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ABSTRACT

SITE SPECIFIC DESIGN OPTIMIZATION OF A HORIZONTAL AXIS
WIND TURBINE BASED ON MINIMUM COST OF ENERGY

Sagol, Ece

M.Sc., Department of Aerospace Engineering
Supervisor: Asst. Prof. Dr. Oguz Uzol

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

January 2010, 102 pages

This thesis introduces a design optimization methodology that is based on
minimizing the Cost of Energy (COE) of a Horizontal Axis Wind Turbine (HAWT)
that is to be operated at a specific wind site. In the design methodology for the
calculation of the Cost of Energy, the Annual Energy Production (AEP) model to
calculate the total energy generated by a unit wind turbine throughout a year and
the total cost of that turbine are used. The AEP is calculated using the Blade
Element Momentum (BEM) theory for wind turbine power and the Weibull
distribution for the wind speed characteristics of selected wind sites. For the
blade profile sections, either the S809 airfoil profile for all spanwise locations is
used or NREL S-series airfoil families, which have different airfoil profiles for
different spanwise sections, are used,. Lift and drag coefficients of these airfoils
are obtained by performing computational fluid dynamics analyses. In sample
design optimization studies, three different wind sites that have different wind
speed characteristics are selected. Three scenarios are generated to present the
effect of the airfoil shape as well as the turbine power. For each scenario, design

optimizations of the reference wind turbines for the selected wind sites are



performed the Cost of Energy and Annual Energy Production values are

compared.

Key-words: Horizontal Axis Wind Turbine, Wind Turbine Airfoil, Design
Optimization, Cost of Energy, Annual Energy Production, Cost of Wind Turbine.
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YATAY EKSENLI BIR RUZGAR TURBINININ EN AZ ENERJI
MALIYETINE DAYALI SITEYE OZGU TASARIM OPTIMIZASYONU

Sagol, Ece
Yuksek Lisans, Havacilik ve Uzay Muhendisligi Boluma
Tez Yoneticisi : Yrd. Dog. Dr. Oguz Uzol
Ortak Tez Yoneticisi: Yrd. Dog. Dr Nilay Sezer Uzol

Ocak 2010, 102 Sayfa

Bu tezde belirli bir rlzgar sitesine 6zgu yatay eksenli bir rizgar turbini icin ener;ji
maliyetini en aza indirmeye dayali tasarim optimizasyon metodu sunulmustur. Bu
tasarim metodunda enerji maliyetinin hesaplanmasinda, bir rizgar tirbini ile bir
yilda Uretilen toplam enerji miktarini hesaplayan Yillik Enerji Uretimi modeli ve
toplam rizgar turbini maliyetinin yillik yansimasini hesaplayan Kullanim Sdresi
Maliyeti modeli kullanilmistir. Yillik Enerji Gretimi rizgar tlrbinin glcu igin Pal
Elemani-Momentum teorisi ve segilen sitelere 6zgu rlzgar karakteristikleri icin
Weibull dagilimi  kullanilarak hesaplanir. Pal Elemani-Momentum analizi
literatlirdeki deneysel data kullanilarak dogrulanmistir. Pala profil kesitleri igin, ya
tim pala kesitlerinde S809 kanat kesiti profili kullaniimis ya da farkh pala
kesitlerinde farkli profiller olacak sekilde NREL S-serisi kanat kesiti ailesi
kullanilmistir. Bu kanat profillerinin kaldirma ve surikleme kuvveti katsayilari
hesaplamali akigkanlar dinamigi analizleri yapilarak hesaplanmistir. Ornek
tasarim optimizasyon calismalari icin farkli rizgar hizi 6zelliklerine sahip olan lg¢
farkli rizgar sitesi belirlenmistir. Bu farkh siteler igin referans rizgar turbinleri
olusturulmustur. Kullanilan kanat kesitlerinin ve tlrbin glcunin, enerji maliyetine
etkisini gostermek icin U¢ farklh tasarim optimizasyonu senaryosu

olusturulmustur. Her senaryo igin, referans rlzgar tarbinlerinin tasarim
Vi



optimizasyonu belirlenen rlzgar sitelerine gore yapilmig ve enerji maliyetleri ve

Yillik Enerji Gretim miktarlari karsilastiriimistir.

Anahtar Kelimeler: Yatay Eksenli Rizgar Turbini, Rizgar Turbini kanat profili,

Tasarim Optimizasyonu, Enerji Maliyeti, Yillk Enerji Uretimi, Riizgar Turbini

Maliyeti
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CHAPTER 1

INTRODUCTION

Although there are numerous factors that drive the use of wind energy throughout
the world, three among them dominantly impose the utilization of wind energy.
First factor is the limited amount of fossil fuel resources. Energy demand has
increased tremendously proportional to the population growth and technological
developments. Although fossil fuels are the main energy resource, they are
neither capable of meeting all energy requirement nor they are distributed evenly
throughout the world. Due to these reasons, fossil fuel prices frequently become
unstable generating many oil crisis situations. As a result, countries have been
seeking for alternative energy resources that are both easily accessible and
sustainable.

Another factor for the increased trend in the utilization of wind energy is the
danger of global warming caused by the increased amount of greenhouse gases
in the atmosphere due to the burning of fossil fuels. Kyoto Protocol [1], which
targets to reduce the harmful gases in the atmosphere, has been accepted by
many countries today. Reduction of atmospheric pollution can be achieved by
utilization of green energy resources such as solar, wind and hydrodynamic

energy.

Final factor is the need for potentially available and cheap energy resources.
Wind energy is a favorable resource since it is available commonly and it is free.
All these three factors bring out the wind energy as an alternative resource to

fossil fuels in terms of being cheap, clean and potentially available.

Figure 1.1 shows that, the utilization of wind energy has been continuously
increasing throughout the world. As can be seen, installed wind capacity was
only 1743 MW in 1990, whereas it increased up to 40000 MW in 2003. Figure 1.1



also shows that, the increase in wind energy utilization mostly comes from the

European Union countries.
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Figure 1.1 Annually Installed Wind Capacity through world and EU-15 countries
[2]

Market share distributions show that Germany holds the dominant amount of the

wind energy production throughout the world as shown in Figure 1.2.
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Figure 1.2 Top 10 countries sharing Wind Energy Market in 2002 (MW) [2]

1.1 Historical Development of the Wind Turbine

Wind energy has been utilized for about 3000 years, starting with the invention of
windmills, which are machines that convert wind energy to mechanical energy for
milling and water pumping purposes. First examples of vertical axis windmills are
found in China and Afghan-Persian regions [3]. The first horizontal axis windmills
were invented in Europe and they were developed, especially in Holland region.

An example of an advanced Dutch type windmill can be seen in Figure 1.3.



Figure 1.3 Windmill (Dutch ground windmill) with spring sails [3]

There are important milestones in the evolution of windmills from simple
mechanical power producing machines to modern electricity producing wind
turbines. First step was the attempt to modify windmills to generate electricity,
which was achieved by Poul La Cour [3], a Danish professor. Industrialization of
successful trials of first “wind turbines” was accelerated due to increased price of
oil during World War | and they were used for electrification of rural areas even
after World War Il [3]. Another milestone, achieved by the German scientist Albert
Betz in 1920, was the theoretical proof that the maximum possible potential
energy in the wind is limited. Moreover, his works on aerodynamic shaping of
rotor blades are important sources of development for modern wind turbines.
Although many experimental wind turbines are constructed and tested in different
4



sizes, they could not be industrialized since their prices were not low enough to
compete with the very low fossil fuel prices. So a successful attempt could not be

achieved until the “Energy Crisis” in 1973.

Development of modern wind turbines accelerated after the establishment of
various scientific institutions on wind energy in different countries to reduce the

dependence on the fossil fuels [3].

Today, three bladed, upwind wind turbines dominate the market for grid
connected applications. Three bladed configurations are popular mainly due to
easy handling of rotor moment inertia and aesthetic aspects [4]. Moreover since it
is not an efficient way to use wind turbines as isolated units, wind farms are

constructed to maximize the power production from a selected wind site.
1.2 Wind Turbine Components

Components of a typical modern Horizontal Axis Wind Turbine (HAWT) are
shown in Figure 1.4. Electricity is generated by the rotational motion of the
aerodynamically shaped rotor blades. Blade pitch mechanism and yaw system
together help to extract maximum possible energy by controlling the angle of
attack to the rotor blades and the direction of the rotor, respectively. Gearbox,
rotor brake, generator and control system are part of the drive train, whose
function is to convert mechanical energy to electricity. Whole system is supported
by the tower and the foundation. Since large scale wind turbines are usually
connected to national electrical networks (grid), the transformer unit balances the

frequency of the generated electricity by wind turbine to the grid frequency.
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Wind Turbine Design Literature Survey

1.3
Wind turbine design is mainly based on various disciplines such as aerodynamic,

performance, reliability, environmental considerations, economical and site
design optimization procedure, based on these

requirements. A typical
disciplines, is shown in Figure 1.5.
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Design of wind turbines were initially based on maximizing power at a single
design operation point. As the design methods are aiming to sustain enhanced
energy production capabilities with lower manufacturing and maintenance cost,
new design concepts were developed. This motivation finally introduced the
design methods based on lowest Cost of Energy (COE), which is the amount of
expense for generating unit amount of energy. The Cost of Energy approach
model the wind turbine through the whole wind speed regime instead of only near
a single operating point. The COE model is explained in detail in [6]. Moreover,
studies at wind energy laboratories such as National Renewable Energy
Laboratory (NREL) [7], and at RISO [8] show the results of various design

optimization studies based on Cost of Energy.

Basic model for cost calculation for wind turbines is given in [6], which is a
function of the rotor diameter, the hub height, the rated power and the Annual
Energy Production (AEP). A more involved model is presented in [8], which

calculates the cost as a function of rotor loads. For the calculation of the amount



of energy production, the Blade Element Momentum Theory is generally used in
the literature as given in [9], [10] and [11].

Since different wind sites have different wind characteristics in general like the
mean wind speed, frequency and direction, energy output of a wind turbine
changes accordingly. Site specific design methods enable one to design wind
turbines according to site wind characteristics so that maximum energy can be
obtained throughout a year’s period. In literature, there are a quite few number of

papers on the investigation of site specific wind turbine design such as [5] and [8]

There also many studies in the literature on maximizing the performance of
airfoils to increase the amount of energy production. NREL [12] and RISO [13]
designed airfoils specific to wind turbine applications. In these studies type of the
control system (i.e. pitch controlled or stall controlled), length of the blade and

leading edge contamination of the blade are main design considerations.
1.4 Objectives and Content

This study introduces a design optimization methodology to obtain a three-bladed
Horizontal Axis Wind Turbine (HAWT) that has the minimum “Cost of Energy” for
a selected wind site with known wind speed characteristics. The Cost of Energy
(COE) is basically defined as the annual cost of a wind turbine over the amount
of annual energy generated. The Cost of Energy model is based on NREL
Scaling and Cost Model [6] which also includes a model for the calculation of Life
Cycle Cost (LCC) of a wind turbine. Annual Energy Production (AEP) is obtained
by calculating the power generated by a wind turbine and by utilizing the
frequency of the wind for each speed from cut-in to cut-out speeds of wind
turbine. Power production is obtained using Blade Element Momentum (BEM) [9]
method and wind speed frequency is modeled using Weibull probability density
distributions. A Genetic Algorithm based optimization routine [14] has been
implemented into the design procedure. The design optimization parameters are
selected as the chord and the twist distributions as well as the rated power. The

objective function for optimization is the minimum “Cost of Energy”.

8



Three scenarios have been generated to evaluate the effect of different
parameters on Cost of Energy. First and second scenarios try to find the optimum
chord and twist distributions for a constant rated power. The first scenario uses a
single airfoil profile that does not change through the blade span, and the second
scenario uses NREL airfoil family that has a pre-determined airfoil variation
across the span. Third scenario includes the rated power also as an optimization
parameter along with the others. For each scenario, design optimization is
performed for three different wind sites, whose Weibull parameters are known, to
evaluate the effect of different wind characteristics on wind turbine performance
and COE.

The presentation of this thesis is structured on five main parts, the design
optimization methodology, Annual Energy Production Model, Life Cycle Cost
Model, airfoil database generation and sample applications of the design

optimization methodology

In Chapter 2, the details of the design optimization problem and methodology are
given. The general outlines of the design tools, such as the Cost of Energy
definition, Annual Energy Production and Life Cycle Cost models are introduced.
The optimization algorithm, optimization parameters and constraints are given in

this chapter.

Chapter 3 presents the Annual Energy Production model in detail. Theoretical
background on the Blade Element Momentum Analysis, used for power
production calculation, is given. Modeling of the wind speed frequency by Weibull

analysis is also explained.

The details of the Life Cycle Cost model are presented in Chapter 4, which
include all of the algebraic equations for the cost calculation of various wind

turbine components.

Chapter 5 presents the aerodynamic characteristics of airfoils used in the design

optimization. The details of the derivation of lift and drag coefficients by numerical



methods in order to generate the database needed by the BEM are presented in

this chapter.

Finally, the results of sample design optimization studies for selected wind sites
are presented in Chapter 6. The Weibull distributions of selected wind sites are

also given in this chapter.
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CHAPTER 2

DESIGN OPTIMIZATION METHODOLOGY

2.1 Introduction

In modern engineering, Multidisciplinary Design Optimization (MDO) concept is
generally used in designing complex systems. MDO enables evaluation of
different disciplines that relates to the system, simultaneously. In wind turbine
design aerodynamics, structures, reliability, performance, cost, controls and noise
are the disciplines that are considered. Besides handling various disciplines,
MDO takes the advantage of accomplishing the design and optimization process

also simultaneously.

In this study, the design optimization is based on different disciplines such as the
economy, aerodynamics and performance, using Cost of Energy (COE) model.
Cost of Energy (COE) is defined as [6];

COE = FCR+ICC+AOE (21)
AEP

Cost components are made of ICC, FCR and AOE. ICC is the Initial Capital Cost
of the wind turbine in American dollars ($) that covers wind turbine costs and
Balance of Station costs. FCR is the Fixed Charge Rate that is the annual rate of
money that should be paid to cover ICC. FCR is dimensionless and depends on
the amount of year that ICC is covered and taken as 0.1158 for 10 year period
[6]. AOE is the Annual Operating Expenses in American dollars ($), which covers
the fees that are paid annually as Operating & Maintenance and land rental
fees.ICC and AOE are computed as a function of the rotor diameter, the hub
height, the rated power and Annual Energy Production. Details of ICC and AOE

cost models are given in Chapter 4 Life Cycle Cost Model.
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The technological parameter, AEP is the Annual Energy Production in MWh and
is a function of both the wind characteristics of a wind site as well as the
engineering design parameters of a wind turbine. It is calculated through a wind
analysis that is based on Weibull probability density distributions and a Blade
Element Momentum (BEM) Analysis to compute the power generated at different
wind speeds. A genetic algorithm based optimization routine is used for
searching for the turbine that has the minimum COE for a specific wind site.

Figure 2.1 summarizes the design optimization methodology.

Wind Turbine Design
Requirements

Rotor Diameter

Construction of
Optimization Problem

Wind Site
Optimization Parameters Characteristics
Objective Function
Constraints
Assign values for Wind

Design Parameters

frequency | Calculating wind frequency
with Weibull Analysis

Calculating Annual Energy
Production (AEP)

Calculating Power with

AEP Blade Element Momentum
Power Analysis
NO Calculating Life Cycle
Cost (LCC)
v
Calculating Cost of Energy
(COE) —Objective Function

Optimum Wind Turbine

Checking
Convergence

Figure 2.1 Multidisciplinary Design Optimization process algorithm
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The very first step of the design optimization process is the determination of the
fundamental design requirements and constraints such as the selection of the
wind site and the diameter of the rotor. Based on energy requirements,
customers and designers together decide the size of the wind turbine. In a similar
way, the customers might indicate their preferences of wind sites since the wind
turbine will be designed according to the site characteristics. After the selection of
the wind sites, Weibull characteristics of selected sites should be obtained and

made available.

After the design requirements are determined, the optimization problem is
constructed by selecting an appropriate objective function, optimization
parameters and constraints. The objective function for this study is selected as
minimum Cost of Energy (COE), defined as the expense of generating unit
amount of energy. The optimization parameters are chord and twist distributions
along blade span as well as the rated power. The blade area is restricted during

the optimization process to avoid unphysical chord and twist values.

The optimization process starts by assigning values to the design optimization
parameters by optimization code. Using the assigned design parameters, initially,
the Annual Energy Production (AEP) of each new design is calculated. The AEP,
which is the total energy generated by a unit wind turbine in a year, is
characterized by the power performance of the wind turbine and wind frequency
at certain wind speeds. Power of the wind turbine is calculated using Blade
Element Momentum Analysis which is a very popular method in calculating power
of rotary systems such as helicopter rotors, propellers and wind turbines.
Meanwhile, wind frequency is calculated using Weibull Analysis by defining a
distribution function for speed over time. Wind Site characteristics, needed for

Weibull Analysis, are predetermined at Wind Turbine Requirements section.

Following the AEP module, Life Cycle Cost (LCC) of wind turbine is calculated.
LCC is defined as the amount of money that shall be paid in a year’s period. LCC
covers all type of wind turbine costs as manufacturing, engineering, material,
operation and maintenance, installation and many other costs.
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Using AEP and LCC, Cost of Energy (COE) for each new design is calculated by
dividing the LCC to AEP. In the design optimization algorithm, convergence of
the design is checked. If design is agreed to be converged, optimum wind turbine

is achieved. Otherwise optimization process is restarted.

An in-house code, WindCOE, is developed based on the design optimization
algorithm explained above. As inputs, WindCOE needs mathematical definition of
objective function, optimization parameters, wind site characteristics and
fundamental wind turbine dimensions as rotor diameter and hub height. As a
result of optimization, geometrical characteristics and rated power of the optimum

wind turbine that gives the minimum COE for the selected wind site is obtained.
2.2 The Optimization Tool

In this section, the Genetic Algorithm optimization tool, and the details of the

optimization problem are explained.
2.2.1 Genetic Algorithm

The objective of the optimization is to find the optimum combination of desired
parameters to achieve a target performance. Genetic Algorithms (GA) are
optimizers based on a global search of the design space by stochastic methods.

Genetic Algorithms obey the genetics and natural selection principles of Darwin.

In natural selection process, individuals, having characteristics adapted to the
environment, survive to generate new populations. On the contrary, individuals,
having characteristics not adapted to the environment, fail to survive. Therefore
new generations always have improved characteristics, in other words,
population is optimized to be adaptive against environment. Genetic Algorithms,
similar to the natural selection process, evaluate the population in terms of fithess

with respect to an objective function.

In an optimization process, certain parameters need to be defined to construct an

optimization problem. These are;
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The Obijective function: Targeted function to be maximized or minimized.

Optimization parameters: Parameters to be optimized to maximize or minimize

objective function.

Constraints: Maximum and minimum boundaries of optimization parameters and

other limitations to keep design in physical limits.

Genetic Algorithms have their own terminology in expressing the optimization

parameters. These are;
Individual: Possible design solution.
Population: Design set composed of individuals

Chromosome: Optimization parameters of an individual expressed in binary

system
Fitness: Best solution to the objective function.

Typical flowchart of the GA is given in Figure 2.2. Before the optimization
process, the objective function, optimization parameters, constraints and GA
parameters such as the mutation rate, the crossover rate, and the number of
individuals in a population are determined. After the optimization problem is
constructed, optimization process is started by the generation of an initial
population through random selection of individuals in a binary system. These
individuals are then converted to the decimal system to define the values of the
each optimization parameter. Fitness of each individual is calculated using the
objective function and individuals are sorted according to their fitness. In order to
generate individuals for the next generation, these individuals are mated, in other
words, their chromosomes are combined to generate new chromosomes.
Besides, some of these individuals are mutated to maintain the diversity of the
population. After the new population is generated, fitness of the individuals is
calculated to check whether convergence is reached or not. Convergence of the

optimization is controlled, by checking the best fithess of population. If the same
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fitness value repeats for a large number of iterations, the optimization process is

agreed to reach a converged solution.

Define cost function, cos, varlables
Relect GA parameters

!

(Generate mitial populaticn

—

p———- [ [ecode chromosomes

<

Fmd cost for each chromosome

e

Select mates

<

Mating

<

Mutation

e

Convergence Checle

-

done

Figure 2.2 Flowchart of a classical Genetic Algorithm [15]

Genetic Algorithm is used in this study mainly due to its suitability to design
problems. First of all Genetic Algorithms are easily implemented to the design

codes. Moreover, they can deal with the large number of optimization

16



parameters, which is the case in this study. Finally since they do not need
derivatives of functions, they do not cause extra problems in terms of

convergence.
2.2.2 Wind Turbine Optimization

Construction of the wind turbine optimization problem starts by defining the

objective function, optimization parameters and optimization constraints.

Objective Function:

Maximum power output, minimum cost, minimum Cost of Energy, maximum
Annual Energy Production are typical objective functions for wind turbine

designs. In this study minimum COE is selected as the objective function.

Optimization Parameters:

As defined before, optimization parameters are the variables of the design that
are used to generate new configurations. In wind turbine design, optimization
parameters are usually twist and chord distributions, airfoil profiles, radius, tip
speed, pitch angle, hub height and rated power. In this study, chord and twist

distributions as well as the rated power are selected as optimization parameters.
e Chord Distribution:

Chord distribution is defined as an optimization parameter and is
represented by a second order polynomial that is defined by chord values
at root, mid and tip sections of the blade. The second order polynomial is

defined as;
A2+ Bir+C =c(r) (2.2)

Unknown polynomial coefficients A,, B; and C; are calculated using known
Croot: Cmia @Nd ¢y, values for each design by solving the appropriate

system of equations. Limits of the chord values are determined by
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considering limits of the similar size (diameter) commercial wind turbines
[16].

e Twist Distribution:

Similar to the chord distribution, twist distribution is also defined as an
optimization parameter and represented by a second order polynomial
through twist values at three locations on the blade as; @,,0t, D1miq and

@¢ip - The second order polynomial is defined as ;
AZ T'Z + Bzr + C2 = (D(T') (23)

Polynomial coefficients, A,,B, and C(, are determined using
Broot» Dmia @nd @, values for each design by solving the appropriate

system of equations. Limits of the twist values are determined by

considering limits of commercial wind turbine [186].
e Rated Power:

Rated power is the capability of the wind turbine to convert mechanical
power to electrical power. It's generally restricted by the electrical
generator selection. In this study, when the rated power is not selected as

an optimization parameter, it is calculated using [2] ;
P,gteq = 0.000195D2155 (2.4)

All design optimization parameters are summarized in Figure 2.3
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Figure 2.3 Representation of optimization parameters

Constraints:

Constraints are the limitations that prevent generation of unrealistic designs.
Typical constraints used in wind turbines are physical limitations to blade size,

noise level limits and load limits to prevent structural failure.
e Blade Area Constraint:

In this study blade area is restricted by considering the limits of existing
wind turbines [16]. Using different size commercial wind turbines, trendline
for blade area is generated as shown in Figure 2.4. Restricting blade area
both keeps blade size in physical limits and prevents formation of
excessive blade loads. In WindCOE, blade area is limited according to

rotor diameter of the design.
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Blade Area(m”2)

70
Rotor Diameter (m)

Figure 2.4 Trend line for wind turbine blade area

Chord and Twist Constraints

Constraint for chord and twist are used for keeping the growth of these
parameters in physical limits. In modern wind turbines, chord and twist
decreases from root to tip, so following conditions are implemented on
WindCOE.

Croot = Cmid = Ctip (2-5)
Q)root > Q)mid > Q)tip (26)

Moreover, limits for optimization parameters are assigned to keep the
optimized design in realistic size. For this purpose, chord and twist values
of the existing designs are determined from [16]. Only wind turbines with
rotor diameter larger than 40m is considered since the LCC model is

applicable under this condition.

Trend lines of root and tip chord values are shown in Figure 2.5.a and b.
Limits for the root and tip chords are assumed as 20% larger of trend line

for upper limit and 20 % smaller of trend line for lower limit.
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Since there is no data of mid-chord for commercial wind turbines, upper

and lower limits for optimization are calculated as follows.

_ Crootup—Ctip,up

Cmid,up - 2 (2-7)

Croot,low—Ctip,low

Crmidtow = —2otiowtplow (2.8)

4
—~ 38
E 5
5 32
< 3
o 28
8 2,6

24
® 22

2
Rotor Diameter (m)
(a)
Trendline for theTip Chord

0,402 e romeme Tomm . .
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50’398 B I,_ ....... T .......
§0’396 4 :_ ....... T ....... .
.9-0’394 4 :_ ....... .:. ....... :
|-0,392 I :_ ....... IL .......
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30 40 50 60 70 80 90 100
Rotor Diameter (m)

(b)

Figure 2.5 Trendlines for the root (a) and tip b) chord obtained from
commercial wind turbines.

21



No trend line study is used for twist limits. Maximum and minimum twist
values of existing wind turbines [16], are used as twist upper and lower
limits in WindCOE. They are given in Results section for the sample

design optimization study.

Noise Constraint:

The noise level is also kept within limits by restraining the tip speeds of
the designs generated. Tip speed limit is taken from a trend study
published by European Wind Energy Association (EWEA) [2] and used as
75 m/s. According to this reference, modern wind turbines with rated

power higher than 1 MW have a noise level between 100 and 106 dB.
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CHAPTER 3

ANNUAL ENERGY PRODUCTION MODEL

The Annual Energy Production (AEP) Model calculates the total energy
generated by a specific wind turbine in a specific wind site, in a year period. The
AEP calculation enables a designer to evaluate and compare the performance of
different wind turbines operating at a specific wind site. The AEP is calculated

using [6] ;
AEP = Egep * u * Availability [kWh] (3.1)
where 1 is the efficiency of the wind turbine defined as,
1 = (1—SoilingLosses) * (1— ArrayLosses) (3.2)

Soiling losses are losses that cause reduction in total energy generated due to
the accumulation of insects and dirt on the leading edge of the rotor blades. This
deteriorates the shape of the airfoil profile resulting in a reduction in the lift
coefficient. This parameter is taken as 3.5 % as suggested in [6]. In addition to
the soiling losses, aerodynamic interference between wind turbines in a wind
farm cause array losses, which is taken as 5 % in this study again as suggested
in [6]. Availability, characterizes the degree of a wind turbine’s operability in a

year’s period, and is taken as 98% as suggested in [6].

Eqen is the total energy that can be produced in a year and is defined as;

8760
4%1000

Egen = Yoot p(i) * Weibull(i) *

i=Vcutin

[kWHh)} (3.3)

Here, P(V;) is the power output of the turbine at a specific wind speed V;

calculated through BEM analysis and Weibull (V;) is the probability density
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function of the wind speed calculated using the Weibull parameters of a selected

wind site. 8760 is the total number of hours in a year’s period.

Blade Element Momentum Analysis and Weibull Analysis are explained in detail

in the following sections.
3.1 Blade Element Momentum Analysis

The Blade Element Momentum (BEM) analysis is used for calculating the power
produced at different wind speeds. This is a well-established two dimensional
method that combines the Blade Element Theory and the Momentum Theory for
rotors [17] and is widely used for power calculation especially in optimization
studies due to its low computational cost. An in-house BEM code is developed for
this purpose and used as a part of the WindCOE in this study. The code uses
Prandtl Tip Loss Model [17] and the empirical relation developed by Buhl [18] to
model the turbulent wake state that occurs at high tip speed ratios. Details are

given in the following sections.
3.1.1 Momentum Theory

Momentum Theory is a one dimensional tool to investigate the flow using the
principle of conservation of momentum. For rotating systems, conservation of
momentum analysis is usually extended to both axial and tangential directions.
Axial momentum analysis models the power of the wind turbine in terms of an
axial induction factor, and the axial wind speed, whereas the rotational
momentum analysis models in terms of a tangential induction factor and the
rotational speed. For both analysis, flow is assumed to be steady, adiabatic and

air is assumed as incompressible.

Axial Momentum Analysis

Momentum theory is one of the most fundamental approaches to wind turbine
analysis and other rotary systems such as helicopters and propellers. It provides
a rough estimation of the power output of a wind turbine, using basic inputs like

the wind speed and the rotor disk area, by means of one dimensional analysis.
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First assumption for this analysis is that the wind turbine rotor is treated as an
actuator disk. Therefore the effects of individual blades are not taken into
account. Moreover, since it is one dimensional no rotational effects are included.

Figure 3.1 shows a typical control volume used in axial momentum analysis;

T

—_—s  —s —D

@

Figure 3.1 Control volume used in axial momentum analysis

No work is done both between station 1 and 2, and station 3 and 4. So, Bernoulli

equation can be applied for these regions as;
1 12 1 2
p1+3PVE = +5pV; (3.4)
1 12 1 12
P3 t5pV3 = ps +5pVy (3.5)

Moreover, assuming pressure at station 1 and station 4 are freestream pressure

and no velocity change between stations 2 and 3 as;



D1 = Pa
VZ =V3

Using equations from 3.4 and 3.5 and assumptions above, pressure difference

between station 2 and 3 is obtained as;

1
P2 —ps =5p(V¥ = Vi) (3.6)

Between stations 1 and 2, there is an axial induced velocity. This induced velocity

is defined in non dimensional form as following.

_Wn-n
a= _V1 (3.7)

where a, is called axial induction factor. Therefore, V, and V, can be defined in

terms of axial induction factora as;

V,=Vi(1-a) (3.8)

V, =V;(1-2a) (3.9)
Conservation of momentum through the differential disk area is defined as

(pz —p3)dA = p(Vy = V,)dAV; (3.10)
By replacing V, in conservation of momentum, resultant equation is;

(pz —p3)dA = p(Vy = V)V (1 — a)dA (3.11)

Resultant power extracted between stations 2 and 3 are obtained using Equation
3.11 as;

dP = - pV# (4a(1 — a))2mrdr (3.12)
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Rotational Momentum Analysis

In the rotational momentum analysis, the rotational motion is given to the actuator

disk by means of angular velocity, .

Rotational motion exerts a torque on the system, and therefore the power can be

calculated using the torque as;

dP = 0dQ (3.13)
where the differential torque is defined as;

dQ = pV,wr?2nrdr (3.14)

Here w is the tangential induced velocity and the tangential induction factor a’ is

defined as;
a'=— (3.15)

Substituting the tangential induction factor in to the differential force and torque

equation, one can obtain,

dQ = 4a(1 — a")pV,0r3ndr (3.16)

3.1.2 Blade Element Theory

The Blade Element Theory is used for aerodynamic performance prediction. In
this analysis blade is divided into a number of sections as seen in Figure 3.2.
Each two-dimensional airfoil section is evaluated independently in terms of lift
and drag and then the force exerted by the rotor is calculated through the
integration of these sections. Most important assumption for this analysis is that
there is no interaction between blade sections. The velocity triangle on a blade

element is shown in Figure 3.3.
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Figure 3. 2 Representation of the blade sections used in the Blade Element
Analysis [19]

chord line

rotor plane

U, (1-a)

Figure 3.3 Wind turbine section angles [9]

The inflow angle, 8, is calculated from the velocity triangle as;

Vi(1-a)

tand = or(1+a’)

(3.17)

28



The angle of attack can be found by subtracting the geometric twist from the
inflow angle as;

a=0—-0 (3.18)
Using the angle of attack, the lift coefficient,C; and the drag coefficient, C; can be
obtained from numerical or experimental data.

Axial force and torque on blade elements are calculated as;

dE, = N%thzot(Clc059+Cdsin9)cdr (3.19)

dQ = N%th%t(ClsinH—Cdcosg)crdr (3.20)
where V., is;

Viot = (@r(1 +a"))? + (V,(1 — a))? (3.21)

3.1.3 Blade Element Momentum Theory

The Blade Element Momentum theory combines the momentum theory and
blade element theory through force and torque equations. By equating force
equation obtained from the axial momentum analysis, with that from the Blade
Element Analysis, axial induction factor is obtained as;

— [ 4Qsin?0 ]_1
~ Lo'(Cicos0+C4sind)

(3.22)

Equating the torque equations of the rotational momentum analysis and Blade

Element Analysis, the tangential axial induction factor is obtained as;

a = 4Qsinfcosb ]_1 (3.23)

o' (Cisin6—CgcosO

Tip Loss Correction:

One deficiency of the two-dimensional BEM analysis is that the three dimensional
effects like tip losses cannot be evaluated. Tip losses resulting from vortices shed
from the tip regions, are modeled using the Prandtl Tip Loss Model, by means of

an empirically developed correction factor as [17] ;
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Q= %cos‘1 [exp {—E Ror }] (3.24)

2 rsinf

Tip loss correction factor is directly implemented to the thrust and power
equations as a multiplier. Equations 3.22 and 3.23 include Tip Loss Correction

factor, Q.

Glauert&Buhl Correction

At high loading conditions, like start-up and shut-down, wind turbine enters a
state called the turbulent wake state. For this state, momentum analysis is no
longer valid, since it cannot predict the thrust coefficient correctly. The turbulent
wake state exists when the axial induction factor is greater than 0.4. Glauert [17]
developed a correction for this state to fit the thrust coefficient to experimental
data, as shown below; Thrust coefficient with and without Glauert correction is

shown in Figure 3.4.

0.0203—(a—0.143)?
0.6427

Cr = 0.889 — (3.25)

Since the Glauert correction does not include the tip loss correction, it is only
applicable when tip loss factor is assumed as 1. In order to include the tip loss
effects, Buhl [18] developed an improved model based on Glauert’'s model as

follows;
-8 _ % 50 _ 2
CT—9+(4Q 9)a+(9 4Q)a (3.26)
This correction is used when;

a>04

Differences between the Glauert correction and the Buhl correction, for a state
with a tip loss factor of 0.8, are shown in Figure 3.5. As can be seen, there is a
gap between the thrust coefficient curve and the Glauert correction, which may
cause numerical instabilities in the Blade Element Analysis. In this study, the

Buhl correction is used since tip losses are taken into account.
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After the induction factors are calculated, sectional force and power values are

obtained from;

dF = %lezQ(éla(l — a))2nrdr (3.27)
dQ = 4aQ(1 — a)pV, Qri3ndr (3.28)
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Figure 3.5 Glauert and Buhl corrections compared
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3.1.4 The BEM Analysis Tool

As a subroutine of the WindCOE code, the BEM code calculates the power of the
wind turbine for a given wind speed. The BEM code uses the Blade Element
Momentum Theory equations. The flowchart of the BEM code is shown in Figure
3.6.

Inputs Distrubute chord -
. : ; . Initialize the
Wind Speed twist and _radmsto induction factor
# of section sections
Calculate inflow
angle
Lift and Drag Calculate Angle
Coefficient of Attack
Tip Loss Correction
Factor
NO
Buhl Correction a>0.4
Calculate
Induction Factors
Output Sectional Thrust c
Thrust & Power & Power LIHsgErEE

YES
resl<0.0001

res2<0.0001

Figure 3.6 BEM Analysis code flowchart

The BEM analysis uses the wind speed and the number of sections as inputs for
the analysis. Twist and chord values of each section are calculated by fitting the

second order polynomial defined in Chapter 2. The induction factors cannot be
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calculated directly from equations 3.22 and 3.23, since the inflow angle and
aerodynamic coefficients are unknown. Therefore the induction factors are

iterated until a convergence is reached. The convergence factor is defined as;
resl; = |ajns1 — ain| < 107 (3.29)
res2; = |aj 41 — ajn| < 107 (3.30)

where i is the section number and n is the iteration number. For the first step, the
induction factors are given an initial value of zero. Using these induction factors,
the inflow angle is calculated.. The angle of attack is calculated to obtain the lift
and drag coefficients corresponding to that state. After Tip Loss Correction factor
is calculated according to the axial induction factor, the thrust coefficient is
recalculated using Buhl Correction. Induction factors are recalculated using
equations 3.22 and 3.23 again. res1 and res2 are checked for convergence. If
residuals are converged, sectional thrust and power are calculated through
equations 3.27 and 3.28. Otherwise they are recalculated. Finally, sectional
thrust and power values are integrated through the blade span, and the total

thrust and power levels are obtained.
3.1.5 Airfoil Profiles

Although airfoil is not used as an optimization parameter in WindCOE, different
types of airfoils are evaluated. The airfoil profile distribution along the blade span
is selected as an input from one of the two options: either a constant profile
distribution or a pre-determined variable profile distribution that is readily
available in open literature. In this study we use S809 airfoil for the constant
profile option. For the pre-determined variable profiles, two sets of airfoil families
are considered depending on the blade length. For rotors with radius smaller than
15m the NREL airfoil family consisting of S814, S815, S825 and S826 is used
(Figure 5.3). For rotors with radius larger than 15m the airfoil family consisting of
S818, S816 and S817 airfoils is used as recommended in [12]. Since

aerodynamic coefficients of selected airfoil profiles are not given in literature,
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numerical analyses were conducted to obtain them. Details of airfoil profiles and

database generation are presented in Chapter 5.
3.1.6 Validation of the BEM Tool

The BEM code is validated against NREL Phase Il untwisted, untapered
experimental wind turbine [20], in order to prove its accuracy in calculating the
power output. Characteristics of the NREL Phase Il wind turbine are given in
Table 3.1

Table 3. 1 NREL Phase Il Wind Turbine Specifications

n 3
w (rpm) 72
Ttip(M) 5.03
Thup (M) 0.723
@ (deg.) 12 (constant)
Croot (M) 0.4572
Ceip (M) 0.4572

Cy, Cy S809 airfoil
(all sections)

Lift and drag coefficients of the S809 airfoil has been shown in Chapter 5.

Power curve comparison between the results of the BEM code and the
experimental data for NREL Phase |l Wind Turbine is given in Figure 3.7. As can
be seen, the BEM code is agreeing well with the experimental data. Observed
differences are mainly because of the three dimensional effects, that are not fully
modeled in the BEM code.
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< Experimental Data =——BEM code |

Figure 3.7 Comparison of experimental and BEM code power output

3.2 Weibull Analysis

The mean wind speed information of a wind site is generally not sufficient by
itself to estimate the AEP. Instead, the wind speed variation is usually defined by
a special probability density function, known as, the Weibull distribution. Weibull
distribution of a specific wind site is characterized by a shape parameter k, a
scale parameter ¢, and the wind speed U. The probability density function is

defined as,
w) = OO e [-O)] () (3:31)

Weibull probability has to be calculated in a wind speed interval while calculating
the AEP. As shown in Figure 3.8, the wind frequency is obtained by computing

the area under the Weibull distribution within a predefined wind speed interval.
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Although the unit of the Weibull function is — , when it is multiplied with the

wind speed (i.e. integrated), it becomes non-dimensional.

Weibull Distributions

0,16
0,14
0,12 -
0,1
0,08
0,06 A

0,04 A

Weibull Function(1f{m/fs))

0,02

a 5 10 15 20

Wind Speed [m/s)

Figure 3.8 Integration of the Weibull function
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CHAPTER 4

THE LIFE CYCLE COST MODEL

The Life Cycle Cost (LCC) is the total cost of a wind turbine that covers many
items such as the manufacturing costs, material expenses, operation and
maintenance costs, annual rent of the wind site, renewal of the wind turbine
parts, engineering expenses etc. In this study we use the LCC model developed
by NREL [6].

Since the model is constructed partly by using existing commercial wind turbine
data, it has some limitations on the application, such as the cost output is in 2002
dollars and it is applicable only for three-bladed, variable speed, upwind wind
turbine configurations. Since large scale wind turbine data are used in developing
the NREL model, diameters larger than 40m are preferred in the design

optimization. Moreover, costs are based on production of 50MW wind farm [6].

The LCC model is comprised of many algebraic equations that are functions of
the rotor diameter, the hub height, the rated power and the Annual Energy
Production (AEP). A component breakdown of these equations is shown in
Figure 4.1. LCC consists of mainly two parts: Initial Capital Cost (ICC) and
Annual Operating Expenses (AOE). LCC is calculated as;

LCC = FCR * ICC + AOE ($) (4.1)

where FCR is the Fixed Charge Rate, as explained in Chapter 2. ICC is the Initial

Capital Cost in dollars and AOE is the Annual Operating Expenses in dollars.
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Figure 4.1 Life Cycle Cost model component breakdown

The Initial Capital Cost (ICC), one of the main components of LCC, is mainly

made up of material, manufacturing, system, and engineering costs. Service

costs and financing fees are not included since these are included in the Fixed

Charge Rate (FCR). Annual Operating Expenses include costs that are paid

every year regularly for operation and maintenance, land rent and replacement of

the turbine parts.

4.1.1 Turbine Costs

Turbine costs mainly consist of rotor component costs, drive train costs and tower

costs. Algebraic equations for these components are given below.
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Blades:

Cost of total three blades, as a function of rotor diameter, is calculated as follows;
Cpiade = 3 * [(0.4019R3 — 955.24) + 2.7445 » R*5025] /(1 — 0.28) (4.1.1)

Hub:

The cost the hub is calculated as a function of mass. The mass of hub as a

function of the mass of the blade is given as;

Mpyp = 0.954 % My, 40 + 5680.3 (4.1.2.a)
Cost of the hub is calculated as follows;

Chup = Mpyp * 4.25 (4.1.2.b)
Nose Cone:

Nose cone cost is calculated as a function of the nose cone mass. The mass and

the cost of the nose cone are given in the following equations as ;
Mppse = 18.5% D —520.5 (4.1.3.a)
Crose = Myose * 5.57 (4.1.3.b)

Main Bearings:

Cost of the main bearing is calculated as a function of its mass. The mass and

the cost of the main bearing are given as;

Myearing = (D = —= = 0.033) * 0.0092 * D25 (4.1.4.2)

Cbearing = 2 * Mpearing * 17.6 (4.1.4.b)
Gearbox:

Cost of the Multi-Path Drive gearbox as a function of rated power is given as;
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Cgearbox = 15.26 * P}dzti?i (4.1 .5)
Rated power has the unit of kW.

Low speed shaft:

Cost of the low speed shaft as a function of diameter is given as follows;
Cshaft = 0.01 = D2'887 (41 6)

Brake, Coupling and associated components:

Cost of the brake associated components like mechanical brake, high-speed

coupling etc. are calculated as a function of the rated power as follows;
Corake = 1.9894 * Prgreq — 0.1141 (4.1.8)
Generator:

Cost of the Multi-path Drive with Permanent Magnet Generator is calculated as a

function of the rated power as,

Cyen = Pratea*48.03 (4.1.9)

Variable Speed Electronics;

Cost of the variable speed electronics components as a function of the rated

power is given as;
Cv_speed = Pratea™ 79 (4.1.10)

Yaw Drive System:

Cost of the yaw drive system is given as a function of the rotor diameter as;

C

yaw = 2 * (0.0339 x D296%) (4.1.11)
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Mainframe:

Cost of the mainframe of the Multi-path Drive with Permanent Magnet Generator

is calculated as a function of the rotor diameter as;

Cpny = 17.92 % D1672 (4.1.12)

Electrical Connections:

Cost of electrical connections, which includes switchgear and tower wiring, are

calculated as a function of the rated power as;
Cetect = 40 * Prgteq (4-1 -13)

Hydraulics and Cooling System:

Cost of the hydraulics and cooling system is calculated as a function of the rated

power as;

Chyd =12 % Prated (4114)

Nacelle Cover:

Cost of the nacelle cover is calculated as a function of the rated power as;
Cetect = 11.537 * Ppyreq + 3849.7 (4.1.15)
Tower:

Cost of the tower structure is given as a function its mass. Mass of the tower is

given as;
Miower = 0.3973 * Agis * h — 1414 (4.1.16)
h is the hub height and A,;is the rotor disk area. Cost of the tower is given as;

Ctower = 1.5 % Myower (4.1.17)
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Cost breakdown for the turbine components are shown in Figure 4.2. As can be

seen biggest portion of the cost belongs to drive train components.

Rotor Costs

Drive
Train
Costs

Figure 4.2 Cost breakdown for the wind turbine components

4.1.2 Balance of Station Costs

Balance of Station of costs include the expenses of services from manufacturing
to operation of a wind turbine. It includes transportation of wind turbine
components, construction of foundation, construction of roads and other civil
work for the transportation, assembly and installation of the wind turbine.

Algebraic cost equations of balance of station are given below.
Foundation:
Cost of the foundation is given as a function of the disk area and hub height as;

(4.1.18)
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Transportation:

Cost of the transportation to carry all structure to wind site area is given as a

function of the rated power as;
Frrans = 1.581E — 05 * P2,y — 0.0375 * Prgreq +54.7  (4.1.19.a)
Crans = 40 * Frpgns (4.1.19.b)

Roads, Civil Work:

Roads and civil work include the costs for construction of roads and other civil
work to transport the wind turbine structure to wind site. Costs of the roads and

civil work are given as a function of the rated power as;
Fepig = 40 % P2, g — 0.0145 * P,gp0q + 69.54 (4.1.20.a)
Ceivit = Pratea * Feivit (4.1.20.b)

Assembly and Installation:

Cost of the assembly and installation of the wind turbine is given as a function of

the hub height and the rotor diameter as;
Cassem = 1.965 * (h » D)+173¢ (4.1.21)

Electrical and Interference Connections:

Cost of the electrical interface and connections are calculated as a function of the

rated power as;

Finter = 3.49E — 06 % P2,,,; — 0.0221 % Prgreq + 109.7  (4.1.21.2)

Cinter = Pratea * Finter (4-1 .21 b)

Engineering and Permits:

43



Engineering and permits covers the cost of engineering expenses during design
and manufacturing processes, and permissions for designing entire wind facility

[6]. Cost of the engineering permits as a function of rated power is given as;
Feng=9.94FE-04"Pratea+20.31 (4.1.22.a)
Ceng="Prated*Feng (4.1.22.b)
4.1.3. Other Costs
Other costs include subsystems needed for safe operation of a wind turbine.

Control, Safety System, Condition Monitoring:

Cost for the control, safety system and condition monitoring are given as a

constant amount according to application as;
10000 $ for on-shore application
55000 $ for off-shore application

Cost breakdown for the Initial Capital Cost is given in Figure 4.3.

Other Costs

Balance of
Station Cost

-

Turbine
Cost

Figure 4.3 Cost breakdown for the Initial Capital Cost
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As can be seen from the Figure 4.3 biggest share belongs to turbine costs.
4.2 Annual Operating Expenses

Annual Operating expenses cover the costs for the services that are paid
annually. AOE components are Levelized Replacement Costs, Levelized
Operation and Levelized Maintenance Costs and Land Lease Costs. Algebraic
equations for these components are given below. Levelized value defines total

cost over power system’s economic life, converted to equal annual payments.

Levelized Replacement Cost:

Levelized Replacement Cost covers the annual expenses of the long-term
replacement and overhaul of major wind turbine parts [6]. LRC is constructed as

a constant per generated kW as;
Fipc = $10.7/kW (4.2.1.a)

Crrc = Pratea * Fire (4.2.1.b)

Levelized Operation and Maintenance Cost:

Operation and maintenance costs are the annual expenses for scheduled and
unscheduled maintenance and operation of a wind turbine. O&M Cost is a

function of AEP and calculated as;
Cogam = 0.007/kWh « AEP (4.2.2)

Levelized Land Lease Cost:

Land Lease Cost (LLC) is the annual rent paid for a unit turbine. LLC is

calculated as a function AEP as;
Crrc =0.00108 /kWh x AEP (4.2.3)

Cost breakdown for Annual Operating Expenses is shown in Figure 4.4. As can

be seen, biggest share belongs to the Operational and Maintenance costs.
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Levelized Operation and
Replacement Maintenance
Cost

Costs

Figure 4.4 Cost breakdown for the Annual Operating Expenses

4.3 Additional Cost Elements for Offshore Applications
Off-shore application of wind turbines bring-in additional cost components.
Marinization:

Marinization includes costs related to extra protection that is necessary for
offshore ocean environment like special paintings and coverings, extra sealing for
electronic parts etc. Cost of marinization is calculated as a function of total

turbine and tower costs as;
Cmarin=13.5 of Turbine and tower costs (4.3.1)

Offshore Transportation:

Offshore transportation means transportation of wind turbine components from
shore to sea bed where turbine will be installed. Cost of offshore transportation is

calculated as a function of the rated power as;
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Foftrans = L.581E — 06 % P2, q — 0.0375 * Prypeq + 54.7 (4.3.2.2)

Cofftrans = Frated * lof ftrans (4.3.2.b)

Offshore Support Structure:

Offshore support structures are different than onshore based supports since
offshore supports have to extend through the base of the ocean. Cost of an

offshore support structure can be calculated as a function of the rated power as;
Csupport = 300 * Prgteq (4.3.3)

Port and Staging Equipment:

Special port and staging equipments are needed to service the offshore
installation and maintain [6]. Cost of the port and staging equipment, is given as a

function the rated power as;
Cstage = 20 * Prgteq (4.3.4)

Offshore Installation:

Cost of the offshore wind turbine installation is given as a function of the rated

power as;
Coffins = 100 * Prgteq (4.3.5)

Offshore Electrical Interface and Connection:

Cost of the offshore electrical interface and connection is given as a function of

the rated power as;
Coffelec = 260 * Prgteq (4.3.6)

Offshore Engineering Permits and Site Assessment:

Cost of the offshore engineering permits and site assessment is given as a

function of the rated power as;
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Coffeng = 37 * Pratea (4.3.7)

Personnel Access Equipment:

Personal access equipments are vehicles to access offshore site area for
servicing like small boats, helicopters, marine vessels. Cost of the personal

access equipment is a constant as;

Coffaccess = $60000/ turbine (4.3.8)

Scour Protection:

Scour protection is a mechanism that prevents the base of the structure from
failure caused by scour. Cost of the scour protection is calculated as a function of

the rated power as;
Cscour = 55 * Prgtea (4.3.9)

Surety Bond:

Surety bond is a type of funding that guarantees removal of unused old or

damaged structures. Surety bond is calculated as;

Csurety = 3 % (ICChffshore — Of fshore warranty) (4.3.10)

Offshore Warranty

Since offshore wind turbines are operated in an extreme environment, extra
warranty is needed compared to onshore applications. Cost of the offshore

warranty is calculated as;

Csupport = 15 % (Cost of turbine and tower) (4.3.11)

Offshore Levelized Replacement Cost:

Offshore LRC is calculated as a function of the rated power as;
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Coprrre = 17/kW * Prgteq (4.3.12)

Offshore Levelized Bottom Lease Cost:

Offshore Bottom Lease Cost (BLC) is calculated as a function of AEP as;
Cprc = 0.00108/kWh * AEP (4.3.13)

Offshore Levelized Operating and Maintenance:

Offshore O&M costs are calculated as;

Cozm = 0.02/kWh * AEP (4.3.14)
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CHAPTER 5

GENERATION OF THE AIRFOIL AERODYNAMIC DATA

In BEM Theory, the sectional forces have to be calculated through lift and drag
coefficients, which are characteristics of an airfoil profile. Airfoil is the two
dimensional geometry of the blade sections that is able to generate aerodynamic
forces. Geometrical parameters that define airfoil characteristics are shown in

Figure 5.1

Leading edge
Thickness

Chord line

L Chord ¢ _! Trailing
edge

Figure 5.1 Airfoil nomenclature [21]
The lift and drag are components of the force perpendicular and parallel to flow

direction, respectively. Forces and moments per unit span are calculated as

shown below;

L' ==CpU%c (5.1.a)

D' ==CqpUZc (5.1.b)
! 1 2

M = ECmpU cr (5.1.c)
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Lift, drag and moment coefficient characteristics of an airfoil are determined by its
shape as defined in Figure 5.1, length and flow characteristics such as velocity,
temperature, viscosity and density. Reynolds number is the non-dimensional
representation that defines force and moment characteristics. Reynolds number

is defined as;

Re = 2% (5.2)

p is the density, U is the flow velocity, ¢ is chord of the airfoil and u is the
kinematic viscosity of the fluid. Reynolds number is the key parameter in

choosing an airfoil for a specific application.

In order to have good lift and drag characteristics on a rotor blade, which will in
turn generate good power output, airfoils should be chosen according to
application characteristics. Before wind turbine specific airfoils were designed,
airfoils that are used in helicopters and aircraft were utilized also in wind turbines,
which naturally resulted in poor power performance. In wind turbine applications
parameters that should be considered when choosing an appropriate airfoil are
the Reynolds number and roughness sensitivity. Since, especially large wind
turbines experience varying flow conditions from root to tip of the rotor, different

airfoils might be chosen according to the spanwise location.
5.1 Airfoil Database

NREL has developed an airfoil series [12], which are specifically designed for
wind turbine applications considering the problems that reduce power. Since,
soiling effects decrease the maximum lift coefficient on a blade, the total amount
of energy produced also decreases. By designing airfoils that are insensitive to
roughness, NREL was able to increase total energy produced up about 15%.
Moreover by designing airfoils specific to a spanwise location on the blade, NREL
has obtained optimized airfoils with respect to Reynolds number. This

optimization has resulted in an increase in performance about 3 to 5 %.
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Performance improvement of NREL Airfoil series compared to previously used

airfoil families is shown in Table 5.2.

Table 5.1 Estimated annual energy improvements from NREL airfoils [12]

Roughness Correct Reynolds Total
Turbine Type Insensitive ¢,max Number Low Tip cimax | Improvement
Stall-Regulated 10% to 15% 3% to 5% 10% to 15% 23% to 35%
Variable-Pitch 5% to 15% 3% to 5% 8% to 20%
Variable-RPM 5% 3% to 5% 8% to 10%

Designed airfoils are for an application range from 15m to larger in radius. For
blades with length 10m to 15 meters, NREL S-Series airfoil family consisting of
S814, S815, S825 and S826 is used as shown in Figure 5.2. For blades larger
than 15 meters NREL S-series airfoil family consisting of S818, S816 and S817

airfoils is used as shown in Figure 5.3.

NREL S-series airfoil family for R<15m

——3S815 r/R=0.3 ===--- S814 r/R=0.4
-+ = 8825 r/R=0.75 — —S826 r/R=0.95

Figure 5.2 Geomety of the S815, S814, S825 and S826 airfoils
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NREL S-series airfoil family for R>15m

——3S818 r/R=04  =----- S816 r/R=0.75 - -- 8817 r/R=0.95

Figure 5.3 Geometry of the S818, S816 and S817 airfoils

5.2 Numerical Analysis of the Airfoils

Aerodynamic characteristics of the NREL S-series airfoil families are not
available in open literature. Therefore, numerical analyses of the airfoils were
conducted to obtain lift and coefficients. Two-dimensional Navier-Stokes
equations are solved using FLUENT commercial solver. The mesh was created

as a C-type grid, and was created using commercial mesh generator GAMBIT.
5.2.1 Validation Case for Numerical Analysis

As a validation case, the S809 airfoil profile whose aerodynamic characteristics
are well-known through various wind tunnel tests was analyzed. After the
validation of the S809 airfoil, other airfoils are analyzed similarly in terms of mesh
and solver characteristics. Sectional geometry of the S809 airfoil is shown in
Figure 5.4.
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Figure 5.4 S809 airfoil geometry

A C-type structured mesh is created using the commercial mesh generator
GAMBIT consisting of 12000 elements in total are generated. The first grid point
is 10 ®m away from the surface. This was small enough to be able to resolve the
viscous sub-layer (y *=1).The computational mesh used for S809 airfoil

simulations is shown in Figure 5.5.

Figure 5.5 2-D structured C-type computational S809 airfoil
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For the validation test case, the solutions are obtained at Reynolds number of 1
million. Density based solver is used as FLUENT solver settings. As a turbulence

model Spalart- Allmaras is selected.

Results are compared against the wind tunnel measurements performed at the
from Ohio State University (OSU) [20] and Delft University of Technology (DUT)
[20] as shown in Figure 5.6 (a) and (b).

O OSUWT

Lift Coefficient

Drag Coefficient

-60 -40 -20 0 20 40 60
Angle of Attack

(b)

Figure 5.6 (a) Lift and (b) drag coefficient comparisons of the numerical results
with the experimental data
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As can be seen from Figure 5.6, both the computed lift and drag coefficients fit
the wind tunnel data up to 12 degrees angle of attack. After this angle there is
some shift in both coefficients possibly due to the separation which cannot be

modeled accurately.

Resultant lift and drag coefficients of NREL S-series airfoils are given in

Appendix A.

The lift and drag coefficients for the airfoil sections are obtained in a limited angle
of attack range (-40° to 40°) due to convergence related problems in CFD
simulations. Since wind turbine blades may operate at extremely high angle of
attack values, the aerodynamic coefficients should generally be presented in an
angle range of -180° to +180°. The C; and C, results are extrapolated to the -180°
to +180° range using Airfoil_Prep [22], which is an open source code provided by
NREL and utilizes the Viterna method. This method is based on calculating post
stall characteristics of the airfoil and is able to estimate the aerodynamic
coefficients at higher angles. Extrapolated lift and drag coefficients of S809 airfoil

are shown in Figure 5.7.

Angle of Attack
—Cl - - =Cd

Figure 5.7 Extrapolated aerodynamic data of S809 airfoil
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Representation of the Aerodynamic Data using Neural Network

The data for the aerodynamic coefficients that are generated by the
computational analysis are implemented to the BEM routine through an Artificial

Neural Network.

Neural Networks are rapid data creators based on parallel unit processors. Data
is created in two steps. In the first step, which is the training by storing certain
input of data, algorithm creates a database. Using that database, algorithm
learns characteristics of the variation of the data and creates a list of weighting
coefficients for it. In the second step, using these weighting coefficients, the
Neural Network can estimate the value of the data for any input given. Neural
Network is preferred due to its high accuracy and rapid data processing

capability. In this study, multi-layer feed forward type Neural Network is used [23].

The training process is based on two hidden layers. Numbers of neurons used in
these layers are: 11 in the first layer and 13 in the second layer. Convergence is
reached when the steady state error is less than 10°. Figure 5.8 shows the
original extrapolated C_-a variation and its Neural-Network representation. As is

evident, the representation is quite satisfactory.
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S809 Airfoil Lift Coefficient

Lift Coefficient

Angle of Attack
— - = CI_Neural_Network o Cl_extrapolated

Figure 5.8 Comparison of the extrapolated and the NN representation of the lift
coefficient for the S809 airfoil

Numerical analyzes are conducted for all airfoils. Reynolds numbers that
analyses are performed are the design Reynolds number of airfoils given in [12].

Except from Reynolds number, all the flow properties are given same with S809
flow characteristics.
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CHAPTER 6

RESULTS AND DISCUSSION

In this chapter, initially, selected wind sites on which wind turbines are designed,
are presented with their wind speed characteristics. Design optimization studies
are performed on baseline designs whose characteristics and performance are
given. Three different scenarios are generated to investigate the effect of various
airfoil profiles and rated power on each of the selected wind sites. Finally,
resultant optimization parameters and performance parameters such as Cost of

Energy and Annual Energy Production are presented for each design.
6.1 Selected Wind Sites

Three different wind sites, including onshore sites from various regions of Turkey
and offshore from Germany, have been selected to demonstrate the effect of the
wind characteristics on Cost of Energy. These are a low wind speed site near
iskenderun [24], a high wind speed site in Gékgeada [25] and a offshore site at
Germany-North Sea [26]. The offshore site generally has a higher mean wind
speed due to less skin friction and less surface roughness. Weibull
characteristics and distributions of the selected wind sites are shown in Table 3.2
and Figure 3.9, respectively. Weibull characteristics of sites are taken from

literature.
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Table 6.1 Weibull Characteristics of selected sites.

Low Wind Speed

High Wind Speed

Offshore Site

Site Site Germany-North
Iskenderun [24] Gokceada [25] Sea [26]
k 0.78 1.7 2.26
c
4.8 9.86 11.2
[1/(m/s)]
0,2 -
0,18 -
0,16 -
0,14 -
0,12 -
0,1
0,08 -
0,06 - .
0,04 f-.
0,02 |
0 . | | :
0 5 10 15 20 25
. Wind Speed (m/s)
Iskenderun =~ eeeeeee Gokgeada = + Germany-North Sea

Figure 6.1 Weibull Distributions of selected sites

6.2 Baseline Designs

The design optimization study is performed on a baseline configuration, which is
selected as a three-bladed, upwind, fixed-pitch and variable speed HAWT. This is
one of the widely used configurations in wind turbine industry [2]. The design of
the baseline configuration is achieved using WindCOE without performing the

optimization process. Selected design parameters for the baseline configuration

are tabulated in Table 6.2.
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Table 6.2 Baseline Design Characteristics

BASELINE DESIGN

Ttip(M) 40

Thup (M) 2

Pratea(MW) 1.7

TSR 7

Broot (deg.) 15

Dmia (deg.) 8

Oip (deg)

Croot (M) 3.0

Cmia (M) 2.0

Ceip (M) 0.4

C;, Cyq S809 airfoil
(all sections)

The diameter of the baseline design is selected as 80 m, due to the fact that cost
model is valid only for rotors that are larger than 40 m. This value is also a typical
size in wind turbine market. The rated power of the baseline design is calculated
as 1.7MW using Equation 2.4. The Tip Speed Ratio (TSR), which is the ratio
between rotational speed of the tip of the blade and the wind velocity, is selected
as 7, which is also a typical value for modern wind turbines [2].The chord and
twist values are selected according to the same size commercial wind turbines

[16] and S809 airfoil profile is used for all sections of the baseline.

The COE and AEP values of the baseline configuration are evaluated for the

three selected wind sites, i.e. iskenderun (Low Wind Site), Gokgeada (High Wind
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Site) and Germany- North Sea (Offshore Site), for which the Weibull distributions

are presented previously in Chapter 3. The results are presented in Table 6.3

Table 6.3 COE and AEP outputs of Baseline Design

Low Wind Site High Wind Site Offshore Site
(iskenderun) (Gokgeada) (Germany North Sea)
AEP (MWh) 2318.3 5356.2 6676.8
COE
(cents/kWh) 10.83 5.88 5.14

As seen from Table 6.3, wind turbine designed for the offshore site has the
minimum COE, mainly due to the high wind speed profile which results in a
higher AEP. Wheras, baseline wind turbine extracts much less energy in the low
wind site due to the decreased levels of wind speed and hence results in a higher
COE value.

6.3 Design Optimization Scenarios

A series of design optimization runs are performed on the baseline HAWT, to
investigate the effects of various parameters on the COE. Three different
optimization scenarios are conducted for each and every one of the selected
wind sites. The first scenario uses the same airfoil profile (S809) through all
sections of the blade and the optimization parameters are selected as the chord
and twist distribution that are represented by the root, mid and tip values on the
blade as explained in Chapter 3. The second scenario performs a similar design
optimization; however, NREL S-series airfoil family is used on the rotor blade. For
the third scenario, the rated power is also used as an optimization parameter in
addition to the chord and twist distributions. NREL S-series airfoil family is also
used for the third optimization scenario. A summary of the design optimization

scenarios applied for of the selected wind sites are tabulated in Table 6.4.
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Constraints for the optimization parameters are determined according to the

baseline design parameters as shown in Table 6.5.

Table 6.4 Design Optimization Scenarios for the low, high and offshore wind
sites. Each scenario is studied for each and every one of the selected wind sites.

SCENARIO 1 (S1) SCENARIO 2 (S2) SCENARIO 3 (S3)
Optimization | Airfoil | Optimization | Airfoil | Optimization | Airfoil
Parameters | Profile | Parameters | Profile | Parameters | Profile
Chord S809 Chord S816 Chord S816
Twist Twist S817 Twist S817
S818 Rated Power | S818
Table 6.5 Optimization parameter limits
eroot emid etip Croot Cmid Ctip Prated
(deg.) | (deg.) | (deg.) | (M) (m) (m) (Mw)
Lower | 10 | -20 2.4 16 | 0.32 15
Limit
Upper |, 30 | 20 3.6 24 | 048 1.9
Limit

Chord and rated power limits are selected as +20 % and +10 % of the baseline

design values, respectively. Since the twist value does not affect the structural

weight and loads as much as chord, its limits are selected as maximum and

minimum twist values of any size wind turbine that commercially exists. Chord

limits are shown in Figure 6.2. Additionally, blade area is also limited to 72m

based on similar size commercial wind turbine. [16]
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Chord Limits
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Figure 6.2 Upper and lower optimization limits for the blade chord

6.4 Optimization Results
6.3.1 Results of the Design Optimization Scenarios
Scenario 1

S1 tries to find optimum chord and twist at root, mid and tip of the blade based on
baseline design. The S809 airfoil is used at all blade sections. Resultant
optimization and performance parameters are shown in Table 6.6 and Table 6.7,

respectively.

Table 6.6 Resultant Optimization Parameters for S1

eroot emid etip c (m) c (m) co (m)
(deg.) | (deg.) | (deg.) root mid "
Low Wind
. 20.55| 6.5 2.2 3.22 24 0.48
Site
High Wind
25.6 6.9 14 3.35 24 0.48
Site
Offshore
25.9 7.0 0.8 3.12 24 0.48
Site

Although tip and mid chord values reach the maximum of their limits, root chord

does not. This is due to blade area constraint. Since less lift is obtained from root
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of the blade, which is because of low sectional rotational speed the code limits

the root chord instead of tip section.

Table 6.7 Design Optimization Results for S1

AEP COE
LCC/LCCg_ | AEP/AEPg. | COE/COEg.
(MWh) | (cents/kwWh)
Low Wind
2577.3 9.96 1.022 1.111 0.91938
Site
High Wind
6130.4 5.41 1.053 1.145 0.91969
Site
Offshore
sit 7746.5 472 1.065 1.160 0.91820
ite

As can be seen from the Table 6.7, low wind site has the maximum COE and the
offshore site has the minimum COE. Conversely, AEP is the minimum for the low
wind site and the maximum for the offshore wind site. These results are expected
since potential of generating energy is higher for offshore site due to high wind

speed characteristics.

Comparison with baseline configuration is represented by LCC/LCCgi,
AEP/AEPg. and COE/COEg.. LCC/LCCg_ rates show that LCC is higher
compared to baseline configuration, since LCC is a function of AEP and AEP is
improved compared to baseline configuration for all wind sites. Moreover,
AEP/AEPg._and COE/COEg, results indicate that AEP is increased and COE is
decreased compared to the baseline configuration for all wind sites, which means

an improvement in objective function, COE, is achieved.

Twist and chord distributions for Scenario1 are also shown in Figure 6.3.a and

6.3.b, respectively.
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Twist Distribution for S1
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Chord Distribution for S1
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Figure 6.3 Resultant (a) Twist and (b) Chord distribution for S1

Scenario 2

S2 is similar to S1 except that the airfoil profiles are the NREL S-series airfoil
family. Resultant optimization parameters and performance parameters for the

S2 are shown in Table 6.8 and Table 6.9, respectively.
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Table 6.8 Resultant Optimization Parameters for S2

eroot emid etip Croot Cmid Ctip
(deg.) | (deg.) | (deg.) | (m) (m) (m)
Low Wind Site 27.7 51 0.2 3.05 2.4 0.48
High Wind Site 27.7 5.8 -0.9 3.01 2.4 0.48
Offshore Site 294 6.1 0.3 2.82 2.4 0.48
Table 6.9 Design Optimization Results for S2
AEP COE
(MWh) | (cents/kWh) LCC/LCCg,_ | AEP/AEPg, | COE/COEg.
Low Wind | -, 9.57 1.033 1.169 0.8839
Site
High 1.064
Wind Site 6307.7 5.32 1177 0.9039
Offssi'::’e 7884.2 4.67 1.074 1.181 0.9093

Trends of the optimization parameters are similar to S1. Chord values at mid and
tip regions converge to the upper limit, whereas the root chord is restrained by

the blade area constraint.

AEP and COE parameters are improved from low wind site to offshore site as
seen from Table 6.9. Similar to S1 results, LCC and AEP are increased and COE

is decreased compared to the baseline configuration.

Twist and chord distributions for S2 are shown in Figure 6.4.a and 6.4.b,

respectively.
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Twist Distribution for S2

Radial location (m)
—=—Low Wind Site =—8—High Wind Site
—a—Offshore Site —<—Baseline

(@)

Chord Distribution for S2

5 10 15 20 25 30 35 40
Radial location (m)
—=—Low Wind Site =6—High Wind Site
—2— Offshore Site ——Baseline

(b)
Figure 6.4 Resultant (a) Twist and (b) Chord distribution for S2

Scenario 3

Design optimization parameters for the S3 are selected as chord and twist values

at root, mid and tip of the blade and also the rated power. NREL S-series airfoil

family is used for the blade sections. Resultant optimization parameters and

performance parameters are presented in Table 6.10 and Table 6.11.
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Table 6.10 Resultant Optimization Parameters for S3

Rated

eroot Bmid etip Croot Cmid Ctip P(?Wir

(deg.) | (deg.) | (deg.) | (m) (m) M 1 (mw)
"°";i‘t’zi"°' 271 | 48 | 02 | 284 | 24 | 048 | 1597
Higgi}’;’i“d 261 | 48 | 05 | 273 | 24 | 048 | 1612
O"SSi't‘:re 204 | 41 | 03 | 263 | 24 | 048 | 1678

Table 6.11 Design Optimization Results for S3

AEP COE

(MWh) (cents/kWh) LCC/LCCg_ | AEP/AEPg. | COE/COEg.
L°Vgi‘t’Z'"d 28526 | 9.36 1.064 1.230 0.8646
H'ggin"“d 6528.1 5.11 1.059 1.219 0.8690
Oft;’t‘;’re 81994 | 437 1.045 1.228 0.8508

Results present that optimized rated power is less than the baseline configuration
for all wind sites. However, AEP/AEPg. and COE/COEg, rates indicate an
improvement in AEP and COE compared to baseline configuration. Although the
decrease in rated power will result in a decrease in LCC, LCC/LCCg_ rates

denote that LCC is higher compared to baseline configuration. This result yields

that AEP has more dominant effect on LCC compared to rated power.

Resultant twist and chord distributions for S3 are presented in Figure 6.5.a and

6.5.b, respectively. In Figure 6.5.c, variation of the rated power is shown.
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Twist Distribution for S3
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Chord Distribution for S3
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Figure 6.5 Optimized (a) Twist distribution, (b) Chord distribution and (c) Rated
power for S3
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6.3.2 Relative Comparison of Different Scenarios

In this section, a relative comparison of optimization results and performance
parameters are shown for three selected wind sites: Low Wind Speed, High Wind
Speed and Offshore Sites. Moreover, variations of parameters for each scenario

are compared.

Low Wind Speed Site

Variations in chord and twist distributions for the three scenarios for the low wind

speed site are shown in Figure 6.6.a and 6.6.b respectively.

Optimized Sectional Twist for Low Wind Site
40,0 - | - g rmesioes pmrmemem - -
35,0 ! ! : - —8— Scenario1
5 30,0 .
i 25.0 —6— Scenario 2
v 20,0 —aA— Scenario 3
s 150 - . , , ,
- 10’0 + ........ , ......... ,_ ....... _.
5,0 : . S !
0,0 i ' ' ' ‘ﬂ '
0 5 10 15 20 25 30 35 40
Radial location (m)
(a)
Optimized Sectional Chord for Low Wind Site
E
°
o
-= ]
o 1
0 5 10 15 20 25 30 35 40
Radial location (m)
(b)
Figure 6.6 Optimized (a) twist (b) chord for the Low Wind Site for different
scenarios.
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As seen from Figure 6.6.a, optimum sectional twist distribution of S1 is different
than that of S2 and S3. Optimized twist distribution of S2 and S3 are similar,

since same airfoil profiles are used for these scenarios. This comparisons show

that twist distribution depends on airfoil aerodynamic characteristics as much as

on characteristics of wind site characteristics.

Figure 6.7.a and 6.7.b presents the variation of COE and AEP parameters

according to Scenario type.

Cost of Ener
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ents/kKi/h
o
o

©(c
o
o

‘o
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©
n
o

COE Variation of Low Wind Site

(a)

AEP (1000 MW)

2,90
2,80
2,70
2,60
2,50
2,40
2,30
2,20
2,10
2,00

AEP Variation for Low Wind Site

(b)

Figure 6.7 Variations of (a) COE and (b) AEP for Low Wind Site
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As seen in Figure 6.7.a and 6.7.b, the designs are improved step by step from
baseline to S3. As previously explained, S1 optimizes chord and twist distribution
and uses S809 airfoil profile. For S2, NREL S-series airfoil family, which is
specifically designed for wind turbines, are used. Therefore, at S2, using
specifically designed airfoils increased performance, such as higher AEP and
lower COE. Finally, at S3, rated power is used as additional optimization

parameter which also resulted in the best performance of all.

High Wind Speed Site

Variations of chord and twist distributions for the high wind speed site according

to scenario type are shown in Figure 6.8.a and 6.8.b, respectively.
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Optimized Sectional Twist for High Wind

Site
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Optimized Sectional Chord for High Wind
Site
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Radial location (m)
(b)
Figure 6.8 Optimized (a) twist (b) chord for the High Wind Site for different
scenarios.

As seen from Figure 6.8.a and Figure 6.8.b, there is a slight difference for
optimized twist and chord distributions for different scenarios. However,
difference in performance parameters, i.e. COE and AEP are more obvious as

shown in Figure 6.9.a and 6.9.b.
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COE Variation of High Wind Site
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Figure 6.9 Variations of (a) COE and (b) AEP for High Wind Site

Figure 6.9.a and Figure 6.9.b show that AEP increases and COE decreases from
baseline configuration to S3, which means better design is obtained at each step.

S3 yields the best performance of all.
Offshore Site:
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Variation of chord and twist distributions for offshore site according to scenario

type are shown in Figure 6.10.a and 6.10.b respectively.

Optimized Sectional Twist for OffshoreSite
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E 10,0 - -t N oo o _

5’0 A T .......................... . .
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Figure 6. 10 Optimized (a) twist (b) chord for the Offshore Site for different
scenarios.

As seen from Figure 6.10.a, twist distribution show different characteristics for

each scenario. However, chord distributions are much alike except the root
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chord. Variation of performance parameters, COE and AEP, are shown in Figure

6.11.a and 6.11.b, respectively.

COE Variation of Offshore Site
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(b)
Figure 6.11 Variations of (a) COE and (b) AEP for Offshore Site

7



The variation of AEP and COE for offshore site shows similar characteristics as
other wind sites. Every step of the design optimization yields better performance

compared to previous.
6.3.3 The Effect of Airfoil Profile

S1 and S2 perform the same design optimization; however, different airfoil
profiles are used. S1 uses S809 airfoil for all sections, whereas S2 uses NREL S-
series airfoil family, which is designed specifically for wind turbines. Two
scenarios are compared to show how specifically designed airfoil profiles improve
the performance of the wind turbine as shown in Figure 6.12. Improvement

designated as decrease in COE and increase in AEP.

AEP Improvement over

COE Improvement W Scenario 1

BL
over BL O

14% e, 20/0 B Scenario ?
12% 15%
10%

8% 10% 1 Low Wind Site
6% 2 High Wind Site
4% 5% 3 Offshore Site
2%

0% 0%

Figure 6.12 COE and AEP Improvement of S1 and S2 compared to baseline
design

As seen from Figure 6.12, improvement both on COE and AEP are observed for
all wind sites. However, S2 shows better performance improvements of COE and
AEP compared to S1. The COE differences between two scenarios are, 3.5% for
Low Wind Site, 1.5% for High Wind Site and 1% for Offshore Site. The AEP
differences between two scenarios are, 5.5% for the Low Wind Site, 3.3% for the
High Wind Site, and 2% for the Offshore Site. This result emphasizes on

importance of using different airfoils through blade section.

6.3.4 The Effect of Rated Power
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The only difference between S2 and S3 is using the rated power as an additional
optimization parameter in S3. Therefore by comparing two scenarios, effect of
rated power on COE and AEP can be observed. Comparison of two scenarios in
terms of COE and AEP are shown in Figure 6.13.

COE Improvement AEP Improvement

over BL over BL
20% e e . 25%

W Scenario 2

H Scenario 3

15% 20%

15%

10% 1 Low Wind Site
10%
5% 2 High Wind Site
o)
5% 3 Offshore Site

0% 0%

Figure 6.13 COE and AEP Improvement of S2 and S3 compared to baseline
design

Since rated power has great impact on cost of wind turbine, hence on COE,
compared to other optimization parameters, S3 yields better COE and AEP
improvements than S2 for all wind sites, as seen in Figure 6.13. The COE
differences between two scenarios are, 2% for Low Wind Site, 3.5% for High
Wind Site and 6% for Offshore Site. The AEP differences between two scenarios
are, 6% for the Low Wind Site, 4% for the High Wind Site, and 5% for the
Offshore Site.

6.3.5 The Effect of Wind Site
Effect of wind sites are shown by comparing the resultant AEP and COE of the
optimized wind turbines as shown in Figure 6.14 and Figure 6.15. Due to high

wind speed profile the offshore site has the maximum AEP and the minimum
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COE for each scenario, whereas Low Wind Site has the minimum AEP and the

maximum COE as explained.

AEP Variation for Various Sites
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Figure 6.14 The resultant AEP for wind sites selected.
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Figure 6.15 The resultant AEP for wind sites selected.
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CHAPTER 7

CONCLUSION

In this study a design optimization methodology is generated to obtain a three-
bladed Horizontal Axis Wind Turbine (HAWT) that has minimum “Cost of Energy”
for a given wind characteristic of a specific site. An in-house code, named
WindCOE, is developed to perform the design optimization procedure. An open
source, Genetic Algorithm based Optimization routine has been coupled to the
design code. The design optimization parameters are selected as chord and twist
distributions based on three locations (i.e. tip, mid and root) on the blade and as

the rated power. The objective function for optimization is the “Cost of Energy”.

Annual Energy Production is modeled by computing the power of wind turbine
and the frequency of the wind for each speed from cut-in to cut-out. Power
production is obtained using Blade Element Momentum (BEM) theory and Wind

frequency is modeled by Weibull distribution.

Annual cost of the wind turbine is modeled using Life Cycle Cost model, which

calculates cost of the wind turbine components and operating service.

The airfoil database consists of a constant airfoil profile and airfoil family. The
details of the derivation of lift and drag coefficients of these airfoils by numerical

methods are presented.

Three scenarios have been generated to investigate the effect of different
parameters on Cost of Energy. First and second scenarios try to find the optimum
chord and twist distributions for a constant rated power. The first scenario uses a
single airfoil profile that does not change through the blade span, and the second
scenario uses NREL airfoil family that has a pre-determined airfoil variation
across the span. Third scenario includes the rated power also as an optimization

parameter along with the others. For each scenario, design optimization is
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performed for three different wind sites, whose Weibull parameters are known, to
evaluate the effect of different wind characteristics on wind turbine performance
and COE.

Results of the design optimization show that specifically designed airfoils improve
the performance; i.e Cost of Energy is reduced. Moreover, optimizing the rated
power as well as other optimization parameters also resulted in reduced Cost of
Energy. Performing the design optimization for different sites shows that, the

optimum configuration is affected by the wind site characteristics.

Future works that can be helpful to improve the design optimization methodology

are:

o Extension of the airfoil database by using already existing airfoils or by
designing new airfoils.

e Cost model can be improved so that it includes the effect of geometrical
properties such as chord and twist on cost of the wind turbine.

e Atmospheric turbulence model can be added to Blade Element
Momentum Analysis in order to investigate the effect of turbulence on
energy production.

o Effect of material type on blade components and tower costs can be

evaluated.
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APPENDIX A

RESULTS OF AIRFOIL NUMERICAL ANALYSIS

NREL Airfoil Family for blades up to 15m

First airfoil set is shown in Figure A.1 This airfoil family includes S815 Airfoil up to
30 % of the blade, S814 Airfoil between 30- 40 % of the blade, S825 Airfoil
between 40-75 % of the blade and S826 Airfoil between 75-100 % of the blade.

Figure A.1 Airfoil distribution of NREL Airfoil family for blades up to 15m.

Reynolds number characteristics of first airfoil set are given in Table A.1. As an
engineering assumption, airfoil aerodynamic characteristics does not change with
the Reynolds number Therefore only design Reynolds number are considered by

numerical analyses.
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Table A.1 Design Reynolds Number of NREL Airfoil family for blades up to 15m.

Airfoil Reynolds Number
S815 1.2 * 10°
S814 1.5 10°
S825 2 x10°
S826 1.5 % 10°

S814 Airfoil
Lift and drag coefficients of S814 Airfoil, obtained from numerical analysis are
shown in Figure A.2 (a) and (b). Extrapolated aerodynamic coefficients are

shown in Figure A.3
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S814 Lift Coefficient

Angle of Attack

(a)

S814 Drag Coefficient

Angle of Attack
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numerical analysis
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Figure A.2 (a) Lift Coefficient (b) Drag Coefficient of S814 airfoil obtained from



S814 Lift and Drag Coefficient

——Cl ===-Cd

Figure A.3 Airfoil Extrapolated Lift and Drag Coefficients of S814

S815 Airfoil
Lift and drag coefficients of S815 Airfoil, obtained from numerical analysis are
shown in Figure A.4 (a) and (b). Extrapolated aerodynamic coefficients are

shown in Figure A.5.
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Figure A. 4 (a) Lift Coefficient (b) Drag Coefficient of S815 airfoil obtained from

numerical analysis
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S815 Lift andDrag Coefficient

Angle of Attack
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Figure A.5 Airfoil Extrapolated Lift and Drag Coefficients of S815

S825Airofil
Lift and drag coefficients of S825 Airfoil, obtained from numerical analysis are
shown in Figure A.6 (a) and (b). Extrapolated aerodynamic coefficients are

shown in Figure A.7
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Figure A.7 Extrapolated Lift and Drag Coefficients of S825 Airfoil

S826 Airfoll
Lift and drag coefficients of S826 Airfoil, obtained from numerical analysis are
shown in Figure A.8 (a) and (b). Extrapolated aerodynamic coefficients are

shown in Figure A.9.
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Figure A.9 Extrapolated Lift and Drag Coefficients of S826 Airfoil

NREL Airfoil Family for blades greater than 15m

Second set of airfoils are shown in Figure A.10. This airfoil family includes S818
Airfoil up to 40 % of the blade, S816 Airfoil between 40-75 % of the blade and
S817 Airfoil between 75-100 % of the blade. As an engineering assumption,

airfoil aerodynamic characteristics does not change with the Reynolds number
Therefore only design Reynolds number are considered by numerical analyses.

Reynolds number characteristics of first airfoil set are given in Table A.2.
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Figure A.10 Airfoil distribution of NREL Airfoil family for blades longer than 15m.

Table A.2 Design Reynolds numbers of NREL Airfoil family for blades longer than

15m.
Airfoil Reynolds Number
S818 2.5*10°
S816 4*10°
S817 3*10°

S816 Airfoil
Lift and drag coefficients of S816 Airfoil, obtained from numerical analysis are

shown in Figure A.11. Extrapolated aerodynamic coefficients are shown in Figure
A12.
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Figure A. 11 (a) Lift Coefficient (b) Drag Coefficient of S816 airfoil obtained from
numerical analysis
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Figure A.12 Extrapolated Lift and Drag Coefficients of S816 Airfoil

S817 Airfoll
Lift and drag coefficients of S817 Airfoil, obtained from numerical analysis are
shown in Figure A.13 (a) and (b). Extrapolated aerodynamic coefficients are

shown in Figure A.14.
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Figure A. 13 (a) Lift Coefficient (b) Drag Coefficient of S817 airfoil obtained from

numerical analysis
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Figure A. 14 Extrapolated Lift and Drag Coefficients of S817 Airfoil

S818 Airfoll
Lift and drag coefficients of S818 Airfoil, obtained from numerical analysis are
shown in Figure A.15 (a) and (b). Extrapolated aerodynamic coefficients are

shown in Figure A.15.
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Figure A.15 (a) Lift Coefficient (b) Drag Coefficient of S818 airfoil obtained from

numerical analysis

101



S818 Lift andDrag Coefficient

jualoyaon beiq

Angle of Attack

Cl ===-Cd

Figure A.16 Extrapolated Lift and Drag Coefficients of S818 Airfoll
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