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Summary

During the last decades the annual energy produced by wind turbines has in-
creased dramatically and wind turbines are now available in the 5 MW range.
Turbines in this range are constantly being developed and it is also being in-
vestigated whether turbines as large as 10-20 MW are feasible. The design of
very large machines introduces new problems in the practical design, and opti-
mization tools are necessary. These must combine the dynamic e�ects of both
aerodynamics and structure in an integrated optimization environment. This is
referred to as aeroelastic optimization.

The Ris� DTU optimization software HAWTOPT has been used in this project.
The quasi-steady aerodynamic module have been improved with a corrected
blade element momentum method. A structure module has also been developed
which lays out the blade structural properties. This is done in a simpli�ed way
allowing fast conceptual design studies and with focus on the overall properties
relevant for the aeroelastic properties. Aeroelastic simulations in the time do-
main were carried out using the aeroelastic code HAWC2. With these modules
coupled to HAWTOPT, optimizations have been made. In parallel with the
developments of the mentioned numerical modules, focus has been on analysis
and a fundamental understanding of the key parameters in wind turbine design.
This has resulted in insight and an e�ective design methodology is presented.

Using the optimization environment a 5 MW wind turbine rotor has been opti-
mized for reduced fatigue loads due to apwise bending moments. Among other
things this has indicated that airfoils for wind turbine blades should have a high
lift coe�cient. The design methodology proved to be stable and a help in the
otherwise challenging task of numerical aeroelastic optimization.
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Resum�e

I de sidste 10-20 �ar er der sket en dramatisk �gning i den �arlige energim�ngde
produceret af vindm�ller, og disse er nu tilg�ngelige i 5 MW klassen. M�ller
i denne klasse bliver konstant udviklet, og det bliver ligeledes unders�gt om
m�ller s�a store som 10-20 MW er realiserbare. Design af meget store maskiner
introducerer nye praktiske problemer, og optimerings-v�rkt�jer er n�dvendige.
Disse skal kombinere de dynamiske egenskaber af b�ade aerodynamik og struktur
i et integreret optimerings v�rkt�j. Dette ben�vnes aeroelastisk optimering.

Ris� DTU’s optimerings program HAWTOPT er blevet benyttet i dette projekt.
Det kvasi-statiske aerodynamik-modul er blevet forbedret med en forbedret blad
element metode. Et struktur modul, der udl�gger bladets strukturelle egensk-
aber, er ogs�a blevet udviklet. Dette g�res p�a en forenklet m�ade, der muligg�r
hurtige design studier p�a koncept basis, og med fokus p�a de overordnede egen-
skaber der er vigtige for de aeroelastiske egenskaber. Aeroelastiske simuleringer
foretaget i tidsdom�net er udf�rt ved brug af HAWC2. Med disse moduler
koblet til HAWTOPT er der lavet optimeringer. Parallelt med udviklingen
af de n�vnte moduler er der ogs�a fokuseret p�a analytiske analyser og p�a en
fundamental forst�aelse for n�gleparametrene i design af vindm�ller. Dette har
resulteret i indsigt, og en e�ektiv design metode bliver pr�senteret.

Ved brug af optimerings-v�rkt�jet er en 5 MW vindm�lle vinge blevet optimeret
med henblik p�a en reducering af udmattelses-lasterne fra de apvise b�jnings
momenter. Dette har blandt andet indikeret, at vingepro�ler til vindm�ller skal
have en h�j lift koe�cient. Design metoden var stabil og en stor hj�lp i den
udfordrende opgave, som numerisk aeroelastisk optimering er.
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Chapter 1

Introduction

1.1 Background

Wind turbines are constantly being developed and redesigned. Today the largest
machines are in the 5 MW range and some manufacturers are currently designing
for 6 MW. At e.g. Ris� DTU, research is presently aimed at designing turbines
as large as 10-20 MW. The increasing size of wind turbines and the increasing
market volume set increasing requirements to optimization of the wind turbine
components. Models have been developed to design rotors aerodynamically.
These models have shown how e�cient a turbine can be with respect to energy
production and how large the associated loads are. This leads to a trade-o�
between structural requirements and aerodynamic e�ciency, and therefore rep-
resents an optimization problem. The problem becomes more complex when
the unsteady loads leading to fatigue damage are considered as well. A common
way of designing rotors is to make an aerodynamic design and based on this
make a structural layout. The process is iterative and needs to be carried out
manually. However, there is a trend toward integrating the di�erent disciplines
and carrying out the rotor design as a multidisciplinary process.

There is a large amount of literature on wind turbine properties and engineering
tools, but there are not many references which describes the integrated design
process. Bak [1] describes the state of the art in aerodynamic tools as well as
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general issues in aerodynamic turbine design. This includes airfoil properties
and their inuence on turbine performance. Other books on wind turbines are
Hansen MOL [2] and Burton et al. [3], which are general introductions to many
issues in turbine design, including loads and structures. Other references, which
have been used in the project, are presented below.

Fuglsang [4] describes general aerodynamic design guidelines and Johansen et
al. [5] describes a turbine designed for optimum aerodynamic performance. Snel
[6] reviews the wind turbine aerodynamics. Key parameters in rotor design are
described by Bak [7]. In recent years there has been some interest in winglets
on wind turbines. D�ssing [8] describes a winglet design algorithm and an-
other algorithm for performance prediction is described by Gaunaa et al. [9].
Gaunaa & Johansen [10] has made a detailed study of various generic winglet
designs. Even though winglets are out of the scope of the present thesis, much
information about turbine aerodynamics may be obtained by studying winglets.

An improved blade element momentum method (BEMcor) is described by Mad-
sen HAa et al. [11]. This is the primary aerodynamic calculation model used in
this work.

Aerodynamic pro�le design is described by Timmer & van Rooij [12] and Fuglsang
& Bak [13]. These references includes descriptions of the airfoils used in this
project.

Rotor design taking structure and aeroelasticity into account is described in a
number of articles. Fuglsang [14] gives an introduction to important issues in
blade design and Fuglsang & Madsen [15] describe a numerical optimization
method for wind turbine rotors. Fuglsang & Thomsen [16] and Fuglsang et al.
[17] describe site speci�c optimization of cost of energy (COE) based on cost
functions. More recently, Jonkman et al. [18] has de�ned a �ctitious 5MW
o�shore turbine. This includes data for the nacelle, tower and foundation, and
the turbine is a useful reference case for turbine development.

In a PhD thesis Nygaard [19] describes a numerical method for turbine optimiza-
tion. The work includes descriptions of general aspects in turbine optimization.
The optimizations are focused on cost of energy and primarily takes the aero-
dynamics into account. Very simple structural models are used for determining
structural properties, which are found by simple scaling of existing cross section
data. Aeroelastic calculations are avoided by assuming that fatigue loads are
correlated to steady state loads at rated wind speed. It has been shown that
this assumption is not valid and we have developed new engineering models for
prediction of fatigue loads which may be used for fast optimizations without
using aeroelastic calculations (Appendix F). A PhD study by Merz [20] is about
conceptual design of a Stall-Regulated Rotor for deep water o�shore use. It will
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be published in the near future 2011.

An introduction to aeroelastic stability issues for wind turbines is given by
Hansen MH [21][22][23]. The topic is also treated by Riziotis et al. [24]. Even
though aeroelastic stability is an important issue in connection to rotor design,
it has not been considered in this work apart from the response predicted by
aeroelastic simulations in the time domain.

Atmospheric turbulence is important for the dynamic loading on wind turbines
and Fransen [25] describes turbulence in wind turbine clusters. The spectrum
observed in the moving reference of the blade is discussed by Kristensen &
Fransen [26] and measurements are reported by Connel [27]. This special topic
is important for the fatigue loads on the blades.

1.2 Introduction to the project

The continuous development of wind turbine optimization tools means that
software packages expands signi�cantly as more experience is gained. The op-
timizations are based on the blade optimization tool HAWTOPT [16], which
is developed at Ris� DTU, Denmark. The aerodynamic optimization variables
include the chord, twist and thickness distributions, but HAWTOPT can han-
dle a large number of constraints and variables. At the start of this PhD study
it was decided that the aerodynamic module needed improvements in order to
accurately calculate the quasi-steady aerodynamics and the annual energy pro-
duction (AEP). A corrected blade element momentum method BEMcor [11] has
been implemented. A structural module was also needed for evaluation of struc-
tural properties and a new module for blade structural layout was developed.
Focus was on developing a model which can lay out the overall properties of the
blade and provide key parameters for the aeroelastic properties but at the same
time be as simple as possible, thereby keeping the number of design variables at
a minimum. Finally, with the structural data available, aeroelastic simulations
were made using HAWC2 in order to calculate fatigue loads. The structural
and aerodynamic design is now integrated in HAWTOPT and can be used to
optimize a conceptual aeroelastic design. Figure 1.1 shows a roadmap of the
design process.

Most optimization algorithms works e�ectively if the number of design vari-
ables are low and the initial design is relatively close to the optimum. This
will enhance the numerical stability and reduce computation time. It is very
challenging when the design is far from optimum and constraints are possibly
violated. In that case there is a risk that a local optimum is found instead of the
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Figure 1.1: Project roadmap

global optimum or the algorithm may become unstable. This is especially likely
to happen if many engineering models are used together, which is the case in
wind turbine optimization. Based on practical issues, there are therefore many
reasons for reducing the design problem as much as possible. Once a concep-
tual design has been found, it is possible to re�ne the optimization using more
advanced models and more design variables. Thus, while it may be tempting to
start with computational-heavy and accurate numerical models it is in practice
a very di�cult task and it will not provide any general understanding. Another
reason for starting with simple models is that important parameters and their
relative inuence is clari�ed. This principle is applied throughout the presented
work where it is the aim that the number of design variables should be as low
as possible and engineering models should be as simple as possible.

Blades have been optimized for a 5 MW pitch regulated variable speed turbine
(PRVS), which is a representative design for modern turbines. The optimiza-
tion is focused on weight restrictions and fatigue loads due to bending of the
blades caused by atmospheric shear, turbulence and gravity. Other objectives
may be important but the fatigue loads are key parameters in the blade design
process. The optimization tools may of course be used for optimization of other
objectives. The primary constraint is the energy production because the yearly
revenue is directly proportional to it.

Most published studies are focused on minimizing a cost function by taking
individual component material and manufacturing costs into consideration as
well as transportation etc. While this may be possible for a company it is not
easily done in general in a scienti�c context because of lacking knowledge of the
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speci�c cost functions. More and more turbines are placed at sea and the blade
production costs are now only a relatively small fraction of the total cost and
more emphasis is on reliability. In this work focus in on the optimization of
key parameters instead of cost. To ensure the design is economically feasible,
various constraints are used. E.g. a minimum annual energy production.

The PhD project described in this thesis has focused on the development of tools
for conceptual design of the rotor blades. The conceptual design represents
a simpli�ed initial layout of the blade, which is detailed enough to describe
the overall aerodynamic and structural properties. Combining this yields the
aeroelastic properties which are key parameters for fatigue loads and dynamic
stability, and which must be considered in the initial design phase. Subsequently
the blade aerodynamics and structure can be re�ned, without changing the
aeroelastics signi�cantly.

The blade design is made using engineering models coupled to optimization
software. The engineering models describe the quasi-steady aerodynamics and
the structural properties, and an aeroelastic simulation software is used to obtain
time series of loads and energy production under unsteady conditions. Models
for e.g. noise may also be used but focus is on the aforementioned. The �nal
conceptual design is described by the aerodynamic shape and the structural
layup of material inside the blade. This represents two vast engineering �elds
which in combination with heavy numerical optimization results in a complex
problem.

The scope of this thesis is to present important results from the project. Numer-
ical results have been combined with discussions of key parameters and thereby
fairly general conclusions have been made. Focus is on the optimization method-
ology and results, but details are also included where appropriate. Aeroelastic
optimization is complex, but hopefully reading this thesis will create an overview
of the relations between many parameters in the rotor design process.

1.3 Design variables, constraints and objectives
- model limitations

The design variables considered in this thesis are the spanwise distributions of
chord, twist and thickness. These are numerically optimized and the process
includes an automatic de�nition of the blade structural properties. Constraints
are put on the annual energy production, blade mass and tip deection relative
to the blade shape at zero load. The objective is to minimize a selected load or
combinations thereof. In this thesis apwise fatigue loads have been minimized.
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Some important limitations are listed below. Note that these may all be included
in the optimization method presented.

� Edgewise fatigue loads are not minimized (however, the �nal design shows
a reduction).

� The undeformed blade is assumed straight.

� Buckling is not considered.

� The design load cases does not include storm loads, e.g. DLC 6.4 .

� The design load cases does not include cases which are strongly controller
dependent.

� The design load cases does not cover cases where stability is important.

� Load extrapolation of extreme loads is not done.

1.4 Outline of the thesis

The contents of the thesis is:

Chapter 2 is an introduction to important issues in the aerodynamic design
of rotors.

Chapter 3 and 4 introduces the developed cross section and blade struc-
tural models for conceptual structural design.

Chapter 5 describes the wind turbine optimization methodology used in
the project.

Chapter 6 discusses results of aeroelastic optimizations.

Chapter 7 contains conclusions from the project.

Appendix A is a summary of the basic aerodynamic rotor equations.

Appendix B describes analytical equations for aerodynamic rotor design.

Appendix C describes the fatigue analysis used for simplifying a complex
dynamic load spectrum into an equivalent load.

Appendix D describes BEMcor. Published in Wind Energy.
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Appendix E describes numerical aerodynamic optimization using the cor-
rected blade element momentum method (BEMcor). Submitted for publi-
cation.

Appendix F describes analytical prediction of blade fatigue. Submitted
for publication.

1.5 Contributions

An overview of the work carried out during the 3-year PhD study is given below.
This includes topics which will not be described in detail in this thesis. Unless
otherwise stated the author is Mads D�ssing.

� A method for analysis of wind tunnel measurements using high frequency
microphones distributed over the surface has been established. The anal-
ysis aims at determining the laminar to turbulent transition point. The
method is described in technical reports [28] and [29](co-author) and was
presented to the industry on the Aeroelastic Workshop, May 20081. Re-
sults are given in the technical reports [30][31] and [32].

Work has also been carried out in relation to the full scale DAN-Aero
experiment where transition has been measured under unsteady inow
conditions.

� The corrected blade element momentum method BEMcor has been im-
plemented in the optimization program HAWTOPT. A reviewed article
on the method has been published in Wind Energy [11](Appendix D)(3rd
author). A conference paper [33] was also published at the 2009 EWEC
Conference in Marseilles and a poster presentation was given. A journal
article on aerodynamic optimization has been submitted for publication
in Wind Energy: Appendix E(1st author).

� Methods for analytical aerodynamic design has been studied and a model
based on constant axial induction has been de�ned (Appendix B). This
has clarifed key parameters in aerodynamic design.

� A structural model for cross section properties has been developed. This
has been combined with a simple method for layout of the material in
the blade in order to obtain structural data using as few parameters as
possible. This is described in Chapters 3 and 4. The model is linked to
HAWTOPT.

1Ris� DTU EFP-Themeday
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� Based on comprehensive studies of aeroelastic simulations an analytical
model for the fatigue loads on blades due to shear, turbulence and gravity
loads has been been derived. A conference paper [34] was published at the
6th PhD Seminar Wind Energy in Europe, Trondheim 2010. A journal
article on the topic has been submitted for publication in Wind Energy:
Appendix F(1st author).

� HAWOPT, including BEMcor and the developed blade structure module,
has been linked to the aeroelastic calculation program HAWC2 and aeroe-
lastic optimizations have been carried out. The results are described in
this thesis.

� Collaboration with industrial partners has taken place in 2 projects where
blades have been designed. The contents of these projects are con�dential.
The workload for the author was approximately 250 hours.

� Contributions have been made to a conference paper on winglets for wind
turbines by Gaunaa et al. [9](3rd author).



Chapter 2

Aerodynamic design

The topic of this chapter is the quasi-steady aerodynamic design of the rotor
at various wind speeds or tip speed ratios. This inuences the annual energy
production and the mean value of structural loads, and it is therefore a good
starting point in the design process. A general introduction to rotor aerody-
namics will be given and this highlights key parameters.

Both analytical and numerical results are discussed. The analytical design model
is presented in detail in Appendix B and it describes the basic design variables.
However, even though the analytical designs are good they do not represent
the optimum, and for this the numerical models are necessary. Such numeri-
cal optimizations have been carried out and are described in Appendix E. In
this chapter selected results have been included. The numerical aerodynamics
were calculated using the corrected blade element momentum method (BEMcor)
which is described in Appendix D.

It will be explained later that the sensitivity to atmospheric turbulence can be
calculated based on quasi-steady aerodynamic design parameters. However, full
aeroelastic calculations will be necessary in order to include controller perfor-
mance and possible stability problems and the discussion about fatigue therefore
falls naturally into Chapters 5 and 6 and is omitted here.

Introductions to general wind turbine aerodynamics are found in Hansen MOL
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[2] and Burton et al. [3].

2.1 2D airfoil aerodynamics

The airow at a given radius on the blade is to a �rst approximation 2 dimen-
sional. However, there are 3D e�ects due to spanwise ow and data must be
corrected for this. Important 2D aerodynamic parameters are the lift and drag
coe�cients

Cl =
l

1=2�v2
relc

(2.1)

Cd =
d

1=2�v2
relc

(2.2)

where l is the lift, d is the drag, � is the density of air, c is the chord and vrel
is the relative inow velocity.

The 2D ow depends on the Reynolds number Re, which typically is in the order
of 1.0e6 to 1.0e7 for a 5 MW machine depending on rotational speed1. At startup
the Reynolds number is small and it increases until the maximum rotational
speed is obtained. Airfoil data representing a typical Reynolds number can be
used but it is important to ensure that the data is not too sensitive to changes
in Re. The airfoil data can be obtained using computational uid dynamics
(CFD) or by testing in a wind tunnel. XFoil [35] is a program which gives good
results at modest inow angles. The 3D correction procedure used in this work
is described in [36]. Note that the blade element momentum method (BEM) is
depending on reliable 2D aerodynamic data. The uncertainty on this topic is
reduced by using pro�le series which are tested and validated.

Airfoil-data should be selected which are not sensitive to leading edge roughness.
The sensitivity depends on the actual design but in general airfoils which have
a thickness relative to chord greater than t �24% are sensitive. Thus, from an
aerodynamic viewpoint it is important that as much as possible of the blade
is made using thin pro�les, i.e. the relative thickness should be in the range
15%< t <24%.

It is important that the airfoil has little drag, because it decreases the turbine
power. The optimum lift to drag ratio l=d=Cl=Cd is usually limited to a small
range of the angle of attack �, and the blade should therefore operate at that
design point. For a given aerodynamic design, the value of Cl dictates c, since a

1Re is based on c
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given lift must be obtained. The choice of Cl therefore a�ects many structural
parameters such as sti�ness and mass etc., which depend on c. These are impor-
tant parameters inuencing the aeroelastic properties and this yields a complex
optimization problem. Experience shows that airfoils should have a high design
lift coe�cient because it reduces the dynamic loading due to turbulence and the
results from Chapter 6 con�rms this. The range from Cl to its maximum value
Cl;max should also be considered because it may a�ect stall induced vibrations
and because there should be some safety in that the Cl value can be obtained
in practice.

2.2 3D aerodynamic design

The 3D aerodynamics refers to the overall ow which is not limited to an area
close to the blades. This ow is governed by the axial induction a which decel-
erates the ow of air past the rotor, but a number of other phenomena are also
important. The 3D ow depends on the aerodynamic load distribution on the
blades. Given an optimum load distribution it is possible to design a blade in
many ways, and the result will depend strongly on the 2D airfoil data - this will
be explained in detail below.

The aerodynamics can e.g. be calculated using the following methods: Navier-
Stokes computational uid dynamics (CFD), where the actuator line method
and the actuator disc method (ACD) are special cases, potential ow methods
and the blade element momentum method (BEM). At the Technical University
of Denmark, a method is being developed where a CFD code is used in the
viscous boundary layer and the surrounding ow is calculated using a potential
ow method. The latter and CFD are the only methods which do not depend
on 2D data, but unfortunately they are computational heavy.

In the present work, the corrected blade element momentum method BEMcor
[11] was used for numerical calculations. This is a fast method and the accuracy
is good because it includes the e�ects of wake expansion and pressure change
caused by wake rotation. It is further important to note that very accurate 2D
airfoil data is available today where CFD and high quality wind tunnels are
available - however, it is still necessary to correct the data for 3D and roughness
e�ects and this procedure requires considerable engineering skills.

Before making optimizations it is worth studying the theory behind the 3D
aerodynamics because the problem can be reduced to depend on a few dimen-
sionless key-parameters. Important dimensionless integral properties are the
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power, thrust and root ap moment coe�cients

CP =
P

1=2�V 3
0 �R2 (2.3)

CT =
T

1=2�V 2
0 �R2 (2.4)

CF =
MFNB

1=2�V 2
0 �R3 (2.5)

where P is the power due to aerodynamics, T is the thrust force and MF is the
moment measured in the rotor center. V0 is the wind speed, R is the rotor radius
and NB is the number of blades. P is acting on the shaft and the electrical power
is diminished by the drive train losses. T generates an overturning moment on
the tower and MF is equal to the bending moment if the blade is clamped-free,
which is usually the case. For �xed tip speed ratio �, a blade with de�ned twist
(�), tip pitch (�p) and chord distribution will experience ow similarity and
constant values of CP , CT and CF . � is de�ned as

� =

R
V0

(2.6)

where 
 is the rotational speed. It will be shown in Section 2.3 that the require-
ment for a �xed chord can be overcome by requiring a �xed design parameter
instead, which gives some freedom in the value of c. The ow similarity is
caused by similarity in the loads distributed along the blade. The dimensionless
load distribution is given by the local thrust and torque coe�cients: Ct and Cq
((A.14) and (A.15)). Cq can be found for a given Ct and the aerodynamics can
therefore be reduced to depend on only Ct and �.

2.3 Design equations

The important parameters can best be explained by studying the basic rotor
theory. A comprehensive summary of important equations can be found in
appendix A.

The lift and drag coe�cients, which depend on the local angle of attack, are
projected onto a direction normal and tangential to the rotor plane yielding the
normal coe�cient Cy and the tangential coe�cient Cx (Equations (A.12) and
(A.11)). The thrust coe�cient is then de�ned as

Ct =
v2
relCycNB
V 2

0 2�r
(2.7)
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where r is the radius. Cy is usually dominated by the lift forces and assuming
zero drag the equation may be rewritten2

c�ClNB = Ct2�
r�

v�rel
2 cos�

(2.8)

where � is the inow angle measured relative to the rotor plane. v�rel=vrel=V0
is the dimensionless relative velocity and r�=r=R the dimensionless radius. For
�xed � and Ct, both v�rel and � are �xed as well and may be calculated as de-
scribed in section A.5. For a given � and distribution of Ct over the blade, the
distribution of c�ClNB is a corresponding design parameter which will ensure
a similar load distribution. It is noted that the design parameter will depend
slightly on NB because it a�ects the tip losses which changes v�rel and �. How-
ever, this is limited to the tip region and the changes are small. Thus NB is
included in the design parameter to highlight that the 3D design is largely inde-
pendent on the number of blades. In section 2.4 a detailed analytical example
is given.

Besides from � and the design parameter distribution, all other quasi-steady
properties follows in dimensionless form. E.g. CF , CP and CT .

Examples of optimum distributions of c�ClNB can be found in appendix F where
the inow angles are shown as well.

The actual blade shape is found by specifying Cl and NB and calculating c�.
The blade twist � can be found from the inow angle and the speci�ed angle
of attack using equation (A.4). c� and � now de�nes the aerodynamic shape of
the blade. The relative thickness t can be omitted in the aerodynamic analysis
if Cl and l=d are de�ned, which may be useful for design purposes. t is mainly
important for the structural properties and will �rst be included in Chapter 5.

The de�nition of the design parameter is inspired by the work of Burton et al.
[3] which describes a blade geometry parameter similar to c�ClNB .

2.4 Analytical design equations for uniform thrust

Equation (2.8) is local (i.e. distributed along the blade span). To obtain integral
quantities such as CP it is necessary to de�ne � and the distribution of e.g. Ct.
An analytical study has been made on rotors with constant axial induction,

2note that the drag can not be neglected when calculating the power but here it is a good
approximation
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which is equivalent to prescribed load distribution. The details can be found in
Appendix B and the results are discussed below.

The turbine is de�ned by specifying � and Ct2, which is Ct corrected for tip
losses

� ; Ct2;d = (Ct=F)design (2.9)

Where F is Prandtl’s tip loss factor. The axial induction is related to Ct2;d
according to (A.40).

a = k3C3
t2;d + k2C2

t2;d + k1Ct2;d (2.10)

This polynomial is used in HAWC2 [37] and represents the classic BEM results
at low loadings and ACD results at high loading. In the following it must be
remembered that a=a(Ct2;d), which is not explicitly written. Two dependent
design coe�cients are de�ned and they govern the inuence of tip losses and
wake rotation.

A1 =
1
2
NB

s

1 +
�2

(1� a)2 ; A2 =
Ct2;d
�2 (2.11)

The inuence of tip losses is described by integrals which have been calculated
numerically for di�erent values of A1. By �tting a curve to the result a correction
on total thrust due to tip losses is found (A1 >5)

CT;F = �
1:392

1:2 +A1
Ct2;d (2.12)

A similar correction on the ap moment is (A1 >5)

CF;F = �
1:4

2:3 +A1
Ct2;d (2.13)

By integrating as function of A2, a correction for wake rotation losses on the
power is found (A2 <0.065)

CP;a0 =
�
4:906A2

2 � 1:173A2 � 0:002362
�
Ct2;d(1� a) (2.14)

The total thrust and root ap moment coe�cient can now be found

CT = Ct2;d + CT;F ; CF = 2=3Ct2;d + CF;F (2.15)

The inuence of drag on the power is

CP;d = �CF� (l=d)�1 (2.16)
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where a uniform l=d is assumed. The importance of l=d is seen, and this should
be as high as possible. CP;d is the only quantity which depends on drag, and
this follows from the assumption that drag has no inuence on Ct. The total
aerodynamic power is

CP = (1� a)CT + CP;a0 + CP;d (2.17)

(1 � a)CT is the major contribution to the shaft power and it represent the
power exerted by the airow onto the rotor thrust. It is diminished by CP;a0
and Cp;d. The inviscous power coe�cient CP;l is de�ned as

CP;l = CP � CP;d (2.18)

In general CP;l can be calculated using Equation (A.53).

The distributed apwise moment due to aerodynamics is

Cf = Ct2;d
�

1=3r�3 � r� + 2=3
�

+ CF;F � r�CT;F ; r� <
r�F + 1

2
(2.19)

where r�F is the radial position where tip losses becomes negligible (Eq. A.39).
The apwise bending moment is usually the dominating force on the blade and
the layup of the main spars may be based on (2.19). In that case Mf should
be calculated at rated wind speed where the aerodynamic forces are largest (for
pitch regulated turbines). Note that the dimensionless bound circulation and
other quantities also follows from the analysis. The tip loss factor is

F =
2
�

arccos
�
eA1(r��1)

�
(2.20)

Equations (2.9) to (2.20) are relatively simple considering the complexity of the
problem and the important quantities can be plotted as function of � and Ct2;d.
Figure 2.1, 2.2 and 2.3 shows contour plots of CP , CT and CF for l=d=100. The
CP contours depend strongly on l=d and the value selected is representative for
most practical designs. There is a clear peak in the predicted power around
�=8 and Ct=F=0.98. On the �gure is also seen the working points for the
NREL 5MW reference turbine [18]. Figure 2.4 shows the spanwise distribution of
the design parameter at various working points. In general, the design parameter
becomes larger at low � and high loading (Ct=F ) but by varying Cl it is also
possible to obtain the exact same chord distribution independent of �, as long
as the Cl value can be obtained in practice. However, often Cl is determined
based on the selected airfoil, structural requirements and aeroelastic properties.
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Figure 2.1: Contour plot of CP versus local thrust coe�cient and tip speed
ratio. The symbols indicate values for NREL 5MW. The triangle represents
the largest � which is equivalent to wind speeds in the range 5< V0 <9 m/s
where 
 is varied. The circles represent V0=10 and 11 m/s where the max 

is reached and � therefore decreases and the turbine is less aerodynamically
e�cient (lower CP ). The crosses indicate wind speeds where the rated power
is reached (11 m/s< V0). The trust drops signi�cantly because the blades are
pitched toward lower angle of attack to reduce power. Note that this is an
idealized representation of the working points for a PRVS turbine.

The CF contours are aligned with the CT contours but in more re�ned designs it
is important to notice that reductions in bending moments may be obtained by
optimization, which will decrease the loading near the tip. Figure 2.5 shows
distributed variables for NREL 5MW in its original layout at �=7. The design
parameter is compared to the analytical found using the analytical model and
the same �. Ct=F is selected in order to obtain the same CP as NREL 5MW. The
largest di�erence is found near the root and tip. Note that on NREL 5MW Ct=F
is increasing toward the tip, which is often seen in practice. An improvement to
the analytical design model would therefore be to use a distribution model for
Ct=F which decreases near the root and increases near the tip.

There are no corrections for wake expansion and the e�ects of wake pressure
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Figure 2.2: Contour plot of CT versus local thrust coe�ent and tip speed ratio.
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Figure 2.3: Contour plot of CF versus local thrust coe�ent and tip speed ratio.

due to rotation, but these e�ects may be neglected when studying �rst order
e�ects. The e�ects are included in BEMcor, which will be used in subsequent
numerical calculations and optimizations.

2.5 Single and multi point optimization

The design parameter is de�ned in a working point represented by �. A �nal
design can only be made by considering the whole range of operating conditions
but the single point design will still be a good �rst approximation. Typically a
� value is selected which corresponds to wind speeds below rated power because
there is no need for power optimization above rated wind speed. For PRVS
turbines, AEP is only slightly a�ected by the turbine being designed in a single
point, but it is noted that this depend on many factors and the designer must
consider this in the design process. If the turbine operates at wind speeds
where the design � can not be achieved due to restrictions in rotational speed,
the turbine will pitch toward higher angles of attack in order to maintain a high
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Figure 2.4: Overview of the aerodynamic design parameter versus local thrust
coe�ent and tip speed ratio.

loading despite 
 being below design value. If Cl;max is reached there will be a
drop in power in addition to the drop in power caused by the increase in drag as
the airfoil gets closer to stall. This must be considered if the design point is well
below rated wind speed and � is large - in that case there should be su�cient
lift reserve between Cl and Cl;max. In Chapter 6 a design point at rated power
is used (i.e. low �) which gives good initial results. Thus, PRVS turbines may
be optimized in a single point, but a multi point optimization is still necessary
for the evaluation of fatigue loads and for �nal optimization of AEP.

2.6 Numerical aerodynamic optimization

In the following a summary of the work done on aerodynamic optimization of
wind turbine rotors is given. It is described in details in Appendix E.

The blade element momentum method with corrections for wake rotation and
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Figure 2.5: Design variables for the NREL 5MW turbine at �=7.

expansion (BEMcor) was used. The wake rotation refers to the positive e�ects of
the suction created behind the turbine in the root region. The wake expansion
has a negative e�ect near the tip. Both e�ects are not included in the traditional
BEM method. BEMcor is described in detail in [11].

A plot of the dimensionless axial velocity in the rotor plane v�a=va=V0 is useful for
validation of BEMcor, because the corrections are included in order to calculate
it more accurately. Figure 2.6(a) shows the di�erence in v�a obtained using BEM
and BEMcor for a redesign of the NREL 5MW rotor where the rotor is designed
for maximum power at �=8, using Ris� B1-15 airfoils with design Cl=1.4 and
l=d=110 on the entire rotor (Ref. [38]). �vW and pw refers to details in the
model. The results are compared to an ACD calculation and a good agreement
is observed between BEMcor and ACD - ACD being the most accurate of the
methods. The BEM method shows some di�erences in the root and tip region.
The impact of these di�erences depends on the actual blade design and its
load distribution, leading to di�erences in CP , CT and CF . Table 2.1 compares
results for the NREL 5MW turbine [18] at wind speeds of 5 and 11 m/s. BEMcor
predicts a 0.5% lower value of CP , compared to BEM.

A series of aerodynamic optimizations have been carried out. The objective was
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CP CT CF
V0=5 m/s, �=8.0
BEMcor 0.4937 0.8637 0.5884
BEM 0.4961 0.8697 0.5964
V0=11 m/s, �=6.4
BEMcor 0.4593 0.7186 0.4811
BEM 0.4617 0.7183 0.4831

Table 2.1: Comparison of di�erent aerodynamic models used to calculate prop-
erties for the NREL 5MW turbine [18].

either maximum power, or minimum thrust at reduced power. The latter is in
order to reduce the loads which increase dramatically when the optimum power
is sought. The optimization variable is the distribution of axial induction, which
is equivalent to the load distribution. Note that results have been found using
both BEM and BEMcor in order to highlight di�erences in the design optima.

Figure 2.6(b) shows the optimum values of CP plotted against �. The results
are given with and without tip losses and drag, and the importance of these
e�ects can be seen. The most realistic case is with tip losses and drag included,
and there is very little di�erence in the results for 6< � <8, which is often the
range for operation below rated power.

Figure 2.7 shows the optimized design parameter and inow angle distributions
at two operation points: �=5 and �=7. It is noted that there is only a minor
di�erence between BEM and BEMcor. The distributions of the design parameter
are almost equal. The major di�erence is in the inow angle, and the blade twist
should therefore be di�erent.

Optimizations at �=6 and 8 at reduced power, shows that there may be impor-
tant di�erences in CP , CT and CF when comparing BEM and BEMcor. This is
discussed in detail in Appendix E. Note that BEMcor shows a possible reduction
in the apwise bending moment at �=6, which is a typical value at rated power
where the largest quasi steady loads are found, i.e. the design loads.
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2.7 Conclusions

All quasi-steady key parameters in the 3D aerodynamic design are dimensionless
and follows from � and the distribution of Ct. This includes the distributions
of inow angle � and the design parameter c�ClNB and moment coe�cient Cf
as well as the integral power, thrust and moment coe�cients (CP , CT and CF ).
These quantities have been described analytically in the case of a de�ned con-
stant value of Ct2, which is equivalent to a constant axial induction. Examples
of the design parameter optimized using BEM and BEMcor have been given.

Given the 3D aerodynamic design the actual distribution of c� follows from the
distribution of Cl which is a key 2D parameter. The value of c� inuences the
blade structural parameters such as sti�ness, mass and eigenfrequencies, and is
also important for the fatigue sensitivity to unsteady inow.

The 2D drag has very little inuence on the 3D aerodynamics and therefore
it has no direct inuence on the blade design. Instead, the drag generates a
moment which reduces the turbine power. In practice, the choice of Cl will
depend on the drag characteristics (i.e. a high l=d is preferable) but this may be
overcome by using pro�les with good performance at the desired Cl values.

BEMcor has been validated and gives results which are close to those of an
actuator disc. For a speci�c turbine, the di�erence in predicted CP was 0.5%.
It has also been shown that there are fundamental di�erences in the optima
for BEMcor compared to BEM. E.g. a turbine with the same power may be
designed for a lower apwise bending moment using BEMcor. The di�erence in
the blade aerodynamic shape is mainly on the twist.
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Chapter 3
Structural model for the blade

sections

This chapter deals with the structural properties of a blade cross section. A
relatively simple model is used which is su�cient to provide the most important
data which is used as input to the blade layout model presented in Chapter
4. The method is based on dimensionless coe�cients from which scaling to the
actual chord and shell thickness can be made.

In the following it is shown how structural parameters can be obtained, which
are assumed to be su�cient to make trustworthy aeroelastic calculations and
stability analysis. Because the scope of this work is not in the structural details
it is possible to reduce the number of inputs, which will simplify aeroelastic
optimizations. The important structural data which should be modeled includes
the bending sti�ness EI, the torsional sti�ness GJ , the section mass m and
various centers. The method predicts the center of gravity (CG) and the elastic
center (EA1). The shear and aerodynamic centers (SC and AC) are not described
and are de�ned. From 2D analysis for thin airfoils it is known that AC is in 1=4c
and this will be assumed to be true in general. SC is assumed constant. Flutter
stability depends mainly on EA, CG and AC but other instability issues and the
general aeroelasticity is more complicated. The geometrical shape of the blade
(sweep, prebend etc.) and the distribution of properties are also important, but
this is treated in later chapters.

1EA should not be confused with the spanwise sti�ness EA
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The method is based on integrals which in general can be calculated numerically
for an arbitrary cross-section. A model where the cross section is represented
by straight line polygons is also described. This has the advantage that an an-
alytical solution is available. However in the following chapters data obtained
numerically for realistic shaped airfoils is used. Methods based on Taylor ex-
pansions are also given as well as a study of simple scaling of reference data.

A general introduction to the wind turbine cross section properties is found in
M.O.L. Hansen [2]. This has been combined with the methods for structural
idealization described in Megson [39], Chapter 9.

The important material parameters are the spanwise elastic modulus E11, the
in-plane shear modulus G12 of the outer shells and the density �. Subscript 1
refers to the spanwise direction which is orthogonal to the cross section. In the
following the notation is simpli�ed to E and G.

3.1 Coordinates and section layout

The calculations are based on thin walled sections (shells) which are divided
into sectors denoted �, �,  and �. �, � and  sectors follow the airfoil surface.
The � sectors represent the shear webs. Shear deformations are not considered
and in the following the � sectors are included primarily to take their mass into
account.

The structural sections are de�ned symmetrically around EA. In that way EA
will not move if more material is added in a sector. The � sector is the main
carrying spar and the -sector represents the leading and trailing edges. The �
sector is connecting the two and � represents the shear webs. They are de�ned
by x1 : : : x5 which gives the positions along the chord line relative to the leading
edge.

The following analysis is simpli�ed by using a coordinate system with origo in
the elastic axis (EA) (see Figure 3.1). The position can be determined using (3.6)
and the coordinate system subsequently moved. Figure 3.2 shows an example
of a structural layout before translating the coordinates so they will have origo
in EA.
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Figure 3.1: The coordinate system and principal axes. The coordinate system
should have origo in EA.
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3.2 Structural integrals

The important structural quantities are described by the integrals in Table 3.1.
The torsional sti�ness requires special considerations and is included later.

Section area (closed section) A0 =
R
S sgn(y)y dx

Section mass m =
R
A � dA

Longitudinal sti�ness EA =
R
AE dA

Moment of sti�ness about the x axis ESx =
R
AEy dA

Moment of sti�ness about the y axis ESy =
R
AExdA

Moment of mass about the x axis �Sx =
R
A �y dA

Moment of mass about the y axis �Sy =
R
A �x dA

Moment of sti�ness inertia about the x axis EIx =
R
AEy

2 dA
Moment of sti�ness inertia about the y axis EIy =

R
AEx

2 dA
Moment of centrifugal sti�ness EDxy =

R
AExy dA

Table 3.1: De�nitions of cross section integrals. Note that A0 should be inte-
grated over the surface contour lines described by y(x) in order to obtain the
enclosed area. sgn denotes the sign of y. A refers to areas where material is
present. E is the elastic modulus and � the mass density.

Assuming thin shells with thickness h and uniform properties across them it
is possible to switch to line integrals along the shell lines described by r =
fx; y(x)g. Using the chordwise coordinate x as parameter, the area segment is

dA = h ds ; ds =

dr
dx

 dx =

s

1 +
�
dy(x)
dx

�2

dx (3.1)

Where ds is the curve length. Note that airfoil surfaces are usually described by
x and y(x) so the integrations are now single integrals over x. x is not a possible
parameter if sections are aligned with the y-axis which is the case for the shear
webs. In that case y must be used as integration variable and ds = dy. The
section shell thickness’s are de�ned as

h� = �c ; h� = �c ; h = c ; h� = �c (3.2)

The section mass integral can now be written as

m =
Z

A
�h ds = �c��

Z

�
ds+ �c��

Z

�
ds+ c�

Z


ds+ �c��

Z

�
ds (3.3)

The geometrical quantities are made dimensionless by dividing with the chord

x� =
x
c
; y� =

y
c
) ds� =

ds
c

(3.4)
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This results in the following expression where the integral may be evaluated
numerically

m = c
X

i

hi�i
Z

i
ds� = c2

X

i

�i�i
Z

i
ds� (3.5)

Index i refers to the di�erent sectors and �i is the given sectors thickness pa-
rameter (�, �, , �). The integral is a dimensionless geometrical quantity which
depends on the structural shape and the layout of the sectors. Note that the
integration over the � sector includes two integrals - one on the pressure side
and one on the suction side. In the same way the integrations over the other
sectors are divided into sub-integrals each having a monotonically increasing
integration variable. Repeating the procedure for all structural integrals yields
the dimensionless coe�cients in Table 3.2.

CA0 =
R
i sgn(y�)y� dx�

CAi =
R
i ds

�

CSxi =
R
i y
� ds�

CSyi =
R
i x
� ds�

CIxi =
R
i y
�2 ds�

CIyi =
R
i x
�2 ds�

CDxyi =
R
i x
�y� ds�

Table 3.2: Dimensionless geometrical quantities. These should be calculated
using a coordinate system with origo in EA in order for scaling to be correct.

The structural properties can now be expressed as listed in Table 3.3.

Section area (closed section) A0 = c2CA0

Section mass m = c2P
i �i�iCAi

Longitudinal sti�ness EA = c2P
i �iEiCAi

Moment of sti�ness about the x axis ESx = c3P
i �iEiCSxi

Moment of sti�ness about the y axis ESy = c3P
i �iEiCSyi

Moment of mass about the x axis �Sx = c3P
i �i�iCSxi

Moment of mass about the y axis �Sy = c3P
i �i�iCSyi

Moment of sti�ness inertia about the x axis EIx = c4P
i �iEiCIxi

Moment of sti�ness inertia about the y axis EIy = c4P
i �iEiCIyi

Moment of centrifugal sti�ness EDxy = c4P
i �iEiCDxyi

Table 3.3: Cross section properties based on dimensionless coe�cients.

The coe�cients have been calculated numerically based on the geometry of the
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NACA 34xx airfoil series using de�ned values of x1 : : : x5. The resulting set of
coe�cients depends on thickness and are given in Section 3.8. An example of
analytical expressions for the coe�cients is given in Section 3.6.

The center of gravity and the center of mass are found as (note that xEA=0 if
the coe�cients are correctly calibrated)

xEA =
ESy
EA

yEA =
ESx
EA

(3.6)

xCG =
�Sy
m

yCG =
�Sx
m

(3.7)

3.3 Principal axes

The 1st principal axis is rotated by the angle �

� =
1
2

tan�1
�

2EDxy

EIy � EIx

�
(3.8)

The 2nd principal axis is perpendicular to the 1st. The bending sti�ness’s about
the principal axes are

EIx0 = EIx � EDxy tan � (3.9)

EIy0 = EIy + EDxy tan � (3.10)

3.4 Torsional sti�ness

Assuming St. Venant torsion for a single closed cell, i.e. the pro�le surface shell
is assumed to carry all shear forces due to torsion.

GJ =
4A2

0H 1
h(s)G(s) ds

(3.11)

Rewriting using the �, �,  de�nitions

1=GJ =

H 1
h(s)G(s) ds

4A2
0

(3.12)

1=GJ =
1

�G�CA� + 1
�G�

CA� + 1
GCA

4C2
A0
c4 (3.13)
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If the section can not be approximated by a single cell, the method of successive
approximations can be used (see [39]), however, the method is iterative and
cannot be linearized easily.

3.5 Material parameters

The structural model requires that the user speci�es E11, G12 and � for each
sector on the blade. In most cases the material will be a �ber laminate and the
values must represent the overall engineering values. This gives considerable
exibility for the user when selecting E11 and G12, which depends on the layup.
The use of �ber laminates also allows twist-bending coupling, but this is not
included in the model. In the laminates, a symmetric �bre layup must therefore
be used because it has zero twist-bending coupling.
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Figure 3.3: Layout of polygon model (t=21%). EA and CG are for the polygon
model.

3.6 Polygon model

The geometrical coe�cients in Table 3.2 can be determined analytically using
the expressions in Table 3.4. The layout corresponds to a polygon model with
straight line segments as seen in Figure 3.3. The slope a is de�ned to make
the pro�le taper o� to zero at the trailing edge. Note that the principal axes
by de�nition are aligned with the x and y axes. Note that x1 : : : x5 now are
de�ned relative to EA, the position of which must be assumed. However, it is
relatively safe to assume EA=0.4 relative to the leading edge. t is the relative
pro�le thickness.

a � t
2(x5�x3)

b
p

1 + a2

CA0� (x3 � x2)t
CA0� (x2 � x1 + x4 � x3)bt

+(3x2
1 + x2

4 + 3x2
2 � 6x2x1 + x2

3 � 2x3x4)ab
CA0 (x5 � x4)bt+ (x2

5 � x2
4 � 2x3x5 + 2x3x4)ab

CA0� 0
CA� 2(x3 � x2)
CA� 2(x2 � x1 + x4 � x3)b
CA t+ 2(x5 � x4)b+ 2(x2 � x1)a
CA� 2t
CIx� 1=2(x3 � x2)t2
CIx� 1=2(x2 � x1 + x4 � x3)bt2 + (3(x2 � x1)2 + (x4 � x3)2)abt

+(14=3(x2 � x1)3 + 2=3(x4 � x3)3)a2b
CIx (2b((a(x5 � x4) + 1=2t+ a(x4 � x3))3 � (1=2t+ a(x4 � x3))3))=(3a)
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+2=3(1=2t+ a(x2 � x1))3

CIx� 1=6t3
CIy� 2=3(x3

3 � x3
2)

CIy� 2=3(x3
2 � x3

1 + x3
4 � x3

3)b
CIy x2

1t+ 2=3(x3
5 � x3

4)b+ (2x2x2
1 � 2x3

1)a
CIy� (x2

2 + x2
3)t

CSy� x2
3 � x2

2
CSy� (x2

2 � x2
1 + x2

4 � x2
3)b

CSy x1t+ (x2
5 � x2

4)b+ (2x1x2 � 2x2
1)a

CSy� (x2 + x3)t
CDxy� 0
CDxy� 0
CDxy 0
CDxy� 0

Table 3.4: The structural coe�cients for the polygon model.

3.7 Example: NACA 3421

To validate the model the 5MW NREL reference turbine at r=37.7 m (t=21%)
has been used as a test case. The structural layout has been modelled using 3
methods:

1. Numerical integration of coe�cients based on the geometry of a NACA
3421 pro�le.

2. The polygon model for calculation of coe�cients.

3. PreComp and the geometry of a NACA 3421 pro�le. PreComp [40] is a
numerical tool for determining cross section properties.

The NREL 5MW turbine uses TU Delft pro�les but here the NACA 3421 pro�le
is used because its shape is representative for many airfoils. Results are found in
Table 3.5. All 3 models yields results which are close to the target values of the
reference turbine. The input parameters have been varied based on assumptions
for the structural layout and material parameters until the values for m, EA,
EIx, EIy and GJ showed good agreement. The model is then considered to be
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calibrated. Note that the simpli�ed semi-analytical models yield good results
but that the polygon model requires some tuning of G.

The value of EA reported in the NREL5MW documentation [18] appears to
be very high and a lower value have been assumed instead which appears to be
more realistic. EA inuences the local spanwise strains and stresses, but besides
from that it has very little inuence, and the uncertainty has been accepted.

Figure 3.4 shows the properties when the thickness of the �-sector is scaled by
f�. PreComp is considered to be most accurate and the other methods yield
good results when compared.
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Figure 3.4: A comparison of the results when scaling � with the factor f�
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3.8 Structural coe�cients for the NREL 5MW
turbine

The process described in Section 3.7 has been repeated for di�erent airfoil thick-
ness, resulting in the following set of coe�cients:

Designation NACA3417 NACA3421 NACA3425 NACA3430 NACA3435 NACA3440 Cylinder
t [%] 1.7000e+001 2.1000e+001 2.5000e+001 3.0000e+001 3.5000e+001 4.0000e+001 1.0000e+002
C_A0_alfa 5.5124e-002 6.7844e-002 8.0862e-002 9.7696e-002 1.1500e-001 1.3046e-001 3.4045e-001
C_A0_beta 5.2422e-002 6.4705e-002 7.7813e-002 9.3985e-002 1.1004e-001 1.2404e-001 3.8565e-001
C_A0_gamm 5.7512e-003 6.5273e-003 7.4610e-003 8.9122e-003 1.0264e-002 1.1569e-002 5.9285e-002
C_A0_delt 0 0 0 0 0 0 0
C_A_alfa 7.0329e-001 7.0364e-001 7.0063e-001 7.0102e-001 7.0421e-001 7.0781e-001 7.1001e-001
C_A_beta 1.0540e+000 1.0641e+000 1.0746e+000 1.0865e+000 1.1017e+000 1.1146e+000 1.2839e+000
C_A_gamm 2.7261e-001 2.8745e-001 3.4040e-001 3.4033e-001 3.6946e-001 3.9734e-001 1.1523e+000
C_A_delt 2.9242e-001 3.6059e-001 4.3210e-001 5.2196e-001 6.1290e-001 6.9282e-001 1.8753e+000
C_Ix_alfa 4.3614e-003 6.6011e-003 9.4330e-003 1.3798e-002 1.9102e-002 2.4551e-002 1.7023e-001
C_Ix_beta 3.0281e-003 4.6085e-003 6.6647e-003 9.8241e-003 1.3651e-002 1.7629e-002 1.9283e-001
C_Ix_gamm 2.4869e-004 3.4820e-004 4.9023e-004 7.3366e-004 1.0586e-003 1.4318e-003 2.9643e-002
C_Ix_delt 5.2832e-004 9.8754e-004 1.6972e-003 2.9877e-003 4.8340e-003 6.9774e-003 1.3739e-001
C_Iy_alfa 8.9966e-003 8.2903e-003 7.9196e-003 8.0577e-003 8.1784e-003 7.6762e-003 7.2741e-003
C_Iy_beta 1.1361e-001 1.1910e-001 1.2191e-001 1.2210e-001 1.2419e-001 1.3109e-001 1.2815e-001
C_Iy_gamm 5.8725e-002 6.1096e-002 6.9610e-002 6.9790e-002 7.4295e-002 7.8053e-002 2.5844e-001
C_Iy_delt 1.0081e-002 1.1897e-002 1.3895e-002 1.7027e-002 1.9959e-002 2.1976e-002 5.6643e-002
C_Dxy_alfa 8.3234e-005 1.0531e-004 1.2147e-004 1.7312e-004 1.6142e-004 2.0193e-004 5.3480e-004
C_Dxy_beta -8.4465e-004 -1.0674e-003 -1.0595e-003 -1.1011e-003 -1.1660e-003 -1.1758e-003 6.0500e-004
C_Dxy_gamm -3.4157e-004 -4.1661e-004 -3.1042e-004 -6.2714e-004 -7.6367e-004 -1.1894e-003 9.3861e-005
C_Dxy_delt 1.5784e-004 2.0172e-004 2.1477e-004 2.4017e-004 2.3416e-004 2.4411e-004 -1.7795e-004
C_Sx_alfa 2.6807e-003 2.2678e-003 2.1356e-003 2.0437e-003 2.2753e-003 1.1591e-003 -2.7710e-007
C_Sx_beta -4.2287e-003 -5.3971e-003 -4.1186e-003 -3.5485e-003 -3.4051e-003 -3.3476e-003 -2.1460e-006
C_Sx_gamm -4.6190e-003 -4.7668e-003 -5.0928e-003 -4.4463e-003 -4.1570e-003 -3.4124e-003 1.1952e-006
C_Sx_delt 2.4179e-004 1.3353e-005 2.5686e-004 3.4264e-004 4.9414e-004 1.6570e-004 -7.3188e-007
C_Sy_alfa -3.5268e-002 -2.7316e-002 -2.3568e-002 -2.5581e-002 -2.6219e-002 -1.6491e-002 4.1162e-004
C_Sy_beta 1.7383e-001 1.8641e-001 1.9254e-001 1.9045e-001 1.9236e-001 2.0717e-001 1.7915e-003
C_Sy_gamm 8.7910e-003 5.4370e-003 -9.6036e-003 -7.5650e-003 -1.7439e-002 -2.0861e-002 -1.1645e-003
C_Sy_delt -1.7427e-002 -1.7604e-002 -1.8307e-002 -2.3885e-002 -2.8138e-002 -2.3075e-002 1.0872e-003
x1/c 5.0000e-002 5.0000e-002 5.0000e-002 5.0000e-002 5.0000e-002 5.0000e-002 8.0000e-002
x2/c 1.8000e-001 1.8000e-001 1.8000e-001 1.8000e-001 1.8000e-001 1.8000e-001 3.2500e-001
x3/c 5.3000e-001 5.3000e-001 5.3000e-001 5.3000e-001 5.3000e-001 5.3000e-001 6.7500e-001
x4/c 9.2000e-001 9.2000e-001 9.2000e-001 9.2000e-001 9.2000e-001 9.2000e-001 9.2000e-001
x5/c 9.8000e-001 9.8000e-001 9.8000e-001 9.8000e-001 9.8000e-001 9.8000e-001 1.0000e+000
alfa_0 6.0000e-003 8.0000e-003 8.0000e-003 7.2000e-003 6.0000e-003 1.0500e-002 6.0000e-003
beta_0 3.0000e-003 3.0000e-003 3.0000e-003 3.0000e-003 3.0000e-003 3.0000e-003 7.0000e-003
gamm_0 3.0000e-003 3.0000e-003 3.0000e-003 3.0000e-003 3.0000e-003 3.0000e-003 8.0000e-003
delt_0 3.0000e-003 3.0000e-003 3.0000e-003 3.0000e-003 3.0000e-003 3.0000e-003 0
x_EA 4.0584e-001 3.9450e-001 3.8856e-001 3.9146e-001 3.9160e-001 3.7848e-001 4.9942e-001
y_EA 2.3190e-002 2.4263e-002 2.4129e-002 2.4536e-002 2.5040e-002 2.5736e-002 3.9028e-007
x_CG 4.3713e-001 4.2276e-001 4.1595e-001 4.1834e-001 4.1861e-001 4.0102e-001 4.9967e-001
y_CG 2.2118e-002 2.3120e-002 2.3251e-002 2.3779e-002 2.4320e-002 2.5194e-002 7.3218e-008

Note that the values of x1 : : : x5 were varied until good agreement with the
reference data for e.g. EIx was obtained. This also included tuning of E, G, �
and �i.
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NREL 5MW t=0.21 PreComp Numerical Polygon
x1 - 0.05 0.05 0.05
x2 - 0.18 0.18 0.18
x3 - 0.53 0.53 0.53
x4 - 0.92 0.92 0.92
� - 0.008 0.008 0.008
� - 0.003 0.003 0.003
 - 0.003 0.003 0.003
� - 0.003 0.003 0.003
�� kg/m3 1800.0 1800.0 1800.0
�� kg/m3 1800.0 1800.0 1800.0
� kg/m3 1800.0 1800.0 1800.0
�� kg/m3 1800.0 1800.0 1800.0
E� Pa 37.0e9 37.0e9 37.0e9
E� Pa 15.0e9 15.0e9 15.0e9
E Pa 30.0e9 30.0e9 30.0e9
E� Pa 15.0e9 15.0e9 15.0e9
G� Pa 2.3e9 2.3e9 2.5e9
G� Pa 2.3e9 2.3e9 2.5e9
G Pa 2.3e9 2.3e9 2.5e9
G� Pa 2.3e9 - -
xSC - 0.397 - -
xEA - 0.400 0.395 0.406
xCG - 0.427 0.423 0.433
m kg/m 220.6 228.0 227.1 230.3
EA N 3.06e9 3.502e9 3.496e9 3.52e9
EIx Nm2 3.15e8 3.037e8 3.073e8 3.273e8
EIy Nm2 1.83e9 1.923e9 1.902e9 1.999e9
GJ Nm2 4.59e7 4.521e7 4.540e7 4.575e7
� deg. -0.438 -0.224 0
EIx0 Nm2 - 3.073e8 -
EIy0 Nm2 - 1.902e9 -

Table 3.5: Comparison of model input data and results when modeling the
properties of the 5MW NREL reference turbine at r=37.7 m (t=21%). The
upper part of the table is input data and lower the output of the models.
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3.9 Matrix representation

Often � � 0 and it is not necessary to use the principal axes. In that case
the following linear representation can be used to obtain the properties in the
coordinate axes.
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The matrix formulation can be extended to include the torsional sti�ness:
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Note that the coe�cients in x2 are not independent. In terms of the absolute
shell thicknesses the result is
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Likewise, GJ will also scale with c3 for �xed shell thickness (for the assumed
single-cell torsion).

3.10 Alternative formulations

Some alternative simpli�ed structural formulations which may be usefull, but
not used in this project, is described below. They are based on taylor expan-
sions and there are therefore no requirements on the cross section layout. h is
rewritten

h = hr + �h (3.17)
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where hr is a reference value for an existing blade and �h is an absolute change.
The equations can now be rewritten as

y = Dy0 + DA

2

664

�h�
�h�
�h
�h�

3

775

| {z }
z

; y0 = D�1
r yr (3.18)

where y0 includes the reference values corresponding to unit chord and � de-
notes an absolute change of material thickness. This form has the advantage
that the reference values are included directly in yr and the layout will therefore
be close to the reference values.

Linear Taylor expansion

Equation (3.18) is equivalent to a �rst order Taylor expansion around y0 in which
DA contains the Taylor coe�cients. The Taylor coe�cients are the partial
derivatives and these may be calculated using �nite di�erences, which can be
determined using e.g. FEM models. For instance, consider the section mass
which, for an arbitrary chord cr, can be approximated as

m = mr +
@m
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(3.19)

This is equivalent to the form

y = yr + Arz (3.20)

where Ar is de�ned as

Ar =
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(3.21)

However, (3.20) is for a �xed chord c=cr and it is necessary to scale to other
chords. Comparing Equation (3.20) and (3.16) yields

y0 = Ah = D�1
r (yr + Arz) (3.22)
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In short

y = DD�1
r (yr + Arz) (3.23)

The advantage of this formulation is that Ar can be determined using FEM for
an arbitrary internal layout (i.e. di�erent numbers of spars, varying geometry
etc.). It is also valid for thick shells as long as the thickness is not varied too
much. y will take values around the linearization point, i.e. the blade reference
values which may be an advantage.

Note that DD�1
r represents a scaling around the reference chord, e.g. c=cr. This

means that the formulation is not necessarily based on a unit chord, which could
introduce large errors when scaled up to the actual chord. This is especially
important for the torsion sti�ness properties because it is not known how it
scales in the general case and one have to rely on the chord scaling laws for the
linearized model.

Higher order Taylor expansion

The torsion can be described using higher order Taylor expansions. This is also
useful if the wall thickness’s changes signi�cantly. In the following assume that
only the main spar thickness will be changed. A Taylor expansion of GJ is

GJ = GJr +
dGJ
dh�

����
h�0

�h� +
1
2
d2GJ
dh2

�

����
h�0

�h2
� + : : : (3.24)

It is assumed that the torsion sti�ness follows the same scaling law as found for
the single cell torsion.
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(3.25)

This is on the same form as Equation (3.23). The partial derivatives can be
calculated using �nite di�erences based on FEM calculations with small pertur-
bations on h�.
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3.11 Scaling laws

The cross section properties for a given pro�le of thickness t is described in
the previous sections. Some useful approximate expressions for simple scaling
is de�ned in the following. These are useful for understanding how the basic
properties varies, and some simple conclusions are made.

Scaling with thickness, changing shell thickness

Consider airfoils where the y coordinate can be scaled from a reference airfoil of
thickness tref to an airfoil of thickness t (e. g. Naca four digit airfoils without
camber)

y = yref (x)
t
tref

(3.26)

Calculating the area result in

A =
Z

1 dy dx =
t
tref

Z

A
1 dyref dx =

t
tref

Aref (3.27)

Note that constant chord is assumed. The material absolute thickness measured
in the y-direction becomes (notice that this is a poor measure of the actual
thickness near the leading and trailing edge)

hy = f
t
tref

hy;ref (3.28)

Where f = h=href is a factor which is introduced in order to scale all material
thickness’s (h�, h� , h , h�). In the same way the following scaling rules can be
made

m = f
t
tref

mref (3.29)

EIx = f
�

t
tref

�3

EIx;ref (3.30)

EIy = f
t
tref

EIy;ref (3.31)

This scaling is exact but it is restricted by the entire structure being deformed
in the y-direction.
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Approximate scaling laws

Scaling using constant absolute shell thickness

Note that on horizontal planes such as the main carrying spar hy is very close
to the actual material thickness h. The absolute thickness there can be kept
unchanged by setting f=tref=t resulting in

EIx =
�

t
tref

�2

EIx;ref Constant abs. shell thickness (3.32)

This is only possible because EIx depends mainly on the main carrying spar
and whether or not the thickness of the other sectors change is not important.
However it will be important for the mass and in the following it is assumed
that all sectors have unchanged absolute thickness. The circumference of the
NACA 34xx series is approximately

l = ((� � 2)t1:8 + 2)c (3.33)

Assuming that the mass is proportional to the surface size, it follows that it
scales with thickness as

m =
(� � 2)t1:8 + 2
(� � 2)t1:8ref + 2

mref Constant abs. shell thickness (3.34)

The sti�ness to mass ratio for scaling then becomes

EIx
m

=
EIx;ref
mref

t2

t2ref

(� � 2)t1:8ref + 2
(� � 2)t1:8 + 2

�
EIx;ref
mref

t2

t2ref
Constant abs. shell thickness

(3.35)

Scaling to di�erent shell thickness and chord

From the linear structural model it follows that

EIx =
h
href

�
c
cref

�3� t
tref

�2

EIx;ref (3.36)

Note that EIx does not scale with c4 because the absolute thickness’s are con-
stant and does not scale linearly. It is also noted that all sectors are scaled,
which may not be what is wanted. If h=href refers to a change in the main carry-
ing spar only, then the expression still holds because of the small inuence from
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the other sectors. The mass relation becomes

m =
h
href

c
cref

(� � 2)t1:8 + 2
(� � 2)t1:8ref + 2

mref �
h
href

c
cref

mref (3.37)

Note that this is a bad approximation if only the thickness of the main carrying
spar is changed. In the example seen in Figure 3.4 it is noted that for a rela-
tive change in the main carrying spar thickness of h=href=1.5 the corresponding
scaling of mass is only 1.3. This scaling law can be expressed as

m =
�

3=5
h�

h�;ref
+ 2=5

�
c
cref

(� � 2)t1:8 + 2
(� � 2)t1:8ref + 2

mref �
�

3=5
h�

h�;ref
+ 2=5

�
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(3.38)

But it will depend on the speci�c structural layup. The sti�ness to mass ratio
is

EIx
m
�
EIx;ref
mref

�
t
tref

�2� c
cref

�2

(3.39)

Or using (3.38)

EIx
m
�
�

3=5 + 2=5
h�;ref
h�

��1� t
tref

�2� c
cref

�2 EIx;ref
mref

(3.40)

It is seen that there is only a small dependency on the spar thickness whereas
the chord and thickness is very important. It is also seen that if the absolute
thickness (ta=tc) is kept constant, the ratio will not change. The ratio EI=m is
important for the eigenfrequencies which will increase with it. Thus, for �xed
wall thickness the apwise eigenfrequencies increases with c and t.

The scaling rule for the edgewise sti�ness is

EIy =
h
href

�
c
cref

�2

EIy;ref (3.41)

And the sti�ness to mass ratio

EIy
m
�
EIy;ref
mref

c
cref

(3.42)

From this it is seen that increasing the chord will also increase the edgewise
eigenfrequencies.
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Example: Rede�ne pro�le thickness

Solving for t in (3.36) yields

EIx =
h
href

�
c
cref

�3� t
tref

�2

EIx;ref (3.43)

t = tref

s
EIx

EIx;ref

�
h
href

��1� c
cref

��3

(3.44)

Maintaining the bending sti�ness and decreasing the main spar thickness to e.g.
h=href=0:66 for constant sti�ness and chord yields t=1.23tref . I.e. a thicker
pro�le is required. The new mass is approximately m=0.8mref (using (3.38))
Note that if the chord is increased by 10% the result is t=1.07tref . The sti�-
ness to mass ratio is then increased by 15% which will tend to increase the
eigenfrequencies.

3.12 Conclusions

A method has been developed allowing for easy calculation of the cross sec-
tion structural properties which are relevant for the aeroelastic properties of
the blade. This model is based on dimensionless coe�cients and have been
implemented in a HAWTOPT module.

The model is based on the geometry of a NACA 34xx pro�le, but it has also
been shown that good results can be obtained using a simple polygon model.

The accuracy of the method is acceptable for conceptual design and it has been
shown that it is possible to tune the model in order to represent a reference
turbine. The tuning involves the selection of material and geometric properties,
including the shell thickness. It is subsequently easy to vary parameters such
as the chord and the shell thickness of the main carrying spar. The material
parameters can also be varied.

Some alternative formulations based on Taylor expansions are also suggested.
These models are not used but may be useful in future work.

Some simple scaling laws have been described, which can be used to obtain
quantitative results. This provides guidelines for the designer, and approximate
calculations of the e�ects of changing pro�le thickness, chord and shell thickness,
can be made. E.g. increasing the chord or absolute thickness will increase the
sti�ness to mass ratio, which will increase the blade eigenfrequencies.
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Chapter 4

Structural model for the blade

The blade is subjected to spanwise, bending, shear and torsional loads. In this
chapter it is described how the thickness of the main load carrying spar can
be distributed in order to produce a design which is resistant to the worst case
quasi steady loads.

The spanwise, shear and torsional loads will be considered to be less important
and only bending will be considered in the initial design. The blades will be
approximated as slender cantilever beams under relatively small deformations
and the simple Bernoulli-Euler beam theory is then su�cient. An aeroelastic
code for advanced calculations of e.g. deections is later used for validation of
the design.

Given known structural properties in a section, the next step is to determine
the material layout along the blade span. This must be done in order to ful�ll
a number of criteria such as:

1. Constraint on max tip deection

2. Constraint on local stress and/or strain

3. It must be a practical solution from a manufacturing point of view

4. Good aeroelastic properties. I.e. a stable design with low fatigue damage.
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Figure 4.1: Blade coordinate system and sign conventions. LE: Leading edge.
TE: Trailing edge. SS: Suction side. PS: Pressure side. u and v measures the
edgewise and apwise deections.

Item 1 and 2 are directly included in the design process. Item 3 is indirectly
included by the user specifying material data and constraints on material thick-
ness. Item 4 is validated in the optimization process.

The layout is made in a simpli�ed manner which takes into account the most
important steady state forces and using a Bernoulli-Euler beam model to relate
moments and structural properties to a de�ned deection shape. This is a
simpli�ed model which is selected for a number of reasons: 1) The goal is to
make a conceptual structural layout which requires simplicity so that various
constraints are easily implemented. 2) Aeroelastic codes predict the full load
spectrum and can be used for validation. HAWC2 has been used in this work.

As a �rst approximation, a layout which ensures a constraint on the tip deection
is used. To take the occurrence of gusts etc. into account, a conservative value
should be used (e.g. v�tip=vtip=R=0:05 � 0:07). To enforce this is in practice,
a apwise deection shape is speci�ed, and the material is laid out in order to
obtain the equivalent curvatures along the span. The speci�c shape is important
for the blade weight and represents an optimization problem. However, if a
simple shape is used this can be overcome with a simple parameter-variation
(line search). This will be explained in detail in later sections. The edgewise
deection is relaxed, i.e. there is no constraints, which is usually not a problem
with turbines in the 5MW range. Further constraints can be put on the shell
thickness, which should be within speci�ed limits.

All quantities are de�ned according to the general rules for a cartesian coordinate
system. This makes it easy to transform between coordinate systems. The
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de�nitions used is seen in Figure 4.1. Small deformations are assumed so that
the z-coordinate can be used as curve-coordinate along the blade. Blade twisting
is neglected.

4.1 De�nitions

The blade deections are denoted u, v and w. The curvatures are de�ned as

�x =
d2v
dz2 (4.1)

�y =
d2u
dz2 (4.2)

The approximation of angular deformations are

�x = �
dv
dz

; �y =
du
dz

(4.3)

d�x
dz

= ��x ;
d�y
dz

= �y (4.4)

The Bernoulli-Euler relations for simple beam theory then becomes

��x =
Mx

EIx
=
d�x
dz

(4.5)

�y =
My

EIy
=
d�y
dz

(4.6)

Note that quantities should be de�ned in the principal coordinate system which
is de�ned relative to the blade chord line which is rotated relative to the blade
coordinate system by the twist and tip pitch.

4.2 Flapwise design deection shape

The design deection in the y-direction is de�ned as a third order polynomial.

v = az3 + bz2 (4.7)
d2v
dz2 = 6az + 2b = �x (4.8)

The �rst and second order derivatives are approximated as the angle and the
curvature according to the assumptions in the Bernoulli-Euler beam theory.
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The negative values follow from the de�nition of the right hand rule about the
x-axis. It is assumed that the blade follows this shape all the way to the rotor
center, even though an actual blade starts a small radial distance away. This
polynomial ful�lls the clamped boundary conditions that v=0 and �x=0 at z=0.

The boundary conditions on the tip deection and slope are de�ned using di-
mensionless numbers

� = v�jz�=1 ;  =
dv�

dz�

����
z�=1

; z� =
z
R
; v� =

v
R

(4.9)

where � is the dimensionless tip deection and  is the tip slope (which by
de�nition is dimensionless). This yields a and b

a =
 � 2�
R2 ; b =

3��  
R

(4.10)

Normally a positive curvature is wanted along the span and it can be shown
that this can be enforced by setting

 = f 3� ; f 2 [1=2 1] (4.11)

For a given value of �,  can be selected in order to minimize the blade mass.
A typical value is  =0.1785 for �=0.07. The deection shape can be optimized
by using more degrees of freedom but good results have been obtained using
the de�ned polynomial. In practice it is usually found that f has a relatively
small inuence on the blade mass. Instead it a�ects the blade eigenfrequencies
because the sti�ness and mass distribution is shifted. It is also often found that
f should be relatively close to 1.0 . This has the unfortunate e�ect that the
curvature near the blade root is almost zero and the required section mass is
very large. f=0.95 is a good value which can be used as a �rst approximation.
The design deection shape for di�erent values of f is seen in Figure 4.2.

4.3 Design loads

The design loads can be calculated in a simple way because the blade is a
cantilever beam (clamped-free). The section loads then only depends on the
load distribution at larger radii. The bending moment is found by integrating
the vector cross moments due to forces at larger radii. This is then a general
vector representation of the bending moment and it can easily be transformed
to the principal axes using a rotation matrix. Note that this requires the sign
of the bending moment to be de�ned in the general way (see Figure 4.1).
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Figure 4.2: De�ned design deection shape for �xed tip deection and various
tip slopes.

External forces

� is the azimuth angle de�ned as zero when the blade is pointing directly up-
wards. The external forces are described as:

Aerodynamic (assumed known):

pa(z) =

2

4
pa;x(z)
pa;y(z)
pa;z(z)

3

5 (4.12)

Gravity:

pg(z) =

2

4
sin(�)

0
� cos(�)

3

5m(z)g (4.13)

Centrifugal:

pc(z) =

2

4
0
0
1

3

5m(z)
2z (4.14)

Total

p(z) = pa(z) + pg(z) + pc(z) (4.15)

Note that the aerodynamic loads are the projections of l and d onto the respec-
tive directions.
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Internal forces

Internal forces at z are described as follows with the tip assumed to be load free.

T(z) =
Z R

z
p(z0) dz0 (4.16)

Internal bending moments

With the vector pointing from point at z to point at z0

r(z; z0) =

2

4
u(z0)� u(z)
v(z0)� v(z)
z0 � z

3

5 (4.17)

the bending moment at z due to distributed loads at z0 is:

M(z) =
Z R

z
r(z; z0)� p(z0) dz0 (4.18)

This integration is performed numerically using the loads de�ned above, but of-
ten the bending moments due to aerodynamics are known from the aerodynamic
analysis.

Ma(z) =

2

4
�Mf (z)
Me(z)

0

3

5 (4.19)

The aerodynamic loads should be the largest expected and for PRVS-turbines
the quasi-steady loads at rated wind speed can be used even though the forces
will be larger under a gust. For stall regulated turbines the largest forces may
be found at higher wind speeds. The bending moment due to gravitational
loads Mg and the bending moment due to centrifugal loads Mc, depends on the
blade mass and are determined through an iterative process where the mass is
updated. The gravitational loads are determined for �=90o, which is the blade
position where the gravity is in-phase with the aerodynamic loads causing the
maximum edgewise bending moment. The total design bending moment is then
found as:

M(z) =

2

4
Mx(z)
My(z)
Mz(z)

3

5 = Ma(z) + Mg(z) + Mc(z) (4.20)

Note that Mx and My are the apwise and edgewise bending moments. In
the aeroelastic optimizations the fatigue loads due to variations in Mx will be
minimized.
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Figure 4.3: De�nitions of angles.

4.4 Design measures in principal axes

The design variables are transformed to the principal coordinate system. The
rotation angle from blade coordinate system to the principal axis system, is seen
in Figure 4.3)

�z = �(� + �p + �) (4.21)

Note that the traditional sign of angles is opposite to the general right-hand-rule
de�nition. A coordinate change matrix about the z-axis is de�ned as:

R�z =
�

cos �z sin �z
� sin �z cos �z

�
(4.22)

The design curvatures can then be found in the principal-axis-coordinate system
"

d�x0
dz
d�y0
dz

#

= R�z

� d�x
dz
d�y
dz

�
(4.23)

and likewise for the moments
�
Mx0

My0

�
= R�z

�
Mx
My

�
(4.24)

The required bending sti�ness is then determined using the Bernoulli-Euler
assumption

EIx0 = Mx0=d�x0dz (4.25)

EIy0 = My0=d�y0dz (4.26)
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The material is now laid out in order to obtain this, which also results in other
structural properties of the sections, e.g. mass and principal angle. The value
of d�y=dz has not been de�ned because the edgewise deection shape is relaxed.
Instead, its value from the previous iteration should be used in (4.23).

It is often found that � is small and in that case it is not important for the
analysis. However the transformations are still important because the twist and
pitch angles can be large.

4.5 Layout of main spar

The shell thickness �,  and � are user speci�ed. EI 0x is known from (4.25), and
can be transformed back to EIx using (3.9). Solving for � then yields:

EIx0 = EIx � EDxy tan � (4.27)

� =
EIx=c4 � �E�CIx� � ECIx � �E�CIx�

E�CIx�
(4.28)

An iterative process is now necessary in order to update loads depending on
mass and deections etc.

4.6 Deection shape

The actual deection shape may deviate from the design shape because con-
straints on the material layout means that the actual bending sti�ness’s are
di�erent from (4.25) and (4.26). To calculate the actual deection the curva-
tures in the principal system is determined

d�x0
dz

=
Mx0

EIx0
(4.29)

d�y0
dz

=
My0

EIy0
(4.30)

These are then transformed back to the pro�le coordinate system
� d�x

dz
d�y
dz

�
= R�1

�z

"
d�x0
dz
d�y0
dz

#

(4.31)

The deections can now be found by integration of (4.1) and (4.2). Note that
this is based on moments which are not updated, and iterations are needed.
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x [-] y [-]
(x1; y1) xEA 0 Leading Edge
(x2; y2) (xEA � c) 0 Trailing Edge
(x3; y3) (xEA � x2) �tc=2 Main laminate, pressure side. Nearest L.E.
(x4; y4) (xEA � x3) �tc=2 Main laminate, pressure side. Nearest T.E.
(x5; y5) (xEA � x2) tc=2 Main laminate, suction side. Nearest L.E.
(x6; y6) (xEA � x3) tc=2 Main laminate, suction side. Nearest T.E.

Table 4.1: Table of coordinates in a chord aligned system for evaluation of
spanwise shear, �z
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Figure 4.4: Sketch of the de�ned strain evaluation points.

4.7 Strains

Given an iterated solution, the axial strain in a given point in the principal
coordinate system (x0; y0), is given by

�z =
Tz
EA

+
Mx0

EIx0
y0 �

My0

EIy0
x0 (4.32)

Instead of evaluating in all points over the surface a limited number of evaluation
points have been selected. These are de�ned based on a simpli�ed, assumed
pro�le shape and de�ned in a coordinate system with origo in EA and with x-
axis aligned with the chord and positive direction from trailing to leading edge
(see Figure 4.4):

The principal coordinate system is rotated by -� relative to the chord. Therefore,
a coordinate shift matrix is used to project the coordinates. This matrix is
de�ned equivalently to (4.22). E.g.:

�
x0
y0

�
= R��

�
x
y

�
(4.33)

Note that it is also possible to calculate the strains using the curvatures in the
chord coordinate system. In that case it is not necessary to rotate the evaluation
points but it is instead important to use the correct curvatures (see 4.6).
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4.8 Conclusion

In this chapter a method for material layout in the main load carrying spar has
been described. The aim is to constrain the extreme quasi steady tip deection,
which is a key constraint in blade design. The method is based on a de�ned
deection shape and the simpli�ed cross section model presented in Chapter 3.
It has been implemented in a HAWTOPT sub module.



Chapter 5

Setup for aeroelastic blade
optimization

In this chapter a generalized approach to the turbine optimization is described.
The numerical optimizations carried out are very heavy, and for this reason
the process has been divided into steps which progressively goes toward more
advanced calculations as the design approaches optimum.

The optimizations are based on a reference turbine with de�ned properties for
the blades, tower, nacelle and drive train. The reference turbine used is of the
PRVS type and only the blade is optimized. The numerical tools are general but
the design approach described in the following is tailored toward PRVS turbines
where the single point optimization is useful.

5.1 Outline of optimization process

The optimization is aimed at minimizing an objective value, which in this work
is the equivalent fatigue load due to variations in the apwise bending moment
Req(Mx).

Figure 5.1 shows a owchart of the optimization process which is divided into
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the steps described below.

1 Determine key parameters. At the design point this includes the blade
mass M , CP , the inviscous power coe�cient CP;l, vtip, CT and fatigue
parameters (Req(Mx)). The design point is rated wind speed, which in
our case is V0=11 m/s, �=6.4. AEP is determined using the whole range of
wind speeds between cut-in and cut-out wind speed. CP;l can be calculated
using Equation (A.53).

2 Initial single point optimization using constraint on CP;l. This is an initial
optimization in order to determine design Cl. It is possible to neglect
drag because it mainly a�ects the power. I.e. if the turbine operates away
from the design angle of attack where the lift to drag ratio is high, the
overall 3D aerodynamics is not changed and the drag primarily generates a
negative torque around the rotor shaft. The design will be optimized for a
di�erent lift coe�cient which is optimum for the structural and aeroelastic
properties. The drag may simply be de�ned to be zero in the aerodynamic
data for the airfoils, but it is easier to monitor CP;l.

3 Select a new set of airfoils which has good drag characteristics in the
relevant range of Cl.

4 Single point optimization using airfoils with good performance at design
Cl. CP is constrained to reference value.

5 Power curve optimization for �nal design. AEP is constrained to reference
value. It is expected that the single point optimizations yields a blade
which can generate an AEP within a few percent of the reference turbine.
However, because AEP is extremely important, a �ne tuning of the design
is carried out.

6 Validation of design based on full set of IEC loadcases. In case there is
a problem with stability, fatigue issues, extreme loads etc. the objective
must be changed to take this into account and the procedure is repeated
from 1.

All point optimizations were initialized by minimizing the turbulence sensitivity
c1 (Section 5.4) in the blade root. The design was then further improved by
evaluating Req(Mx) using 100 second aeroelastic calculations based on design
load case (DLC) 1 in Table 5.2. The optimization procedure takes advantage of
some general conclusions from Chapter 2. I.e. that the overall 3D aerodynamics
can be determined independent of drag and that it is possible to change c if cCl
is kept constant.
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Figure 5.1: Flowchart for the optimization process
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The single point optimizations are carried out at rated wind speed (11 m/s).
The quasi steady loads are largest at that wind speed, and this is therefore
also the design wind speed for the structural layout. Note that this is the
case for pitch regulated variable speed turbines, but it may not necessarily
be so for stall regulated turbines. Considering only one wind speed enhances
numerical stability and speed. Selecting the rated wind speed corresponds to a
relatively low � and thrust coe�cient, and is di�erent from the usual approach,
where turbines are designed for high aerodynamic e�ciency at high �, which
corresponds to low wind speeds. However, designing at rated wind speed makes
it possible to optimize for low bending moments under the conditions which
dictates the quasi-steady structural requirements.

The optimization software HAWTOPT was used for optimization. The design
variables are the distributions of chord, twist and relative thickness. These
distributions are de�ned using 8-point Bezier-curves in order to obtain smooth
curves. Twist and thickness distributions are relatively simple curves which can
be de�ned using fewer Bezier-points leading to a reduction in simulation time.
The optimization algorithm is the Sequential Linear Programming method [41].
This is less stable than the Method of Feasible Directions [41] but requires only
1/3 of the optimization-iterations and is therefore considerably faster.

Figure 5.2 shows a owchart for the optimization tool, which consists of an opti-
mizer coupled to various modules. BEMcor is used for quasi-steady aerodynamic
calculations. The structural model is de�ned in Chapter 4 and yields M and
the input for aeroelastic simulations. These are carried out using HAWC2 and
result in equivalent fatigue loads Req. The setup for the aeroelastic calculations
will be discussed in Section 5.2. c1 is a fatigue sensitivity parameter which is
de�ned in Section 5.4.

5.2 Aeroelastic simulations (HAWC2)

The aeroelastic code HAWC2 [37] is used for calculations in the time domain. It
uses a multi body formulation based on Timoschenko beam elements to represent
all structural members of the turbine. The aerodynamics are calculated using
an unsteady BEM method with dynamic wake and stall e�ects included, and
turbulence is described using the Mann turbulence model. All features will not
be mentioned here but it is noted that HAWC2 is a state-of-the-art tool.

Aeroelastic calculations are not trivial. A well de�ned model is required and in
order for the aeroelastic response to be correct, it is among other things nec-
essary that the turbine eigenfrequencies are correct. The HAWC2 model has
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Figure 5.2: Flowchart for the optimization software based on HAWTOPT

been calibrated and validated according to this. The model include all struc-
tural members (tower, drive train, blades etc.) but only the blade properties are
changed during the optimization. The simpli�ed blade layout method described
in earlier chapters yields realistic blade eigenfrequencies and it is therefore be-
lieved that realistic aeroelastic simulations can be made.

The blade geometry is de�ned by putting the 1=2-chord point on the pitch axis.
This increased the numerical stability but unfortunately the obtained designs
are restricted to this layout. If e.g. a di�erent sweep was used the fatigue
loads could have been decreased due to passive load reduction. The simpli�ed
structural model do not yield the shear center and aerodynamic center (SC and
AC) and it is assumed that these are in SC=0.4c and AC=0.25c. The shear
factors are de�ned to be kx=0.52 and ky=0.52 (Ref. [37]).

The control algorithm which was found to give good results for the reference
turbine was also used in all optimizations. The control will not be described
here but it is noted that the tip speed was limited to 70 m/s. In general, the
control will inuence the loading and therefore it can be optimized, but this is
out of the scope of this work. Instead focus is on load cases where the control
is less important.
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Figure 5.3: Statistical properties of the tip deection [m] (positive downwind),
for the NREL5MW turbine. The numbers refer to IEC loadcases. E.g. 11 is
DLC 1.1 .

5.2.1 Reduced set of design load cases

Depending on the optimization objective it is useful to select a limited number
of design load cases (DLC’s). These must be selected in order to represent the
operating conditions under which the objective is important.

A full loadcase calculation according to the IEC standard 61400-1 [42] has been
carried out. Figure 5.3, 5.4 and 5.5 shows resulting statistical properties of
the tip deection, root apwise bending moment and root edgewise bending
moment. The numbers in the �gures refers to DLC’s in the standard. E.g. 13 is
DLC 1.3 . Figure 5.6 shows the mean wind speeds. Based on the results a set
of reduced DLC’s have been selected as listed in Table 5.2. They are selected in
order to include cases where tip-deections and bending moments are largest,
and cases with a large generation of fatigue damage. DLC 1.2 represents normal
operation using the normal turbulence model (NTM). DLC 1.3 uses the extreme
turbulence model (ETM). DLC 2.3 simulates an extreme operating gust (EOG)
and is included to monitor the extreme tip deections and loads. DLC 6.1 is a
50 year extreme wind model (EWM) with a parked turbine. DLC 6.1 depends
strongly on control issues such as pitch settings, which can be de�ned arbitrarily
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Figure 5.4: Statistical properties of the apwise root bending moment [kNm]
(positive for upwind bending), for the NREL5MW turbine. The numbers refer
to IEC loadcases.
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