distributions are

defined by Bezier splines composed of two cubic Bezier curves. The knot points of the spline

are the design variable. In Table 3.9, the design optimization cases are summarized.

Table 3.9: Summary of Design Optimization

Cases Design Variables # of Des.Variables Cp P (MW)
1 Chord, Twist, Profiles (NACA) 15 0.497 1.03
2 Chord, Twist, Profiles (Bez. of order 21) 66 0.494 1.03

In Case 1, the 1 MW wind turbine blade composed of NACA four digit airfoil profiles is

designed whereas in Case 2 the airfoils defined by the Bezier curves of order 21 are used.
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The selected airfoils for different regions of the blade are given in Figure 3.51 and Figure

3.52. Within the scope of this study, constraints regarding the thickness of the airfoils are

not prescribed. Because of this reason some unusual airfoil profiles are designed with Bezier

curves. 400 generations each composed of 10 individuals are formed and the improvements

in power are shown in Figure 3.53.

Figure 3.51: Case 1 - Selected NACA Airfoils

Figure 3.52: Case 2 - Designed Airfoils
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Figure 3.53: Cp versus Generations

Figure 3.54: Chord Length and Twist Distributions
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The chord length and twist distributions are defined by the Bezier splines having three knot

points. These points are assigned as the design variables. The optimum chord length and twist

distributions and the limits for the knot points are depicted in Figure 3.54. It is observed that

the twist values decrase as the blade radial station increase in order to prevent the performance

degradation due to stall.

Figure 3.55: Angle of Attack Distributions

The angle of attack distributions along the blade is depicted in Figure 3.55. Although the

blades are highly twisted at the root region, the root sections face high angles of attack because

of the low tangential velocities. In addition, it is observed that for the mid part of the blade

designed in Case 2 angle of attack values are close to 0. The reason for this that the designed

airfoil for the mid part is highly cambered and also the twist values are high.

The geometries of the designed wind turbines are depicted in Figure 3.56 and Figure 3.57.

For the three sections of the blades the twist values are given and airfoil profiles are sketched.

The root parts of the blades are highly twisted. The wind is coming from the lower side of the

airfoils and the airfoil profiles are turned into the wind direction which decreases the angle of

attack.
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Figure 3.56: Case 1 - Blade Geometry

Figure 3.57: Case 2 - Blade Geometry
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Figure 3.58: Power Curves

Power curves of the designed wind turbines are extracted as shown in Figure 3.58. The power

curves are plotted based on the assumption that after the nominal wind speed active pitch

control mechanism keeps the power generation at designed power. It is observed that the

wind turbines have the identical power curves. Thus, different blade shapes can have identical

power capacities.
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CHAPTER 4

CONCLUSIONS

4.1 General Conclusions

In this study, an aerodynamic design optimization tool for horizontal axis wind turbine rotor

blades based on Genetic Algorithm is developed. The aerodynamic shape optimization of

the blades is done at the prescribed wind speed, rotor speed, rotor diameter and number of

blades. The design variables are the chord length, twist and airfoil profiles. NACA four

digit airfoil series and arbitrary airfoils defined by Bezier curves are selected for the tip,

mid and root regions of the blade. The objective function calculations are performed with

the developed BEM tool and the open source potential flow solver, XFOIL. The BEM tool

is employed to find the power generation. XFOIL provides necessary airfoil aerodynamic

data at the required angle of attack and Reynolds number. With its integrated boundary layer

solver, XFOIL has the capability of modeling viscous effects. Firstly, validation studies on the

BEM tool and XFOIL are conducted against the experimental data of the wind turbines and

airfoils. Satisfactory results lead to the next step which is the optimization applications on the

existing wind turbines, Nordtank and Risoe. At a specific wind speed power improvements

are achieved with different strategies. Finally, a design optimization study is carried out.

Based on the competitor study the wind turbine specifications, rotor speed, rotor diameter,

number of blades and nominal wind speed are decided. Two 1 MW wind turbine designs,

that differ in the blade profiles (NACA four digit airfoil series and arbitrary airfoils defined

by Bezier curves), are obtained. The obtained results are satisfactory and are evidence of the

success of the tool.

The validity of the potential flow solver, XFOIL, is investigated with the analyses performed
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on the selected airfoils. The viscous effects are included and aerodynamic data is obtained

at different angles of attack. The gathered results, composed of lift and drag coefficients, are

compared with the experimental data. In general, predictions are satisfactory in the attached

flow regime. As the angle of attack increases stall phenomenon takes place and the predictions

start to diverge from the experimental data. Modeling stall is a difficult problem even with

higher order methods. In addition it is not intended to design a blade for the stall region.

Thus, it is very feasible to use XFOIL in such an optimization process. The mechanical

power generated by the rotor is computed with the developed BEM tool. The BEM tool is

applied on the wind turbines NREL Phase III, Risoe and Nordtank and the tool is validated

against the experimental data. The power estimations of Risoe and NordTank are consistent

with the experiment results up to the wind speeds at which the stall effects arise. On the

other hand, there is a slight shift in power predictions of NREL Phase III. This can be due

to the experimental data of both airfoil and wind turbine or due to the implementation of the

BEM model on such a small wind turbine at which 3D effects are dominant. Employing the

XFOIL calculations instead of the experimental data do not make considerable difference up

to high wind speeds. However, at the high wind speeds power predictions diverge from the

test results even with the experimental airfoil data. Based on the fact that rotor blades are

never designed at the stall region, the accuracy of the aerodynamic performance calculation

method is sufficient for the optimization algorithm.

Optimization applications are conducted on the wind turbines, Nordtank and Risoe. Nordtank

optimization study is performed with five different cases. In the first case, the chord length and

twist distributions are kept constant and only the blade profiles, NACA four digit airfoil series,

are the design variables. The similar strategy is followed in the second case by selecting the

arbitrary airfoil profiles defined by the Bezier curves of order 13. In the remaining 2 cases,

the chord length and the twist values at each blade element are also taken as the optimization

variables. Finally, the order of the Bezier curve is increased to 21, for which the total number

of design variables reaches 94. The capability of involving high number of design variables

is the benefit of using the Genetic Algorithm. The obtained performance improvements in all

five cases are very close to each other and are nearly %10. A higher improvement cannot be

achieved because the optimum power coefficients of all cases are close to the Betz limit. In

addition, the changes in the chord length and twist distributions are limited in order not to

diverge from the original blade. Finally, in all cases tip speed ratio, which is one of the main
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factors of the wind turbine efficiency, is constant. In the similar optimization study performed

on the Risoe wind turbine, the increase in the power production is about %14.

The design optimization tool is used to design two 1 MW wind turbines. As the starting

point of the design process, competitor study is conducted and commercial wind turbines

are examined in terms of their rotor diameter, rotor speed, number of blades and nominal

wind speed. These specifications are settled and the design optimization is performed for two

cases; with NACA four digit airfoil series and with arbitrary airfoils defined by the Bezier

curves of order 21. The chord length and twist distributions are obtained by the Bezier splines

composed of two cubic Bezier curves in order to achieve a smooth variation along the span.

The designed wind turbines have smaller rotor diameters and lower nominal wind speeds than

the commercial wind turbines in the same class.

4.2 Future Work

The optimization tool developed in this study may further be improved with the following

suggestions:

- Rotor diameter may be included among the design variables.

- Minimum blade thickness at the root section may be imposed as a constraint.

- Parallel computations may be extended to each blade element rather than each blade

in the population.

- Computational Fluid Dynamics (CFD) methods can be used to analyze the designed wind

turbines. Additionally, airfoil profiles designed with Bezier curves can be examined with

CFD analyses.
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