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Abstract:

In a time where the wind turbine industry draws ever closer of reaching the goal
of developing a floating offshore wind turbine, capable of operating far away
from the coastline, new possibilities might open in terms of controlling the
energy production of wind turbines.

Because of the absence of human presence at such a location, the current
restrictions laid upon the industry to limit the implications on humans in the form
of noise would most likely be revoked. This in turn would make it possible to
develop new philosophies of mating rotor and generator, so that the higher wind
speeds ranges could be exploited to a higher degree than today.

This work will investigate how much reserve of solidity an existing horizontal
axis wind turbine rotor, equipped with an variable pitch system, has at wind
speeds above its reference value.

To do this, a computational tool for calculating preliminary results of
performance and loads on such a rotor will be developed, so that the results of
different wind speeds and power settings can be compared to the results of the
reference wind speed and power output.

Utilizing this tool, it will further be strived to develop an improved power curve,
from an energy point of view, with the rotor strength as the limiting factor.
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Abbreviations:

AoA
BEM
CFD
CoG
FMI
GW
GWh
HAWT
MW
PMI
SC
SMi
VAWT

Angle of Attack

Blade Element Momentum
Computational Fluid Dynamics
Center of Gravity

First Moment of Inertia

Giga Watt

Giga Watt hours

Horizontal Axis Wind Turbine
Mega Watt

Product Moment of Inertia
Shear Center

Second Moment of Inertia
Vertical Axis Wind Turbine
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Nomenclature

a’
a(r)
A(s)

A

Ao

Abe,i
Ablade, AE
Ablade,HA
Ars

Afr

ALF

Ars
ARotor
ASum
ASum,X
ASum,Z
Ars

Aur
AxLF
Ay uF

o

Qj

Qljbet

COpe,max

B

Bi
Bibve1
Boe,max

Brc
B

Speed of sound / Axial induction factor

Angular induction factor

Area of the airfoil, dependent on blade radius

Area of the elapsed distance s

X-gradient of a linear function

Area value for the linear function

Area of a given blade element

Area of the inner part oft he blade

Area of the blade hub-attachment cross section
Area of the front spar

Area of a part of the structure

Area of the lower flange

Area of the rear spar

Rotor area

Overall Area of the walls of the torque box
Calculation value for the overall x-coordinate of the CoG
Calculation value for the overall z-coordinate of the CoG
Area of the torque box

Area of the upper flange

X-gradient of the linear function of the lower flange
X-gradient of the linear function of the upper flange
Angle of attack

Initial AoA

Initial AoA for the 1% blade element for the 1% run
AoA for the blade element with dTpax

Local relative airfoil flow angle

Initial relative flow angle

Bi for the 1 blade element for the 1% run

Relative flow angle for the blade element with dTax
Correction factor according to the Prandl-Glauert-Rule
Number of blades / Y-gradient of a linear function
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C(rS,AE)

¢ (rBlade )

AO, 5CTF
AO,5csk

A0, 5¢y
C

Cp
Cd,c™
Crs
Crs
Cgen
CL
Cic=
Cm
Cm,c=
Cp
CP,betz
Ce

Cs
CxLF
Cxur
d

da
drs
dir
drs
dur
dF, thrust
dF, thrust,Aero

dF, thrust, MT
dF, torque

am thrust,bs

Local length of chord

Chord length at the first blade element t
Chord length at the last blade element

Deviation for the 0,5c point for F,

hrust ,bs

Deviation for the 0,5¢ point for F ..,

Deviation for the 0,5 chord-line

Constant in a linear function

Local Drag coefficient

Corrected drag coefficient

Position of front spar along the chord line
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Local Lift coefficient

Corrected lift coefficient
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Power coefficient

Maximum Possible efficiency from Betz Theory
Chord-length near the end, before the elliptical drop
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Constant of the linear function of the lower flange
Constant of the linear function of the upper flange

The shortest distance between a point and a linear function
Area linearization factor
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Shortest distance between u. flange and the overall CoG
Blade element thrust force

Local axial force from Blade Element Theory

Local axial force from Momentum Theory

Blade element torque force

Thrust moment integration value of a blade segment
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dMrorsion
dP

drpe
dsc,thrust
dsc,torque
dsc,weight
dar

dTps

dT aero
dTur

Ep

&t

€x

El

fa(r)
fer(r)
feo(r)
fe,i(Tbe,i)
Feap
Fprag
Fuin
Finrust
Finrustbs
Frorque

F, torque,bs
Ex

F

F. cF

F. cF,bs

F G,Normal,bs
F G,Shear,bs
F wt

g

Y

Blade element torsional moment

Local power

Width of each blade element

Arm from thrust force-line to SC

Arm from torque force-line to SC

Arm from weight force-line to SC

Local angular torque

Torque integration value of a blade segment
Local angular torque from Blade Element Theory
Local angular torque from Momentum Theory
Bending strain

Torsion strain

Distance between X, and the x-coordinate of the SC
Blade bending rigidity

Area of the inner part oft he blade

Function of constant chord length

Function of chord length at the blade tip
Chord-length of the applicable blade element
Inertia force from the inner part oft he blade
Local drag force

Local lift force

Local thrust force

Overall thrust force of a blade segment

Local torque force

Overall torque force of a blade segment
Kinetic energy available to the rotor

Force

Inertia force

Inertia force of a blade segment

Normal force of a blade segment due to gravity
Shear force of a blade segment due to gravity
Actio/reactio force from the airstream
Coupling coefficient

Pitch angle
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Vi
Yoe,i
Ybe-1
Yibe1
Ybe,imax
Ar

¢

g
hEes
hrs
Ix

Ix Fs
Ix.LF
Ixrs
Ix,ur
Iz
IzEs
Iz1F
Izrs
Iz.uF
kg

I

lur

Q

Mps
Mpjade
Mae
Map

My AE

N

Initial pitch angle

Pitch angle for a given blade element

Pitch angle reached for the previous blade element
Initial pitch angle for the 1% blade element for the 1 run
Pitch angle for the blade element with dT,ax

Local tip speed ratio

Rotor Blade angle in rotor plane

Gravitational acceleration = 9,81 m/s?

Height of front spar

Height of rear spar

Total SMI with respect to the x-axis

SMI of the front spar with respect to the x-axis

SMI of the lower flange with respect to the x-axis
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Length of lower flange
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Wake rotoational speed

Blade rotational speed

Meter / mass of the air

Mass of a blade segment
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Mass of the effective part of the blade relative to total mass

Massflow of the air

Mach number
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My

M;

M Torsion,bs
M Torsion,SF
M, thrust,bs
Msk bs
My

Mz

Por
Pgear
P
Po
Pr
Put

p1
p2
p3
P4

Qo
q1
Qs
qr

Bending moment

Torsion moment

Torsional load from a blade segment

Torsion moment from shear forces

Total moment from thrust of a blade segment
Shear force bending moment of a blade segment
Total bending moment about the x-axis

Total bending moment about the z-axis

Total normal flow in the torque box
Number of blade elements

Normal flow in the torque box due to moments
Normal flow in the torque box due to moments
Normal flow in the torque box due to normal forces
Newton

Gearbox efficiency

Generator efficiency

Power

Generator output power

Submitted de-rated power from user
Transmission output power

Power not captured by the wind turbine
Power output from the wind turbine rotor

Total available power to the rotor

Extracted power from the wind turbine

Static pressure

Static pressure far upstream

Static pressure at rotor entry

Static pressure at rotor exit

Static pressure far downstream

Total shear flow in the torque box

Constant shear flow in a closed structural cell
Basic shear flow in the structure

Total shear flow due to shear force

Total shear flow due to torsion moment



17

QHub
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Q Total
Qx
Qz

r
réVmin
R
I'be,1
Ibe,i
I'be-1
I'blade
I'bs

I Cross,s

Vs

Fhlade,AE
Ty

re

I're
I'rH

Iy

I'rs
I's.AE
Ty

S

Sfs

Srs
Sx(s)
Sz(s)
t

trs
tfs,max
tfs,min

tLr

Loss due to proximity of hub

loss due to proximity of blade tip

Total loss due to proximity of hub and blade tip
Total shear force in the x-direction

Total shear force in the z-direction

Local blade radius

Rotor revolutions

Specific gas constant for air, 287 [J/(kg*K)]

Radius to the middle of the first blade element
Radius to the middle of a random blade element
Radius to the middle of the previous blade element
Blade radius

Radius to the current blade section

Radius of the circular part of the blade attached to the hub
CoG of a blade segment

CoG of the aerodynamically effective blade
CoG of the inner part of the blade

Radius to the start of the tip geometry

Relative distance to the end of the constant chord
Relative distance to the start of the blade

Hub radius

Relative distance to the outer, active part of the blade
Distance to the outer, active part of the blade

Radius to force outside the current blade element

Seconds / Variable for the FMI

Position of the front spar relative to chord-length
Position of the rear spar relative to chord-length
FMI, parallel to the z-axis

First Moment of Inertia (FMI), parallel to the x-axis
Time / Thickness of the structure

Thickness of the front spar

Maximum thickness of the front spar
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tlf, min
trs

t rs,max
t rs,min
tur

t uf,max
t uf,min
T
7-/oad
7-Total
4
Vegq,fr
Vap
Vae
4]

V2

V3

Maximum thickness of the lower flange
Minimum thickness of the lower flange
Thickness of the rear spar

Maximum thickness of the rear spar
Minimum thickness of the rear spar
Thickness of the upper flange
Maximum thickness of the upper flange
Minimum thickness of the upper flange
Orbital period / Total torsion moment
Torque from gears and generator
Total torque of the rotor

Wind Speed

Equivalent full-rate wind speed
Volume of the inner part of the blade
Volume oft he outer part oft he blade
Undisturbed wind speed

Wind speed at rotor entry

Wind speed at rotor exit

Wind speed far down wind

Local resultant wind-speed

Average wind speed in the rotor

X-value of the structure at the point being calculated

X-value of the starting point, with relation to X,
X-coordinate
Difference in x-value of the elapsed distance

CoG of the elapsed distance s in x-direction

X-Coordinate of the CoG to a part of the structure
Z-value of the starting point, with relation to Z,,

Difference in z-value of the elapsed distance

CoG of the elapsed distance s in z-direction
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X-value of the CoG of the front spar

X-value of the CoG of the lower flange

X-value of the CoG of the rear spar
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YLF
Yur
Yhe,i
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lljbe,imax
V4
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ZSLF
ZS,RS
ZrB
ZS,UF
P
Pblade

Pblade, AE

Overall x-coordinate of the torque box CoG
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Y-coordinate

Approximate function of lower flange
Approximate function of upper flange

Twist angle for the current blade element
Twist angle for the previous blade element
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Z-value of the structure at the point being calculated
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Z-value of the CoG of the lower flange
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Density of the air
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Density of the aerodynamically effective blade
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Tension

Change of shape hypothesis

Normal stress hypothesis
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Overall normal stress
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1 Introduction

1.1 The wind turbine industry

In a world with an ever increasing consume of energy, we face a challenging
future to both meet this energy demand, and at the same time keep the
environmental implications to a minimum. Through several incidents of extreme
weather the latest years, and a quite dramatic global rise in temperature, have
we been reminded of the grim consequences of the extensive use of fossil fuel
as energy source. Although the absolute proof that these changes in climate are
human caused has not yet been confirmed, more and more scientists and
people in general supports this theory, and think we in any case need to think of
new ways to create a sustainable way of living. This subject is one our times
defining issues, and the solution of which is by many considered as crucial for
the future of both the human race and the earth as a whole.

One of the most promising and also most technical mature solutions to our
energy problem seems today to be the use of wind turbines to harvest the
renewable, kinetic energy from the wind. Even though many people question
the effectiveness of wind turbines and the costs associated with getting these
operational, the international demand for reducing CO, emissions has led to
about 175,000MW installed power in the form of wind turbines worldwide as of
June 2010, and an impressive 1,900,000MW being estimated by 2020 [1]. The
list over the 10 countries in the world with the most installed wind power are
displayed in Figure 1.1, with the amount of actual installed capacity in MW as of
June 2010:

Wind Power Worldwide June 2010

Position Country Total capacity Added capacity Total capacity

June 2010 June 2010 end 2009
[MW] [MW]
1 USA 36.300 1.200 35.159
2 China 33.800 7.800 26.010
3 Germany 26.400 660 25.777
4 Spain 19.500 400 19.149
5 India 12.100 1.200 10.925
6 Italy 5.300 450 4.850
7 France 5.000 500 4521
8 United Kingdom 4.600 500 4.092
9 Portugal 3.800 230 3.535
10 Denmark 3.700 190 3.497
Rest of the World 24.500 2.870 21.698

Total 175.000 16.000 159.213

© WWEA 2010

Figure 1.1: Overview installed wind power worldwide, June 2010 [1]
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These optimistic numbers are mainly based on the growth rates of annual
installed MW of wind power the last years, as well as funding programs from the
governments, but naturally has the technological development in the industry
also been taken into consideration.

Although the knowledge and also actual deployment of wind mills and wind
turbines as a source of mechanical and electrical power is several centuries old,
it is first in the last few decades that this technology has become mature and
effective enough to be an important contribution to the energy production
industry. As some of the largest and most advanced wind turbine designs today
clock in at power capacities in the 5 — 10 MW class, it is not only the cleanness
of the technology which makes it interesting anymore, but because it has
started to become a competitive part of the industry.

As a result of the increasing power output from new wind turbines, the cost per
GWh is dropping. The oil prices on the other hand are steadily increasing due to
increasing demand and drop in discoveries of new oilfields [2], which in turn
have led to big investments in wind turbine projects across the globe —
especially countries like China, Mexico and Brazil [3]. However, despite the
increasing scarcity of oil due to higher consumptions of growing economies like
China and India, the oil price has not yet risen as much as feared, and this
continues to challenge the wind turbine producers and operators to convince
the stakeholders of the potential in their projects.

1.2 Floating Offshore Wind Turbines

The next important milestone for the industry, which is anxiously awaited by
governments and the whole energy sector, would be when a floating offshore
wind turbine is available. This would open up the areas with the best possible
conditions for wind energy production — the open oceans far off the coastline,
where the wind speeds are stronger and more consistent. A bonus of such
locations would also be that the conflict between the industry and the pubilic,
which today is one of the greatest issues when planning new wind turbine
parks, practically would be eliminated.

Since the first offshore wind turbine became operational in Denmark in 1991,
there was registered 2396 MW installed offshore wind power in Europe alone as
of June 2010, with United Kingdom, Denmark and the Netherlands as the three
leading countries [4]. Even though there are a few concepts for a fully floating
wind turbine, and some promising pioneer projects are under testing at the time
this work is written, all of the actual producing offshore wind turbines are
mounted on towers, which are fixed to and supported by the seabed.
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Offshore Wind Turbine
Development for Deep Water

Onshore
Wind Turbine

Figure 1.2: Onshore and Offshore Wind Turbine Tower Concepts [4]

Figure 1.2 shows that water depths up to 80m are the limit of today’s
operational technology. Even though this makes wind energy extraction
possible in many suitable locations as e.g. the Skagerrak and North Sea, it is
clear that it is first with the realization of the floating wind turbine that the full
potential of wind turbines can be exploited.

The main reasons why still no finished solutions for a floating wind turbine is
available, is the complexity of the system, and the funding needed to
successfully execute and land such a comprehensive project. The combination
of designing a floating structure robust enough to withstand the rough
conditions of the windy waters of an ideal location, and to calculate the
interactions of the dynamic loads from the sea and the wind, makes it a
challenging piece of engineering.

One example of how much potential offshore wind energy could have, and also
which expectations many experts place upon the technology, is a report from
the Department of Interior in the U.S. dated April 2009. This states that the
estimated recoverable energy potential in offshore wind power in the U.S. could
be enough to cover the power consumption of as much as 53 million
households (1000 — 1500TWh) [5].
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1.3 Issues and Objectives

This work will look upon the potential to control the energy production of an
offshore Horizontal Axis Wind Turbine (HAWT) equipped with a blade variable
pitch system more favorably with respect to energy production, once the deep
water floating wind turbine concept is a fact. More accurately will the wind
speed range above the reference value be investigated, an area which today is
flat rated for two reasons: The limitation of the generator, and to not exceed the
legal noise levels which regulate the industry.

By writing a program, which can calculate preliminary results of power output
from the rotor and loads on the blades at different wind speeds and efficiency
settings, it is the goal to define a power curve limited only by the solidity of the
rotor. The main objective is to prove that the rotors of existing wind turbines
have the possibility to generate more power than the maximum output they
produce today, without exceeding their limitations of solidity. In order to validate
the theories and the results from the calculation program, the calculations will
be executed for an existing example wind turbine, of which as much technical
information as possible is to be obtained.

For such a power curve to actually be implemented into the industry, in addition
to new regulations regarding the noise emitted by the rotor, also the philosophy
of sizing a wind turbine system would have to be different than today. This will
be investigated in this work, and the different aspects of the engineering in need
of attention, highlighted.
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2 Theory

2.1 Wind turbine types

As mentioned in the introduction, the actual calculations and investigations of
this work will concentrate on HAWT’s. However, a short introduction to the
major types of wind turbines will be given.

All wind turbines function in the way that they extract the kinetic energy
available in the wind and convert this to either mechanical or electrical power,
and there are two main groups of layouts, which all types can be sorted in, even
though some designs may be more of a combination of the two. These two
groups are the already mentioned HAWT’s, and Vertical Axis Wind Turbines
(VAWT’s).

2.1.1 Vertical Axis Wind Turbines (VAWT)

The VAWT has, as the name reveals, a vertical axis and they are actually the
oldest subgroup of wind turbines [6]. The main advantages of these types are
the simplicity of the axle, gearbox and generator arrangement and that they do
not need a yaw system to turn into the wind. This is particularly favorable on
days with frequent changes in wind directions, as no time is lost for the rotor to
swivel.

The advantage of no need for yaw control is on the other hand also the main
reason why the VAWT’s cannot compete with modern HAWT’s — as one half of
the rotor at all times is turning in the opposite direction of the wind. This
disadvantage has however been repressed in modern designs of VAWT'’s, as
they not only function by the means of aerodynamic drag anymore, but also
aerodynamic lift [6]. This is particularly prominent in the Darrieus-Rotor, which
has a quite complex rotor shape, and still may have potential to be developed
[6]. The advanced rotor of this design also increases the overall cost of the wind
turbine, which therefore loses some of its initial advantage in simplicity to
HAWT’s.



25

Savonius-Rotor Darrieus-Rotor H-Rotor

i

Figure 2.1: Main types of vertical axis wind turbines [6]

2.1.2 Horizontal Axis Wind Turbines (HAWT)

The HAWT consists typically of a vertical tower with the gears and generator
sitting on top of the tower, and connected to the rotor through a horizontal axis.
At the bottom of the tower is usually the electrical equipment for the interface
with the electrical grid. With the rotor spinning in the vertical plane, the HAWT
has not the disadvantage of spinning partly against the wind direction like the
VAWT’s. Uneven wind speeds over the rotor disc through the proximity to the
tower and ground, however, causes this design to face operational cons with
regards to efficiency and loads.

The HAWT is by far the most common type of wind turbines today. Many
creative design proposals of HAWT and VAWT subgroups have been tested
and investigated in the course of history, and most of them have had some
theoretical advantages, which made them worth putting to the test. This
evolutionary process has shown that the HAWT seems to be the design with the
most potential, and which gives the most profit over time. Even though the costs
of manufacturing and erecting a HAWT almost always are higher than the case
is for a VAWT, the combination of power output and reliability has made the
HAWT the preferred design.

One of the most difficult thresholds for the producers of wind turbines to
overcome, when it comes to gain investments and acceptance in the power
production industry, is to achieve a sheer power output that is interesting for
investors and the public. As modern HAWT’s most likely always will have a
higher efficiency than VAWT’s, because of the VAWT’s natural need to turn
against the wind, the HAWT’s are the design that will be able to achieve the
highest power production.
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Figure 2.2: Offshore HAWT's [@consumerenergyreport.com]

When looking at large operational wind turbines connected to the public
electricity net, one will further observe that the majority of these have 3 blades,
as can be seen in Figure 2.2. The significance of the number of blades on a
rotor will be explained in more detail later in connection with Figure 2.8, but one
crucial reason for this is the reduced cyclic load on the rotor, rotor attachment
and tower, due to the distribution of the blades over the disk. In difference to a
2- or 4-bladed rotor, the nature of the 3-bladed rotor eliminates the scenario of
one blade passing through the top of the disk, where the wind is strongest,
simultaneously as another passes the bottom, where the wind speed is lowest
due to the proximity of the tower and the ground, and thus preventing a cyclic
bending of the rotor axle. A graph of a similar phenomenon in the yaw-plane,
the cyclic variation of the yaw moment for different numbers of blades, is shown
in Figure 2.3. In this case, however, is the 4-bladed rotor the best performer,
due to its symmetry. This is exactly because two of the rotor blades of the 4-
bladed rotor are located in the 3 o’clock and 9 o’clock positions at the same
time, and due to the same elevation of these two positions are the wind speed
at these two positions typically the same.
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Figure 2.3: Cyclic yaw moment for different numbers of blades [6]

The most modern wind turbines of the 3-Bladed layout is actually not very far
from reaching the absolute theoretical limit of energy extraction effectiveness
from the wind, called the Betz Limit, which will be discussed later. Additionally,
as the know-how regarding composite materials is making steady progress and
enables ever-larger rotors to be built, both the increasing possible energy
production of a wind turbine and the direct related sinking cost per GWh, turn
more and more skeptics into believing in this technology.
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2.2 Energy extraction

As mentioned under 2.1, the energy production of a wind turbine happens when
the rotor captures the kinetic energy in the wind and converts it into another
form of energy, which can be commercially utilized.

Here the theory of the energy extraction of the rotor will be shown. The next
equations are derived from [6]:

Defining the Rotor Area:

A

Rotor area [m?]

2
= ﬂrblade (2 1 )

Rotor

A

e Bladeradius [m]

Rotor

The kinetic energy of the wind available to the rotor is:

1
E = Emv2 (2.2)

Kinetic energy available to the rotor [J]

=

m Mass of the air [kg]
% Wind speed [m/s]

The total power available to the rotor can be expressed as:

P = E (2.3)
t

P, Total available power to the rotor [W]
t Time [s]

Or expressed with the massflow of the air:

m=pA_ v (2.4)

rotor

;;1 Massflow of the air [kg/s]
0 Density of the air [kg/m?]
1 .

P, = Em v (2.5)
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By combining (2.1), (2.4) and (2.5):

P = %pﬂrﬁladﬁ (2.6)

An important observation of (2.6) is that the available power to the rotor grows
with the cube of the wind speed, and the square of the blade radius, which
underlines the importance of the location of the wind turbine, and the size of the
rotor.

The wind turbine effectiveness is hence defined as:

B

PT

C, Power coefficient of the wind turbine rotor [-]

C,= (2.7)

Po Power output from the wind turbine rotor [MW]

Finally the power output from the rotor that is transmitted to the gear can be
expressed as:

1
Fy=Ch =G, Epﬂrbzladev3 (2.8)

2.2.1 Betz Limit — the theoretical limit of wind turbine
effectiveness

As with all efficiencies, also the Cp value can initially by definition not be more
than 1. According to the theory of Betz Limit however, it turns out that the best
possible efficiency of wind turbines is considerably less than 1.

- —

‘ _——Blades
V, V.,
— ‘ < —
N
Hub
T
N ~ L X \
L OO, ®

Figure 2.4: Control planes when calculating performance on a HAWT [7]
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On the basis on Figure 2.4, the theory of Betz Limit can be derived as follows
[8]:

P,=P,-P = %ﬁ(vj -v3) (2.9)
P Power from Pt not captured by the wind turbine [MW]

Or expressed as the total force, F,:, which act upon the wind turbine as a result
of the incoming and the outgoing wind:

E, =m(v,-v;) (2.10)

Knowing that power is force multiplied with velocity and by introducing a new
variable, v, for the wind velocity exactly at the wind turbine, between stations 2
and 3 in Figure 2.4, the power extracted by the wind turbine can be described
as follows:

P,=v F. =v, mv,-v,) (2.11)

wt™ wt

Pt Extracted power from the wind turbine [MW]

Now, as P, must be equal to Py, it's possible to equate these, and solve for the
unknown v

P,=P,=mv,(v, —v3)=%m(vf§ -v3) (2.12)

o % m(vz.— V) (v, +v3) _ l(vz +v,) (2.13)

m(v, —v;)

This shows that the wind speed exactly at the wind turbine is the geometrical
average between the speeds at stations 2 and 3.

Using this, it is possible to expand on (2.9):

| 1 1
PO = Em(v§ - V32) = EpArotorth(Vi - V32) = ZpAmtor(VZ + V3 )(V§ - V32) (214)

2 3
\% \% \%
P,=—pA._ vi|1+|=2]|-|=2] -| = (2.15)

rotor

N
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By differentiation of (2.15) with respect to (vs/v2), and by equating this to nil, the
max/min of (2.15) can be identified. The result is a function with (vs/vz) as the
horizontal axis, and Cp as the vertical axis, where the maximum Cp value
occurs by vs/v,=1/3 as shown in Figure 2.5:
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Figure 2.5: Cp over vi/va - the Theory of Betz Limit [6]

C, v 1 =§=0,593 (2.16)
w\v, 3) 27

C,, The maximum possible Cp value according to Betz Limit

This maximum, called the Betz Limit, is not a thermodynamic limit, but a
mechanical one [8]. As the most modern wind turbines today reach Cp values of
more than 0,5, it is clear that the most potential in future designs probably lay in
reaching the bests locations where strong, consistent wind is available, and to
further develop the material technology which would allow ever bigger rotors to
be built.
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2.3 Blade Element Momentum Theory

To be able to analytically calculate the performance of a wind turbine rotor, it is
necessary to have a way of transforming the complex aerodynamic processes
that take place in conjunction with the energy extraction between the air and the
rotor into a concrete and manageable set of mathematical equations. The most
advanced and accurate way of doing this would be to create a 3d mesh of the
rotor, and to simulate the airflow by using a Computational Fluid Dynamics
(CFD) program. Such a program is however quite expensive, and also requires
training to be operated correctly, and as this opportunity was not available to the
author for this work, another solution had to be found.

Because of the high prices of obtaining license of CFD programs and the
corresponding high performance computers, plus the extensive effort of training
the employees to be able to use this software, this technology has not yet
become the industry standard in the wind turbine industry in terms of actual
application. There exists namely another method of calculating performance of
wind turbine rotors, which by comparison to the CFD method is much less
complicated, quicker and cheaper, and which also delivers quite accurate
results — called the Blade Element Momentum Theory (BEM).

The BEM Theory is based upon the equation of two different approaches of
calculating the results of the interaction between rotor and air. One of these, the
Momentum Theory, describes the momentum balances of the airstream before
and after the rotor. The other, the Blade Element Theory, calculates the forces
generated due to lift and drag from the airfoil of the blades. The results are
achieved by equating these two theories and iterative calculating new start
values, which eventually approach the correct final values.

One of the theories, the Blade Element Theory, relies on two basic
assumptions, which are simplifications compared to the real world: [7]

1. There are no aerodynamic interactions between the blade elements
2. The forces on the blade elements are solely determined by the lift and
drag coefficients

Due to the simplicity of this theory, the results are by far not as rich and full as
the case is with the CFD method, which delivers information regarding pressure
distribution, local temperature and density etc.

The results of the BEM Theory only consist of information regarding the relevant
angles and speeds of the blades and the wind, the lift and drag coefficients and
finally the forces and moments, which act upon the rotor. This is however
enough to perform a complete sizing of the rotor and coupled with a few
corrections that have been developed over the years, leads to quite satisfying
results.

The actual execution of this method is done by dividing the rotor blade into
elements, and carrying out the calculating process for each element, applying
the simplification that the speeds and angles induced by rotor and wind are
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constant over each element. By calculating the relevant values for each element
in one point in the middle of the element, and finally integrating over the whole
blade, the resulting forces and moments are determined.
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Figure 2.6: Details to the Blade Element Method [7]

The following equations and procedures explaining the BEM Theory are derived
from [7]. The derivation will however not be shown in its entirety - for more
details see Appendix A.

Referring to Figure 2.4 the following assumptions are made for the Momentum
Theory:

V, =V, (2.17)

And:
P1 =Py (2.18)

Further, the following definitions are utilized:

a= 1~V (2.19)
4
a Axial induction factor [-]
And:
, w
a = 2 (2.20)
2Q

Angular induction factor [-]
w Wake rotational speed [s7']
Q Blade rotational speed [s]



34

The blade rotational speed is further defined as:

Q- 2z (2.21)
T

T Orbital period [s]

blads rotation 7 o

~.
R

D,
—_

wake rotation

Figure 2.7: Resulting speeds and angles [7]

Out of this, the following relationships emerge:

AFy 7 = CraPVi [ 4a(1- a)|wrdr (2.22)
dFthrust MT Local axial force from Momentum Theory [N/m]
Qrotal Local total loss due to proximity of hub and tip [-]
r Local radius to hub [m]

dT,; = Qpupvi4d' (1-a)Qrimdr (2.23)
dTur Local angular torque from Momentum Theory [N]

2(1— 2
dF,, .\ 1o =00 i . 9) (¢c,;sinf+c,cos B)rdr (2.24)
’ cos” B

dFthrust Aero Local axial force from Blade Element Theory [N/m]
8 Local relative inflow angle [rad]

o Local lift coefficient [-]
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Cd Local drag coefficient [-]
o Local solidity [-]
2(1— 2
dr,, =omp i . 9) (c,cos B—c,sinB)r’dr (2.25)
cos” B
dT aero Local angular torque from Blade Element Theory [N]

The local total loss, Qo is defined as:

Qo = Quup " Quip (2.26)

Quub and Qrjp are further defined as:

{_1(3/2[1—;}15/1‘]]}
Qs =§cos"l exp (rshr)eoss (2.27)

rsae Distance from the center of the rotor to the point where the
aerodynamically active part of the blade starts.

Qrip = gcos'l epoIZ/Z‘[:':“/)?;:E]]} (2.28)

These corrections to the original BEM Theory, which include the losses due to
the proximity of the hub and the rotor at any given spot along the blade radius,
are derived from the Prandl Theory [9]. The losses are added to the Momentum
Theory, and can be compared to the effect of induced drag for an airplane. By
applying these, the deficit from the Blade Element Theory, which assumes that
there is no interaction between the blade elements, can be reduced.

The local solidity ¢” is a dimension which at any given length along the blade
radius describes how much of the disc’s circumference is occupied by the rotor.
In this way, not only one blade is included in the calculations, but the whole
rotor:

,  Bc
O =——
2mr
B Number of blades [-]
C Local length of chord [m]

(2.29)

Finally, the equations (2.21) and (2.23), as well as (2.22) and (2.24) can be
equated, and the BEM Theory has been reduced into two equations:
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a o'(c, sinB +c, cosp) (2.30)
(1-a)" 4Qpqc08'p |
a' _ 0'(01 cosf — ¢, 8in [3) (2.31)

(1-a)  4Qquh, cos’p

Hereby A is the local tip-speed ratio, which describes the relationship between
the local rotational speed and the wind speed:

A, = Lr (2.32)

Vi

Ar Local tip speed ratio [-]
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Figure 2.8: Connection between no. of blades, tip speed and efficiency [6]

Figure 2.8 displays the connection between the number of blades on the rotor,
the tip speed ratio and the resulting efficiency for rotors with blades set at a
fixed pitch. This underlines the importance of including these factors during the
preliminary sizing of the wind turbine. It can here further be recognized that the
optimum tip speed ratio drops with increasing numbers of blades. This explains
why rotors equipped with many blades are better suited for installations where a
lot of torque is needed, as e.g. water pumps, and why fewer blades are better
when a faster rotation is wanted, as e.g. in electrical power production.
Referring to (2.35), it is obvious that the torque dT must increase when Q drops
for a given value of dP. This fact is also the reason why rotors with many blades
have a much better start-up torque than rotors with fewer blades, which means
that they easier start turning and generating power.
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2.3.1 Utilization of the BEM Theory results

Out of these results, which apply to one particular blade element, it is possible
to calculate the overall results for the power output of the rotor when all of the
blade elements have been determined. This is possible through numerical
integration over the blade radius, and it is therefore obvious that the more blade
elements the rotor blade is divided into, the more accurate will the results be. To
determine how many blade elements to use, one has to weigh the need for
accurate results up against the possibility of managing the amount of data,
which is generated consequently.

The numerical integration can be carried out by the means of for example the
Simpson’s Formula, or the Trapezoid Method [10].

b

h
ff(x)dx =~ (Vo +4y, +2y, 4y, +. 42y, +4y, +, )=
a 3 (2.33)

Simpson’s Formula

’ 1 1
ff(x)dxz(5y0+yl+y2+...+yn_1+§yn)h (2.34)

a

Trapezoid Method

Numeric integration is carried out extensively throughout this work, and out of
these two alternatives, the Trapezoid Method has been chosen.

The power contribution of one rotor annulus is:

dP = QdT (2.35)
dT  Local angular torque [N]
dP  Local power [N/s]

On the basis of (2.34) the power output of the whole rotor can be described as
follows:

P, = hf[ dPdr = hf QdT dr (2.36)

H H

Out of the BEM calculations has now the road to one of the objectives for this
work been explained — to calculate the power output from a given wind turbine.
It will later be shown how these equations and methods are implemented to the
calculation program.
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2.4 The Power Curve

By repeating the BEM-Method iteration for a number of wind speeds, and for
each of these producing a result for (2.35), one has the foundation to
graphically represent the data as a function. This function is known as a power
curve, and it is maybe the best and most concise way to describe the
performance and operational wind speed range of the wind turbine.
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Figure 2.9: Example Power Curve [@areva-wind.com]

In Figure 2.9 it is easy to recognize the different areas of operation for this
particular wind turbine: From Om/s wind to about 4m/s there is no energy
production, between 4m/s and up to about 12m/s there is a steep increase in
power output, and over about 12m/s to the maximum operational wind speed
the output from the wind turbine is flat-rated. Whereas the Cp value is kept at
maximum by the variable pitch system in the area of the exponential growth of
power production, the Cp value is rapidly decreasing in the flat-rated area, due
to the dramatic increase in available kinetic energy in the wind. This constant
power output is governed by the variable pitch system, which turns the blades
more unfavorably as the wind increases.

The transition between the exponential curve and the flat-rated line is the
design point for the wind turbine, where it is designed to operate optimally. This
is a typical power curve for a wind turbine equipped with a variable pitch
system, and as mentioned in the introduction, the sort of power curve this work
aims to improve in the flat-rated area.
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2.5 Theory for structural calculations

2.5.1 Definitions and equations to the rotor blade load
calculations

Before starting to define the load cases and corresponding equations, the
geometry and layout of a rotor blade segment and its construction will be
represented more thoroughly:

Upper Flange

‘¢
*
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*
*
*
*
*
*
*
*
*
“
A

Lower Flange

Figure 2.10: Torque Box of the Rotor Blade

Referring to Figure 2.10, it is evident that the construction of the rotor blade in
this work is based upon the construction manner that is the standard in the
aircraft industry for aircraft wings. This structure is based upon the fact that the
upper and lower flanges together with the two vertical beams, the front and rear
spars, form the load bearing element in an airfoil — the torque box. Not all wind
turbine rotor blades apply to this type of construction, but as the torque box can
be simplified to that of an unsymmetrical rectangle without too much inaccuracy,
this makes it less complicated to calculate the loads on the airfoil than if the
more complex front and rear parts had been considered as loadbearing.

The calculations in this work are done at each blade element, which in turn is
strained by the forces and loads generated by the rest of the blade located
outside, or further away from the hub. In this way the current blade element is
considered a fixed bearing that has to absorb all of the loads from the part of
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the blade located in the direction of the tip, relative to the blade element. The
loadings on a blade element, with all the primary load sources that are taken
into account in this work, are shown in Figure 2.11.
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Figure 2.11: Loading on a blade element

2.5.2 Load cases for the wind turbine rotor

The wind turbine rotor is a highly complex part, which obviously is crucial for the
success of the whole wind turbine. On the one hand it should be as light and
aerodynamically effective as possible to achieve the wanted power output as
affordable as possible. On the other hand however, it also has to be robust and
able to withstand all of the strain it will face during its operational life. These two
requirements are difficult to combine, and compromises have to be made as a
result. The desire to keep these compromises as minor as possible and thusly
design ever more effective rotors is the reason for the wind turbine industry’s
dependence on further research and development in the field of material
technology.

As Figure 2.11 shows, there are several overlapping loads which together result
in the combined strain on a rotor blade. Each of these load cases will now be
introduced and discussed.
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2.5.2.1 Loads due to Gravity

As the rotor turns, the constant gravitational pull on the blades causes a cyclic
load on them. While a blade at the twelve o’clock position is strained by the
gravitation as a compressing load, a blade in the opposite six o’clock position is
being stretched, and “feels” a tensional stress act upon it. In the three- and nine
o’clock positions, the loads from the gravitational pull are pure shear forces,
which strain the blades as tangential forces and bending moments. Anywhere
between these four mentioned positions, the loads from gravitation are
combinations of tensional/compressional stress and shear stress plus bending
moments. These relationships can be expressed as follows:

Normal force of a blade segment:

FG,Normal,bs = _mhsg : COS¢ (237)

Fe,normaibs ~ Normal force of a blade segment due to gravity [N]

Mps Mass of the blade segment located in the direction of the
tip, relative to the current blade element [kg]

) Current blade angle in the rotation plane [rad]

Shear force of a blade segment:

FG,Shear,bs = mbsg ) Sin ¢ (238)

FG,shearbs Shear force of a blade segment due to gravity [N]

The rotor blade’s position in the rotor disc, ¢, is defined as 0 at the twelve
o’clock position, and moving positively in the clockwise direction when looking
at the rotor from the downwind position. The gravity force, mys x g, is being
calculated by integration of the area of the blade elements along the blade
radius, and assuming that the density of the blade is constant [11]:

Thlade
My, = Oye [ a(r)dr (2.39)

obade  Overall density of the blade [kg/m®]
I'bs Radius to the current blade section [m]

a(r) Area of the airfoil, dependent on blade radius [m?]
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Further, the local center of gravity has to be determined, to be able to calculate
the moment acting upon the blade element due to the shear force component of
the blade segment weight. This is done in the following manner [11]:

rbf a(r)-rdr
rmfca(r)dr

Tps

7, = (2.40)

r,, Center of gravity of the blade segment located in the direction
of the tip, relative to the current blade element [m]

The moment on the blade element created by the shear force from the weight of
the blade segment can consequently be calculated as follows:

Thlage

fa(r)-rdr

Thlade

Mg =Fo T =Py | a(r)drg-sing-| - (2.41)
T f a(r)dr
MsE ps Shear force bending moment of a blade segment [Nm]

2.5.2.2 Loads due to Inertia

As a result of the circular path of the blade, a centripetal force is created. This
force is not influenced by the position of the blade in the rotor disc, when factors
such as the proximity of the tower and the ground are omitted. The inertia force
can therefore be considered as only dependent on the angular velocity. The
general definition of a centripetal force is [11]:

2
my

F,= (2.42)
r

F.=  Inertia force [N]

And by replacing the linear velocity, v, with the angular velocity, €

F, =mr’ (2.43)

The approach to calculate the centripetal force is the same as described above,
through integration of the results of each blade element, and by utilizing the
derivations under the gravitational loads:
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) a(r)-rdr
Fch,bs =M, .Fbs .92 = pblade f a(r)dr. ’br;ade— 'Qz (2.44)
o f a(r)dr
Fer bs Centripetal force of the blade segment [N]

This centripetal force induces a pure normal force on the blade elements, which
in turn strain the torque box as tensional stress.

2.5.2.3 Loads due to Torque

The loads on the rotor blades that occur due to torque are the only loads that
originate from the wanted, beneficial utilization of the wind turbine. Because the
torque is defined as the moment that drives the rotor to feed the generator, it
works in the rotor plane. The resulting torque is influenced by both of the two
main aerodynamic effects on an airfoil in a flow — lift and drag.

Torque and Thrust
components from Lift

Resulting Wind speed

\,
T \
\ .
\ %
Rotational speed, b
\

Figure 2.12: Torque and Thrust derived from Lift and Drag

Referring to Figure 2.12, it is evident that the resulting torque is influenced
positively from the lift, and negatively from the drag of the airfoil. The angles
shown in Figure 2.12 can be listed as follows [7]:

a Angle of attack (AoA)
B Relative flow angle

y Pitch angle
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Expressed as equations, the torque is defined as:

Fppie = Frin €08(B) = Fp,, sin(B) (2.45)
Frorque Local torque force [N]

Fuit Local lift force [N]

Fprag Local drag force [N]

In the calculation program, the torque force is calculated in the BEM iteration as
a variation of (2.25):

daTr v (l—a)2 .
dF, —=—Aw _grp > (¢ cosfB-c,sinpB)rdr (2.46)
orque B'I" p B'COS2/3( 1 ﬁ d ﬁ)
dFitorque Blade element torque force [N/m]

When considering a particular blade element in the same manner as under the
gravitational and inertial loads, the loads from torque from the blade segment
located in the direction of the tip relative to the blade element strain the blade
element as a shear force and a bending moment:

Tplade

F f dF._ dr (2.47)

torque,bs torque

rb:

Frtorque,bs Overall torque force of a blade segment [N]

To be able to calculate the correct moment from the torque on any given section
of the blade, the torque values from the BEM iteration, dTyr and dTaer, cannot
simply be applied, as these refer to the rotor hub. The most transparent way of
calculating this is to use the values for dFque, and to include the distance from
the current blade element to the blade section in the integration procedure.
When using the Trapezoid Method as described in (2.34), this can be executed
in the following manner [11]:

dl, = ”de -(r_—r“)dr (2.48)

bs torque

Ths (rblade - rhx )

dTps Torque integration value of a blade segment [N]

Now, by multiplying dT,s with the width of the blade segment, the total torque of
a blade segment relative to a given blade section can be determined:
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T, =dT, (Tyyuge = 1) (2.49)

Trs  Total torque of a blade segment on a blade section [Nm]

Note: Both Forquers and dTps could have been calculated by the use of dTur
instead of dTaero , as these have reached the same value through the BEM
iteration.

2.5.2.4 Loads due to Thrust

The loads from the thrust of a blade segment on a blade section can directly be
compared to the loads from the torque, only that the thrust is located in the
perpendicular plane to that of the torque. The thrust also originates from lift and
drag, and strain a given blade section as a shear force and a bending moment.

Referring to Figure 2.12, the definition of the shear force derived from lift and
drag is:

F

thrust

= FLift Sln(ﬁ) + FDrag COS(ﬁ) (250)

Finrust Local thrust force [N]

From the BEM iteration, (2.24) can be used, slightly modified to be applicable
for one blade:

_dF,

thrust ,Aero l
o

vi(l-a)’
dEhrust - 2
B B-cos™ B

dFihrust Blade element thrust force [N/m]

(c,;sinf+c,cos B)rdr (2.51)

Analogue to (2.47), also the overall thrust force on a blade section from the
outside located blade segment can be gained through integration:

Thlage

F f dF, _dr (2.52)

thrust,bs — thrust

Ths

Furustps  Overall thrust force of a blade segment [N]

The bending moment is calculated in the same manner as in (2.48), which
allows the effective arm of the torque force of a blade segment in reference to
the corresponding blade section to be included:
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am = }T dF -Mdr (2.53)

thrust ,bs thrust
Thg (rblade - rhs )

dMinrust bs Thrust bending moment integration value of a blade segment [N]

The bending moment around a given blade section can further be described as:

Mthrust,bs = szhruxt,hs (rhlade - rbx) (254)

Miprust bs Total moment from thrust of a blade segment on a
blade section [Nm]

2.5.2.5 Loads due to Torsion

The last of the primary loads on a wind turbine rotor is caused by the twisting of
the blade, which originates in the aerodynamic properties of the airfoil in
question, as e.g. center of pressure and geometry. Similar to inertia, and in
difference to the loads from thrust and torque, the torsional load is originally not
included in the BEM iteration, and is calculated by including the moment
coefficient, and using the values a, and 4' to calculate the resulting flow
velocity onto the respective blade element. This is done directly comparable to
calculations for an aircraft wing, and the results from the BEM iteration do
therefore not have to be divided by the number of blades of the rotor, as the
equations already are configured for a blade.

The torsional moment around the quarter-line of the profile due to ¢, is [12]:

dMTorsion = Cm gvrzcz (255)
dMrorsion Blade element torsional moment [N]
Cm Blade element torsion coefficient [-]
Vr Local resultant wind-speed [m/s]

The local resultant wind-speed v, is further calculated as follows:

v, = \/((v1 (1- a))2 +(Qr(1 + a’))2) (2.56)

To calculate the overall torsional strain on a blade element from a blade
segment, the blade element values are integrated over the blade radius in the
applicable area:

_ f dM

Ths

M dr (2.57)

Torsion,bs Torsion

M7orsion,bs Torsional load from a blade segment [Nm]
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Additional torsion occurs if the resulting shear forces of the applicable blade
segment do not have their force lines through the Shear Center (SC) of the
torque box at the blade section to be calculated. If this is the case for all of the
three shear forces included in this work, the additional torsion moment sums up
as follows — without yet knowing the index for each of the forces:

Torsion,SF — iFmrque,bs 'dsc,torque £ F st s Ay s =1 G Shear,bs dSC,weight (2.58)
Morsion,sF Torsion moment from shear forces [Nmm]
dsc torque Arm from torque force-line to SC [mm]
dsc,thrust Arm from thrust force-line to SC [mm]
dsc weight Arm from weight force-line to SC [mm]

2.5.3 Resulting Loads

Now, as the Loads on the wind turbine rotor and the blades have been identified
following the BEM iteration, the rotational speed and the aerodynamic
properties of the airfoil, the overall mechanical strain on the rotor blades can be
studied on a more detailed level. The numeric integration of all of the load cases
described under 2.5.2, have resulted in the knowledge of the combined, overall
strain on the loadbearing torque box at any given blade segment, or blade
element, from the hub to the rotor tip. Knowing the exact shape, size and
thickness of the torque box at all of the blade elements, it is further possible to
calculate the stress in the walls of the structure, and in that way obtaining a
complete overview of the stress in the rotor blades. The approach of these
calculations is obtained from the courses ,Festigkeit Im Leichtbau 1 und 2”, and
»otrukturkonstruktion“ (Calculations On Thin Structures 1 and 2, and Structural
Design) [13], [14] and [15].
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2.5.3.1 Torque Box geometry

Length, Upper Flange

Local Center of Gravity iThickness. Upper Flange

— <Thickness. Frontspar

Height,

> ﬁThickness. Rearspar
Frontspar

Torque Box Center of Gravity Heigth

G Rearspar

Local Centerfof Gravity Local Center of Gravity

Local Center of Gravity

f
.
:

hickness, Lower Flange

Length, Lower Flange

Figure 2.13: Torque Box Geometry

The geometry of the torque box is described through two functions that are
approximations of the upper- and lower flanges, the position of the front- and
rear spars as percent of the chord line, and the thicknesses of each of the sides
in the torque box. Using the distance between the functions of the upper- and
lower flanges at a given position of the chord, the heights of the front- and rear
spars can be calculated. The lengths of the upper- and lower flanges are
identified by calculating the coordinates of the four corner points in the torque
box, and further simplifying the upper- and lower flanges to straight lines. In this
manner, the upper- and lower flanges can be described as linear functions, and
the angles and lengths can consequently be calculated by applying the rules for
such functions.

s = yUF(cFS)_yLF (CFS) (2.59)
hes Height of front spar [mm]
s = Yur (CRS) —Vir (CRS) (2.60)

hrs Height of rear spar [mm]
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_ abs(yUF (CRS) — Yur (Cps)) (2.61)

lUF

sinl arctan abs(yUF (CRS) = Yur (CFS ))
Crs —Crs
lue Length of upper flange [mm]
YUF Approximate function of upper flange [mm]
CEs Position of front spar along the chord line [mm]
Crs Position of rear spar along the chord line [mm]
_ YirF (CRS)_yLF (CFS) (2.62)

lLF
sin(arctan(y” (cas) = Yur (Css) ))

Crs ~ Crs
YLF Approximate function of lower flange [mm]
Ir Length of lower flange [mm]

Using a customary coordinate system for wings, with the plane of the airfoil
profile consisting of the x- and z-axis, and the y-axis parallel to the length of the
blade, the local Centers of Gravity (CoG) are calculated as follows:

Front spar:

Xs.rs = Crs (2.63)

Xs Fs X-value of the CoG of the front spar [mm]

h
Zsrs = Yir (CFS) + ? (2.64)

ZsFs Z-value of the CoG of the front spar [mm]

Rear spar:
Xs.rs = Crs (2.65)

XS RS X-value of the CoG of the rear spar [mm]

h
Zsrs = Vir (CRS) + % (2.66)

ZSRS Z-value of the CoG of the rear spar [mm]
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Upper flange:

Crs —Crs
Xgur = Cps + % (2.67)

Xs,UF X-value of the CoG of the upper flange [mm]

_ (yUF (CRS) = Yur (CFS)
Zsur =

Crs — Cpg ) . (XS!UF - CFS) * Yur (CFS) (2.68)

Zs.UF Z-value of the CoG of the upper flange [mm]

Lower flange:

Cpo—C
Xgp =Cps t —( B FS) (2.69)
XSLF X-value of the CoG of the lower flange [mm]
C - C
isiF = (yLF ( RS) S ( FS)) ) (xs,LF - CFS) + Y (CFS) (2.70)
Crs ~ Crs

ZsLF Z-value of the CoG of the lower flange [mm]

On the basis of the local CoG’s, which now has been calculated, the overall
CoG for the torque box can be obtained:

A = Ay + A+ Apg + A = (Lyp 1y )+ (L 110 )+ (Pig g ) + (Pg 1) (2.71)
Asum Overall Area of the wallls of the torque box [mm?]
Aur Area of the upper flange [mm?]
ALF Area of the lower flange [mm?]
Ars Area of the front spar [mm?]
ARrs Area of the rear spar [mm?]
tue Thickness of the upper flange [mm]
trs Thickness of the front spar [mm]
ftLF Thickness of the lower flange [mm]

trs Thickness of the rear spar [mm]
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Agyx = Ay " Xsyp + App  Xg 1 + Apg " Xg g + Agg " Xg s (2.72)
Asum,x Calculation value for the overall x-coordinate of the CoG [m?]
Agyz =Avr  Zsur ¥ Arr  Zoor + Aps * Zops T Ars “Zsis (2.73)
Asum,z Calculation value for the overall z-coordinate of the CoG [m?]
A
X,y = —umX (2.74)

Sum

Xt Overall x-coordinate of the torque box CoG [m]

A
Z = 2L (2.75)

Sum

Zrs  Overall z-coordinate of the torque box CoG [m]

With these values, it is now possible to calculate the Second Moments of Inertia
(SMI), which are crucial for the stress calculations from the bending moments.
Hereby, the SMI with index “x” describes the SMI that considers the structure’s
distance from the x-axis, and increases proportionally with the z-value.

Correspondingly, the SMI with the index “z” considers the structure’s distance
from the z-axis, and increases proportionally with the x-value.

Keeping in mind that these calculations are preliminary, a few simplifications are
made while determining the SMI’s: The torque box is considered a symmetrical
rectangle, with the upper- and lower flanges parallel to the x-axis. In this way,
the global coordinate system is kept the main coordinate system with regards to
bending and displacement, and because of the symmetry, the Product Moment
of Inertia (PMI), Ixy, is zero. For the final calculations of normal- and shear flows
and stresses however, the actual angles of the upper and lower flanges are
taken into consideration.

N
N

IXFS IXLF +IX,RS =

5 (( o )+ (s 1)+ (e 1) + (i 115))+

) ) (2.76)
( ZSUF ZTB) )+((ZLF 'tLF)'(ZTB _ZS,LF) )+
2 2
( hFS Zs FS ZTB) )+ ((hRS ’ tRS) ’ (ZS,RS - ZTB) )
Ix Total SMI with respect to the x-axis [mm?*]
Ix up SMI of the upper flange with respect to the x-axis [mm®]
Ix Fs SMI of the front spar with respect to the x-axis [mm®*]
Ix1F SMI of the lower flange with respect to the x-axis [mm?*]

Ix rs SMI of the rear spar with respect to the x-axis [mm®]
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zur T IZ,FS + IZ,LF + IZ,RS =

I
i'((113/F 'tUp)+(hFS 't;s)"'(le 'tLF)+(hRS -tzs))+

1
) 5 (2.77)
((ZUF ) tUF) ) (xS,UF - XTB) )+((lL ) tLF) ’ (XTB - xS,LF) )+
2 2
((hFS ) tFS) ) ('xS,FS - XTB) )"' ((hRS ) tRS) ) (xS,RS - XTB) )
Iz Total SMI with respect to the z-axis [mm?*]
Iz uF SMI of the upper flange with respect to the z-axis [mm®]
Iz Fs SMI of the front spar with respect to the z-axis [mm®]
Iz.1F SMI of the lower flange with respect to the z-axis [mm?*]
Iz Rs SMI of the rear spar with respect to the z-axis [mm?®]

Next, the shortest distances from the walls of the torque box to the overall CoG
will be determined. These will be needed while calculating the SC, which
directly influences the final shear flows in the torque box:

The shortest distance between a point and a linear function is defined as [10]:

_ Ax,+By, +C
(A2+Bz)

d (2.78)

The shortest distance between a point and a linear function [m]
X-gradient of a linear function on the form: Ax+By+C =0 [-]

Y-gradient of a linear function on the form: Ax+By+C =0 [-]
Constant in a linear function on the form: Ax+By+C =0[m]

X-coordinate of the point [m]
Y-coordinate of the point [m]

For the front- and rear spars, the shortest distances are simple to determine, as
they are parallel to the z-axis:

dpg = Xpp — Xg s (2.79)

Shortest distance between front spar and the overall CoG [m]

dps = Xpg = Xg s (2.80)

Shortest distance between rear spar and the overall CoG [m]
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For the upper and lower flanges, the necessary constants, A and C are
calculated as follows:

Ay uF

Cxur

AxLF

CxLF

(2.81)
(CRS - CFS)

Ax,UF _ _((yUF (CRS) — Yur (CFS))]

X-gradient of the linear function of the upper flange [-]

Coor =—Acur Crs + Yur (CFS) (2.82)

Constant of the linear function of the upper flange [m]

(2.83)

Ax,LF _ _((yLF (CRS) —Yir (CFS)))

(CRS - CFS)

X-gradient of the linear function of the lower flange [-]

Corr =—A 15 Cps + Vir (CFS) (2.84)

Constant of the linear function of the lower flange [m]

The reason for the minuses at the start of the right hand side of these equations
is that the functions originally were arranged on the form: y = ax + b, and that
the x-gradient and the constant subsequently were moved to the other side.
Because this form was the starting point, the value B in (2.78) is 1.

The results for the shortest distances from the upper and lower flanges to the
overall CoG become:
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_((yUF ((CSS)::UF)(CFS)) X +1-Z, + (yUF ((cjs):ZUF)(CFs))).CFS +Yp (CFS)]
d, - Rs ~CFs B (2.85)
2
B (yUF (CRS)_yUF (CFS)) +1
(CRS _CFS)
_((yLF ((cjs):ZLF)(CFS)) X +1-Z, + (yLF ((CSS) : i’LF)(CFs))).CFS +Y,, (CFS)]
dLF _ RS FS RS FS (2.86)
2
_ (yLF(CRS)_yLF (CFS)) + 1
(CRS _CFS)
dur Shortest distance between upper flange and the overall CoG [m]
dir Shortest distance between lower flange and the overall CoG [m]

2.5.3.2 Shear Flow

With each of the load cases and the applicable geometrical values for the
torque box now known, the stress calculations can be carried into the final
stage. This includes the shear- and normal flows, and finally the shear- and
normal stress calculations.

The shear forces and torsion moments cause the resulting shear flow in the
torque box on the given blade section. The geometrical constraints and
definitions for the calculations are shown in Figure 2.14:
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Figure 2.14: Constraints for shear flow calculations. Rotor angle: (181°;359°)

2.5.3.2.1 Shear Flow from Shear Force
The total shear flow in a closed structural cell due to shear force is:

4s =4, %4, (2.87)

Qs Total shear flow due to shear force [N/mm]
q1 Basic shear flow in the structure [N/mm]
Qo Constant shear flow in a closed structural cell [N/mm]

q+ is further defined as [14]:

=QX-SZ(S)+QZ-SX(s)

1

IZ IX
(2.88)
O [ 0 N
==X ftxds+EAFr-xr +== ftzds+EAF, Z,
IZ 0 r=1 IX 0 r=1

Qx  Total shear force in the x-direction [N]

Qz  Total shear force in the z-direction [N]

Sz(s) First Moment of Inertia (FMI), parallel to the x-axis [mm?®]
Sx(s) FMI, parallel to the z-axis [mm?®]

S Variable for the FMI, [mm]

t Thickness of the structure [mm]
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Ar- Area of a part of the structure [mm?]
Xr The x-Coordinate of the CoG to a part of the structure [mm]
Zr The z-Coordinate of the CoG to a part of the structure [mm]

Qx and Qz, the total shear forces in the x- and z-directions, are defined as:

QX = _F;orque,bs ) COS(9OO - Y) +F

thrust ,bs

+8in(90° =) = Fy geqrs  €08(90°—7) (2.89)

QZ = _F;orque,bs ) Sin (900 - }/) - F;hmst,bx ) COS(900 - )/) - FG,Shear,bS ) Sin (900 - J/) (290)

The index of the components in Qz is defined on the physiology that
compression, which by definition delivers negative values for force flow and
stress, occurs on the suction side of the blade.

Using a coordinate system with origin in the CoG of the torque box, and axes
parallel to the axes in Figure 2.14, Sz(s) and Sx(s) are defined as follows:

Ax(1)

5,05 500 405~ 500 9 s
X s) CoG of the elapsed distance s in x-direction [mm]

s) Area of the elapsed distance s [mm?]

Ax Difference in x-value of the elapsed distance [mm]
[ Total length of the side being calculated [mm]

X, X-value of the starting point, with relation to X,, [mm]

Az(l)

5,200 400~ 50 w0z 9 s

Z(s) CoG of the elapsed distance s in z-direction [mm]
Az Difference in z-value of the elapsed distance [mm]
Zg Z-value of the starting point, with relation to Z,, [mm]

In practice, the basic shear flow is calculated individually for each of the walls in
the torque box, separated through the four corner points. Point number 1 is here
chosen to be at the top of the rear spar, and numbering counter-clockwise result
in point number 4 being at the bottom of the rear spar. At the starting point at
point 1, q; is defined as zero, and as (2.88) indicates, when moving to the front
spar between point 2 and 3, the gs-value at the end of the upper flange, or point
2, is added to the shear flow from the front spar. This is repeated for the lower
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flange and rear spar, by adding the sum of g, from the previously calculated
walls.

Qo exists in the torque box because it is a closed cell. It is constant in the whole
structure, and is defined as follows:

4 (5) 4
¥ 10
b i

As (2.93) shows, qyis calculated on the basis of g4, and is finally added to g, to
deliver the g5 as described in (2.87).

9o (2.93)

2.5.3.2.2 Shear Flow from Torsion

The shear flow in a single-cell structure is defined through the 1% Bredt's
Formula:

T

qr = A (2.94),
qr Total shear flow due to torsion moment [N/mm]

T Total torque moment [Nmm]

Ars Area of the torque box [mm?]

The reason for the positive index in (2.94) is that a positive torsion moment from
Cm, Which triggers a “pitch-up” movement of the airfoil, is here compliant with a
positive index from the “right-hand rule”. In Figure 2.14, it is clear that the y-axis
is pointing away from the viewer, and the “right-hand rule” defines consequently
the positive rotation of the y-axis as clock-wise, which is in the same direction
as the positive torsion moment.

Another factor, which has to be considered here, is that the resulting shear
forces do not lie in the blade element plane, but somewhere towards the tip, as
they are the resulting forces of the applicable blade segment. In this work, the
quarter-line, or 0,25c is defined to be a straight line with no sweep. This results
in, however, that the 0,5c line, which here is defined to intersect with the force-
lines of thrust and weight in each blade element, has an angle from hub to tip.
Because of this, the resulting shear forces from thrust and weight do not
intersect the 0,5c point in the blade element to be calculated:

Referring to Figure 2.15, the following relationship emerge for the distance in x-
direction between the 0,5c¢ at the current blade element and 0,5c¢ at another
radius:
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AO,5¢, =

(0,25'(C(rS,AE)_C(rBlad"’))) (

r, —r (2.95)
(rBlade - rS,AE) ¥ bS)

Distance in x-direction between the 0,5¢ point at the current
blade element and the 0,5¢ point at radius r, [mm]

Chord length at the first blade element [mm]
Chord length at the last blade element [mm]

Radius to the force outside the current blade element [mm]

Figure 2.15: Quarter line and half-chord line

Now, a slight simplification compared to Figure 2.14 is introduced by defining
the lines of force from torque, thrust and weight, so that they intersect the
distances 0,25c and 0,5c level with the SC in the z-direction, instead of the
chord line. In this way, only the force components in the z-direction contribute to
the torsion. By using the same calculation method for distance between a point
and a line as under 2.5.3.1 through (2.78), the result would have been more
accurate, but in view of these calculations being preliminary, this simplification
is found to be satisfactory.

Referring to Figure 2.14, and bearing in mind that Fg shearps in this view is
negative due to the rotor angle, the total torsion moment, T, adds up as follows:
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r=m Torsionbs T M Torsion,SF
-{erque!bs - sin(90° - y) - [(XTB +e,)- O,25c]} -
_ . (2.96)
= My +|{Fo srearss 5in(90" =7) [(0,5¢ = A0, 5¢,) = (X5 +e,) |} -
{th c08(90° =7)-[(0.5¢ - A0, 5¢,,.) = (X, + ex)]}
ex Distance between X, and the x-coordinate of the SC [mm]

A0,5¢CsF Deviation for the 0,5¢ point for Fg ., [mMm]

AO0,5¢c1r Deviation for the 0,5c point for F,

hrust ,bs

[mm]

ex is calculated by establishing the moment equilibrium about the torque box
CoG:

~d)d
e =§ﬁ(q3 )ds (2.97)

' 0,

d Distances from each wall to CoG, ref. (2.79), (2.80), (2.85)
and (2.86) [mm]

The total shear flow in the torque box finally adds up to:

q4=4s+4qr (2.98)

q Total shear flow in the torque box [N/mm]

The shear stress is now calculated directly on the basis of the shear flow, and
the correspondingly wall thickness, t:

T =

X2

(2.99)

~ |

7., Overall shear stress [N/mm?]

X,

2.5.3.3 Normal Flow

Now the calculations for the normal flow in the torque box based on the loads
presented under 2.5.2 shall be investigated. Whereas the shear flow works in
the airfoil plane, the normal flow has direction parallel to the y-axis, or the radius
of the blade. The loads, which cause the normal flow, are the normal forces
from weight and inertia, and the moments around the x- and z-axis:
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n=n,+n, +n, (2.100)

n Total normal flow in the torque box [N/mm]

ny,,  Normal flow in the torque box due to normal forces [N/mm]

nyx  Normal flow in the torque box due to moments about the x-axis [N/mm]
ny,,  Normal flow in the torque box due to moments about the z-axis [N/mm]

The normal flow due to normal forces, ny, , is distributed evenly in the torque
box, and is calculated in the following manner:

_ (FG,Normal,bs + F;‘F,bs) (2 101)

(lUF + th + lLF + hRS)

yy

ny is the normal flow due to bending moment about the x-axis, and the
magnitude of this is directly proportional to the distance in z-direction to the x-
axis:

yx yx

MX
n. =0, t=—%X-z-¢ (2.102)
IX

oyx  Normal stress in the torque box from moments about the x-axis [N/mm?]
My  Total bending moment about the x-axis [Nmm]

z Z-value of the structure at the point being calculated [mm]

t Thickness of the structure at the point being calculated [mm]

Except for the bending moment caused by the shear force from gravity, the
other two components, thrust and torque, are delivered directly through the
BEM-calculations and then prepared for each blade section through the
methods shown under 2.5.2.3 and 2.5.2.4. As with the resulting shear forces in
the shear flow calculations, the bending moments are converted into the airfoil
coordinate system and summed. The indexes are also here determined by the
fact that compression shall occur on the suction side of the blade:

M, = —(MSF’bS + Tbs) +8in(90° = y) = M,,,.., s €0s(90°-7) (2.103)
The same procedure is repeated for ny;:
MZ
n_ =0, t=—=%-x-t (2.104)

¥z yx
zZ

o0,  Normal stress in the torque box from moments about the z-axis [N/mm?]
Mz  Total bending moment about the z-axis [Nmm]

X X-value of the structure at the point being calculated [mm]
t Thickness of the structure at the point being calculated [mm]
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M, =(T, +Mg., ) cos(90°-y)-M -sin(90°-7) (2.105)

thrust ,bs

As with the shear stress, the normal stress is calculated by dividing the normal
flow by the corresponding wall thickness, t:

o, == (2.106)
oy Overall normal stress [N/mm?]

2.5.3.4 Comparative Stresses

Now, all of the primary load cases have been presented, and the theory of how
they affect the structure, shown and derived. Finally, the overall strain on the
structure at a given spot in the torque box in a given blade element will be
calculated based on the resulting normal- and shear stresses. This type of
strain is called comparative stress, and delivers a picture of the combined strain
from normal- and shear stress. This can be calculated, based on different
hypotheses. The hypotheses are models of the overall strain, where normal-
and shear stress are emphasized differently, after what is considered to be the
most critical type of strain [16]:

Oy =0,5:]0,|+0,5- /(07 +477 ) (2.107)

ovn Normal stress hypothesis [N/mm?]

Oy =y/(0) +477.) (2.108)

ovs Shear stress hypothesis [N/mm?]

oy r=(07 +377.) (2.109)

ovr Change of shape hypothesis (Von Mieses) [N/mm?]
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3 Airfoils

3.1 Importance of airfoil data

As can be seen in the equations of the BEM Theory, it is crucial to have
knowledge of the airfoil used for the blades in regards to the lift- and drag
coefficients for this method to work. As the BEM Theory is calculated iteratively,
it is further necessary to be able to calculate these coefficients using equations
with regards to the AoA, because a database with intervals between the values
would not be enough to feed the BEM equations during the iterative process.
Especially near the end of the iteration are the changes in values small, and a
seamless way of gathering the coefficients is needed to prevent the calculation
program from crashing.

Information and data on airfoils are difficult to get access to, as they often are
subject to secrecy and in some cases not available to the public to protect the
interests of the inventor.

There is, however, much data to be obtained from some of the profiles which
are no longer cutting edge, as e.g. the 4-digit NACA profiles, which were
produced by NACA during the late 1920’s and early 1930’s. Some variants of
these profiles are also still being used in the wind turbine industry today, and
they are therefore a fitting alternative for this work. A NACA 4410 profile is
subsequently chosen for this work.

In addition to the need for information about the aerodynamics of the airfoll, it is
for this work also required to have information regarding the geometry, with
reference to the structural solidity calculations, ref. 2.5.3. It is therefor decided
to develop a NACA profile in an Excel spreadsheet, and let Excel calculate
approximate functions for the upper- and lower sides of the airfoil. Based on
these functions, it is possible to calculate the lengths of the upper- and lower
flanges, the height of the front- and rear spar using their position in percentage
of chord - as shown in (2.59) - (2.62) - and the area of the torque box through
integration of the functions between the front- and rear spar. The area of the
airfoil is obtained directly through numeric integration of the resulting
coordinates from the equations in the spreadsheet. By norming the chord length
to “1” in the calculations, it is further possible to determine the area of the airfoil
by multiplying the normed area with the square of the actual chord length.

The procedures and equations related to the calculations of the NACA 4-digit
profiles are shown in Appendix B [17].

The spreadsheet is originally set up variably with respect to the entry values for
the NACA profiles, the four digits, and the results are thereby available when
submitting the values of the applicable airfoil — here the 4410. The interval along
the x-axis, or chord-line, is set to 0.005. Table 3-1 shows the entry values in the
second column, and the resulting airfoil area from the numeric integration of the
coordinates in the fourth column.
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4-digit NACA-profiles

Entry values Normed Area [m?]
First digit: 4 | (Max. camber in % of chord) 0,068801
Second digit: 4 | (Pos. of max camber in 10-percent)

Third & fourth digit: 10 | (Max. thickness in percentage of chord) Scaled Area [m’]
Constant x chord 5,3 | (Chord-length) 1,932628145
Incidence angle a [Degree] 0

Table 3.1: Entry values for the 4-digit NACA airfoil, and the resulting area

Out of the resulting coordinates for the camber line and the upper- and lower
side, Excel generates a graph of the airfoil, and the approximate functions of the
upper- and lower sides. These graph for the 4410 airfoil are shown in Figure
3.1:

0,1000000
0,0800000
0,0600000
0,0400000

0,0200000
0,0000000 Poly. (Over side)

_O'OZUOUOQ,UM__DM-—"IBUUU 0,4000 0,5000 0,6000 0,7000 0,8000 0,9000 1,0000— poly. (Under side)

-0,0400000

y =0,6582x - 2,077x" + 2,5824x* - 1,7749x* + 0,6009x + 0,0126

mean-camber-line
====Qver side

: 7._ " r N " : Under side
y=2,427x° - 8,1617x° + 10,748x" - 7,0109x° + 2,3135x? - 0,3086x - 0,0076

Figure 3.1: Graph and functions for the NACA 4410 airfoil

The results of the spreadsheet are listed below. The functions for the upper-
and lower flanges are used extensively under 2.5.3.1 for the torque box
geometry, and the airfoil area is used for the volume and density determination
for the blades:

Yur (c) =0,6582¢” -2,077¢* +2,5824¢ —1,7749¢ +

(3.1)
0,6009¢ +0,0126

Vor (€)= 2,427¢° -8,1617¢° +10,748¢* = 7,0109¢* +2,3135¢* - 02
0,3086¢ —0,0076 '
a, (¢)=0,068801-c’ (3.3)

a,(c)  Airfoil area, dependent on chord length [m?]
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3.2 Aerodynamic properties of the NACA 4410 Airfoil

It now has to be decided how to obtain the aerodynamic coefficients, ¢, ¢4, and
Cm. After learning about and studying the program XFOIL, available online for
download and use under the GNU General Public License, this is found to be a
fit solution for this task [18]. XFOIL is an “interactive program for the design and
analysis of subsonic isolated airfoils” [19]. It makes it possible to, among other
things, execute a viscous or inviscid aerodynamic calculation on existing airfoils,
delivering lift- and drag predictions just beyond cimax. By combining high-order
panel methods with advanced boundary layer and wake computations and,
among other parameters, allowing variable Reynolds numbers, XFOIL has
achieved recognition and a good reputation over the years.

XFOIL is now being executed for different values for AoA and utilizing the
NACA 4410 airfoil, which already is stored in the program’s library. In this
connection, fixed, predetermined settings for Mach-, Reynolds- and Ngi
numbers are being used. N refers to the “log of the amplification factor of the
most-amplified frequency which triggers transition” [19]. In other words is this a
parameter, which specifies the disturbance level in the stream and how the
transition of the stream consequently is affected. For this work, the default
setting “9” for N was chosen. The value 9 is a typical value for an average
wind tunnel, while a higher value, e.g. 12 -14 would be appropriate for a
sailplane. A lower value would indicate e.g. a “dirty” wind tunnel [19]. Even
though the blades of a wind turbine are fairly sleek and aerodynamically clean,
it also has to be considered that they operate almost continuous in all sort of
weather and therefore typically bear marks of this through scaring of the
surfaces from dust, ice, etc. The aerodynamically cleanness of the wind turbine
blades are therefor classified worse than a sailplane and the default value 9 is
found to be appropriate.

For the Mach number, “0,1” was chosen, as this would be a good approximation
for most of the wind speeds addressed in this work. As will be explained in more
detail in the chapter covering the calculation program, is a correction factor for
the Mach number utilized, if the Mach number exceeds the value “0,3” and the
compressibility effect has to be taken into account. Regarding the Reynolds
number was the value 10’ chosen. This would represent the approximate
average Reynolds number generated over the blades of a wind turbine similar
to the reference wind turbine used in this work, which will be presented later.
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The operating window and results from XFOIL can be seen in Figure 3.2 and
Figure 3.3:

XFOIL c> NACA

Enter NACA 4 or 5-digit airfoil designation i> 4418
Max thickness 0.1008029 at x = .31
Max camber 0.039999 at x = 0.398

Buffer airfoil set using 239 points
Blunt trailing edge. Gap = 0.80210

Paneling parameters used...
Number of panel nodes 160
Panel bunching parameter 1.0608
TE/LE panel density ratio 8.158
Ref ined—areas/LE panel density ratio
Top de refined area x/c limits
Bottom side refined area x/c limits

XFOIL c> oper
-OPERi c> wisc
Enter Reynolds number r> 10000000.0

M 0.08000
Re 180606000

.OPERv c> mach 8.1
Sonic Cp = -66.86 Sonic Q/Qinf =

.OPERv c> alfa 4.0

Calculating unit vorticity distributions
Calculating wake trajectory ...
Calculating source influence matrix ...

Solving BL system ...
Initializing BL ...

MRCHUE: Inverse mode at 88 2.500
side 2 ieimie

Side 1 free transition at x/c 0.1780

Side 2 free transition at x/c 0.8803 66

idif Ue xi dudx 1 ©8.1817825 2.4814606E-03 73.25626
Uenew xinew 2 1.2950783E-82 1.7678738E-04

1 rms: B.1029E+80 max: —.5310E+80 D at 88 1 RLX: B.942
4000 @ _o4o0

Figure 3.2: XFOIL user window

NACA 4410
Ma = 0.1000
10.00~10°

Figure 3.3: XFOIL results
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The results for the coefficients ¢, ¢4, and ¢, from XFOIL are now being stored in
the spreadsheet along with the respective AoOA, so that graphs over the

coefficients may be produced:

Re = 1.0*1077 Ngit=9
Mach =0.1
Alpha (o] Cd Cm
-5 -0,09400 0,00560 -0,10370
-3 0,13640 0,00532 -0,10450
-1 0,36700 0,00519 -0,10540
1 0,59790 0,00508 -0,10670
3 0,82290 0,00534 -0,10720
5 1,03150 0,00658 -0,10490
7 1,24250 0,00848 -0,10290
9 1,44860 0,01030 -0,10020
10 1,54710 0,01135 -0,09820
11 1,64160 0,01250 -0,09560
12 1,72930 0,01384 -0,09180
14 1,85840 0,01754 -0,07700
16 1,95390 0,02393 -0,06190
18 1,99350 0,03721 -0,04950
20 1,98510 0,05977 -0,04580
22 1,91030 0,09431 -0,05130
24 1,78710 0,13934 -0,06880
26 1,64640 0,19394 -0,10420
28 1,42570 0,28744 -0,17880

Table 3.2: Results from XFOIL for the NACA 4410 airfoil

It proved difficult to obtain data from XFOIL at AoA’s above 28°, as the program
did not manage to conclude the calculations. This can be traced back to the
detachment of the airflow experienced at such high AoA’s, which in turn not
meet the requirements for this sort of calculation method to successfully be
completed. As the calculation program is not intended to be used for extreme
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settings of the variable pitch system, as e.g. for an aerodynamic brake motion of
the rotor, it is decided that the interval of [-5°; 28°] for AoA is sufficient.

As explained above, these results will now be used to produce graphs for the
coefficients with respect to AoA, and let Excel generate approximate functions
for the graphs. To make the functions as accurate as possible, they are divided
into two intervals, and each interval are assigned its own function. The intervals
are adjusted individually for each coefficient through testing, to make the
transition between the intervals as seamless as possible:

cl over alpha. [-5; 12,5]

2,00000
y =-0,0008x* + 0,1133x + 0,4864

150000

cl over alpha. [-5; 12,5]

— Poly. [cl over alpha. [-5; 12,5])

-0,50000

Figure 3.4: c; over AoA from XFOIL [-5°; 12,5°]



cl over alpha. <12,5 ; 28]

2,50000
¥ =-0,0062x" + 0,231x - 0,144
2,00000
1,50000
| over alpha. <12,5 ; 28)
1,00000
= Poly. (c over alpha. <12,5 ; 28]}
0,50000
0,00000
0 5 10 15 20 25 30
Figure 3.5: ¢ over AoA from XFOIL <12,5°; 28°]
cd over alpha. [-5 ; 7,36]
y = -0,0000001x* « 0,0000007x* + 0,0000095x* + 0,0000223x* - 0,0000668x + 0,0051011

0,01200

0,01000

0,00800

——=cd over alpha. [-5 ; 7,36]
— 0. — Logg. (cd over alpha. [-5; 7,36))

0,00400 —voly. {cd overalpha. [-5; 7,36])

0,00200

0,00000

-4 -2 0 2 4 6 8 10

Figure 3.6: cq over AoA from XFOIL [-5°; 7,36°]
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cd over alpha <7,36 ; 28]

0,35000

¥ = 0,000001x" - 0,000020x + 0,000107x’ + 0,000607x +

0,30000

0,25000

0,20000

0,15000

0,10000

0,05000

Figure 3.7: cq4 over AoA from XFOIL <7,36°; 28°]

cm over alpha. [-5 ; 9,25]

0,004178

ww=cd over alpha <7,36 ; 28]

—Poly. (cd over alpha <7,36 ; 28])

30

y = -0,00000161x* + 0,00001686x° « 0,00011477x" - 0,00056851x - 0,10637366

“0,10250
<0,10300
<0,10350
<0,10400
-0,10450
<0,10500

-0,10550
<0,10650

-0,10700

<0,10750

Figure 3.8: cm over AoA from XFOIL [-5°; 9,25°]

cm over zlpha. [-5; 9,25]

= Poly. (cm over zlpha. [-5 ; 9,25])
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cm over alpha <9,25 ; 28]

0,00000 ~ .
0 5 10 15 20 25 30
-0,02000
cm over alpha <5,25 ; 28]
-0,04000

/”_\ ——Poly. (cm over alpha <9,25 ; 28])
-0,06000
-0,08000 / \
-0,20000 -—/ \
-0,12000 \\

-0,14000

y = -0,00000039%" + 0,00003434x" - 0,00124294x" + 0,02253063x" - 0,19382689x + 0.5242872x

-0,16000 \

-0,18000

-0,20000

Figure 3.9: cm over AoA from XFOIL <9,25°; 28°]
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The results for the approximated functions for ¢, ¢4, and ¢, and their
associated intervals are listed below:

[—5° sas 12,5°] :

C (a) =-0,0008¢” +0,1133a +0,4864 (3.4)

(12,5°<a=<28°]:

¢, () =-0,0062a +0,231a— 0,144 (3.5)

[-5°=a=7,36°]:

¢, (a) =-0,0000001¢’ +0,0000007¢* +0,0000095¢a +
0,0000223a” - 0,0000668¢ +0,0051011

(3.6)

(7,36° <as 28°] :

¢, (a) =0,000001c* - 0,00002¢° +
0,000107¢” +0,000607cx +0,004178

(3.7)

m*

[-5°=a=9,25°]:

c, (a) =-0,00000161c" +0,00001686a" +
0,00011477a* =0,0005689 1 - 0,10637366

(3.8)

(9.25°<a=<28°]:

c, (a) =-0,00000039¢” +0,00003434¢* —0,00124294a’ +
0,02253063a” - 0,19382689¢ +0,52428728

(3.9)
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Using these functions for the coefficients, it is now possible to compare them to
the results from XFOIL for evaluation:

Alpha cl Ci xFoiL cd Cd xFoiL cm Cm XFoIL
-5,00 -0,10010 -0,09400 0,00556 0,00560 -0,10377 -0,10370
-3,00 0,13930 0,13640 0,00533 0,00532 -0,10422 -0,10450
-1,00 0,37230 0,36700 0,00518 0,00519 -0,10571 -0,10540

1,00 0,59890 0,59790 0,00507 0,00508 -0,10681 -0,10670
3,00 0,81910 0,82290 0,00539 0,00534 -0,10672 -0,10720
5,00 1,03290 1,03150 0,00664 0,00658 -0,10525 -0,10490
7,00 1,24030 1,24250 0,00898 0,00848 -0,10281 -0,10290
9,00 1,44130 1,44860 0,01050 0,01030 -0,10047 -0,10020
10,00 1,53940 1,54710 0,01121 0,01135 -0,09946 -0,09820
11,00 1,63590 1,64160 0,01213 0,01250 -0,09599 -0,09560
12,00 1,73080 1,72930 0,01341 0,01384 -0,09000 -0,09180
14,00 1,87480 1,85840 0,01767 0,01754 -0,07446 -0,07700
16,00 1,96480 1,95390 0,02552 0,02393 -0,05862 -0,06190
18,00 2,00520 1,99350 0,03888 0,03721 -0,04555 -0,04950
20,00 1,99600 1,98510 0,06006 0,05977 -0,03712 -0,04580
22,00 1,93720 1,91030 0,09174 0,09431 -0,03547 -0,05130
24,00 1,82880 1,78710 0,13700 0,13934 -0,04455 -0,06880
26,00 1,67080 1,64640 0,19929 0,19394 -0,07160 -0,10420
28,00 1,46320 1,42570 0,28245 0,28744 -0,12863 -0,17880

Table 3.3: Comparison of functions and XFOIL
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2,50000

i, XFOIL
——cd, XFOIL
cm, XFCIL
-10 -5 0 S 10 15 20 25 30
-0,50000
Figure 3.10: Coefficients from XFOIL
2,50000

=, function

Smcd, function
cm, function

e

-10

-0,50000

Figure 3.11: Coefficients from functions

The results from the approximate functions for the coefficients c;, ¢4, and ¢, are
found to be satisfactory, and (3.4) to (3.9) will be incorporated in the calculation

program to generate these values when needed in the BEM iterations.
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4 Calculation Program

With the theoretical foundation and the prerequisites derived and shown, the
computational tool, which executes and automates the methods and equations,
can now be presented. It is decided to write the program in the C++ language,
and the source to the codes and theory hereby are taken from [20].

4.1  Structure of the Calculation Program

The program is first and foremost intended for testing and experimenting on
existing wind turbines for different operational scenarios of wind speeds and
efficiency-settings, or wind turbine designs in the preliminary-sizing phase,
obtaining results for performance and loads. The user has to submit most of the
geometric properties of the applicable wind turbine, and the only geometric
value being calculated by the program itself is the twist of the rotor blades. The
interface with the program regarding the geometry of the blades has of course
its limitations, as the rotor blades usually are of a quite complex shape. In this
connection the program has to work on the basis of a few assumptions, which
may lead to the program calculating on a geometry that is slightly diverged
compared to that of the actual geometry. This also includes the lack of
opportunity to use another airfoil than the NACA 4410.

The program is divided into three main parts: In the first or initial part are the
geometry and operational design conditions submitted, the blade twist
determined and the performance and loads under these conditions calculated.
The design point is hereby defined as the transition between the exponential-
and flat-rate areas when referring to Figure 2.9. In the second part has the user
the possibility to execute the program for other wind speeds, and get the results
for performance and loads under these conditions, with the rotor working under
maximum efficiency. This part is mainly intended for the exponential area of the
power curve; at wind speeds lower than the design wind speed. In the third and
final part of the program, it is possible to submit the wind speed and the power
output. It is here in other words possible to reduce the efficiency of the rotor by
dictating the power it should deliver, which is especially interesting at wind
speeds higher then the design wind speed — in the flat-rated area of Figure 2.9.

Further, as a result of the program being intended for the use on existing or
preliminary designs, there are no calculations with regards to materials and their
allowable/unallowable stress values. The results are not intended for actual
strength calculations, displacements and sizing, but rather that the results of the
initial run of the program, which are those of the design point of the wind
turbine, are defined as the maximum allowable. With the execution of part 2 or 3
of the program, these results can then be compared to those of part 1 and
evaluated accordingly. As shown under 2.5, are the load calculations based on
the presumption that the material of the rotor blades are of an isotropic type, as
e.g. most metals, and not composite materials, which have anisotropic
properties. Calculations on composite materials are much more complex and
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time-consuming and would exceed the time frame and amount of work that can
be dedicated to this work. Also, the knowledge regarding the materials used,
the manufacturing methods and the composition of the structure would have
had to be comprehensive and exact, for the effort of implementing composite
calculations to actually pay off. One would also conclude, that information
regarding type of airfoil, materials and composition is hard to come by, as this is
frequently subject to secrecy in the industry. Even though almost all of the large,
modern wind turbines today have rotor blades consisting of composite
materials, mostly GRP (Glass-reinforced plastic), it is the idea that the main
purpose of this calculation tool still would apply — to compare performance and
rotor-strength of a given rotor under different operational scenarios.

4.1.1 Data types

As this program has to store a lot of data and often many values of the same
variable, as e.g. the radius to each of the blade elements, the data type “arrow”
is used to initialize these types of variables. In practice, this is done by defining
the length, or number of values in this arrow in the heading of the program,
which allows an establishment of values of the type “double” of this number,
allocated to each variable defined with this arrow. When initializing, the
applicable variable is established with a name of the following structure [20]:

dname[Arrowlength]

The arrows can be explained as dimensions in the program and, as mentioned
above, is the blade radius one of these dimensions, including all of the different
data stored for each blade element. Another such dimension is the number of
rotation angles, which will be calculated by the program. As explained under
2.5.2.1 vary the loads on the blades dependent on rotor angle due to gravity.
This means that for some of the variables describing loads, there is not just the
need to store data for each blade element at a given radius, but also at a given
rotation angle, and hence a second dimension/arrow. For the normal- and shear
flows/stresses are the calculations further carried out in predetermined positions
in the torque box, which results in a third dimension needed for data storage.
The predetermined number is the definition of this arrow-length in the heading.
This means that there are some variables initialized in the following ways:

dname2[Arrowlength][Arrowlength2], and:
dname3[Arrowlength][Arrowlength2][Arrowlength3]

In addition to these arrow variables, there are variables defined as “double” and
“integer” in the program.

In other words, the definitions of Arrowlength, Arrowlength2 and Arrowlength3 in
the heading determine directly the number of blade elements, number of rotor
angles and number of control positions in the torque box respectively. A
simplified and structural overview of the program source file is attached in the
Appendix C. The whole source file is found to be too lengthy to attach as an
Appendix.
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4.2 Input values and initiation

Now the initiation of the program and the values that are submitted by the user
will be presented. The input values can either be known, guessed or
experimental values in connection with the preliminary-sizing phase. Referring
to Figure 4.1 the input values are:

Total blade radius

i

Radius, where the elliptical tip-geometry starts

Radius to the start of the
aerodynamically effective
part of the blade Chord lengths at the start and

end of the linear section Tip, with chord
e lengths decreasing

with the function
of an ellipse

Aerodynamically effective part of the blade

Center of Inner,
the hub aerodynamically

passive part of
the blade

Figure 4.1: Rotor geometry read by the calculation program

Air temperature, T [K]

Air pressure, p, [PA]

Number of blades, B [-]

Wind speed, v, [m/s]

Rotor-revolutions per minute, revp, [min™]

Blade radius, rpjage [M]

Relative radius at the start of the aerodynamically effective blade, r; s [-]
Relative radius at the end of the hub, r.4 [-]

Relative radius near the tip, where the chord starts to decrease in the
form of an ellipse, r-e [-]

10. Chord-length at the beginning of the effective blade, ¢s [m]

11. Chord-length near the end, before the elliptical drop, c. [m]

12. Position of the front spar relative to chord-length, sy [-]

13. Position of the rear spar relative to chord-length, s [-]

14. Maximum thickness of the upper flange, t,smax [mm]

15. Maximum thickness of the front spar, t: max [Mm]

16. Maximum thickness of the lower flange, s max [MM]

©CoNORWN =
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17. Maximum thickness of the rear spar, trs max [Mm]

18. Minimum thickness of the upper flange, t,min [Mm]

19. Minimum thickness of the front spar, tz min [MM]

20. Minimum thickness of the lower flange, s min [mmM]

21. Minimum thickness of the rear spar, ts min [MM]

22. Total mass of the blade, Mpjaqe [Kg]

23. Mass of the effective part of the blade relative to total mass, myae [-]
24. Radius of the circular part of the blade attached to the hub, rgross s [M]

fi2i2i2i2isiaitiaidizididididiiii G RR 88
Wind Turbine Design with Blade Element Momentum Theorie ————
fI2i2i2i2i2i2i2i2i2i2i2i2i2idid a2 R AR R0 88

The settings of the program include NACA 4410 airfoils, 65 hlade elements.
and linear chord lengths before it decreases with the function of an ellipse
at the tip.

Please submit the following values at the design conditions:
The air temperature in Kelvins: 288.15

The air pressure in PA: 1613060.0

The Number of bhlades: 3

The Wind speed in m/s: 12.0

The Revolutions per minute of the Rotor: 14.8

The total Radius of the blades in m: 58.8

The relative Radius at the start of the effective bhlades: 8.2
The relative Radius at the end of the Hub: 8.85

relative radius near the tip, after which the chord starts to drop in the form of an ellip

Chord length at the beginning of the effective blade in m: 5.3
Chord length before the elliptical drop near the tip in m: 1.8
Position of the Front Spar relative to chord length: @.15
Position of the Rear Spar relative to chord length: 8.65
Maximum Thickness of the Upper Flange in mm: 286.0

Minimum Thickness of the Upper Flange in mm: 2.0

Maximum Thickness of the Front Spaar in mm: 22.0

Minimum Thickness of the Front Spar in mm: 5.0

Maximum Thickness of the Lower Flange in mm: 20.0

Minimum Thickness of the Lower Flange in mm: 2.0

Maximum Thickness of the Rear Spaar in mm: 22.0

Minimum Thickness of the Rear Spar in mm: 5.0

total weight of the Blade in kg: 165008.0

weight part of the outer, effective blade in 1/1@8xpercentage: 8.85

Figure 4.2: User window and input values

Out of these input values, the program immediately calculates some further,
necessary values before it enters the BEM-iterations. Out of the submitted start
values other details regarding the geometry can be determined:

Atmospheric conditions [21]:
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a= (T'R'K) (4.1)

a Speed of sound [m/s]
R Specific gas constant for air, 287 [J/(kg*K)]

K Heat capacity ratio, 1,4 [-]

P,
= (4.2)
Ny
0 Density of the air [kg/m?]
P.=05p-mr,, Vv (4.3)
Blade element width:
dr,, = —(rblade (1-73)) (4.9)

Nk
drre  Width of each blade element [m]

nge  Number of blade elements [-]

The number of blade elements, ngg, is determined in the heading of the
calculation program as described under 4.1.1, and cannot be altered by the
user. When the program is executed, there is given a message of how many
blade elements the program is working with at that time, along with the other
start-up messages, containing information about number of rotor angles to be
considered and number of positions in the torque box where the shear- and
normal flow/stress will be calculated. For this work the program is set up with 65
blade elements. This is a sufficient number to reach accurate results, and at the
same time a number low enough to keep the calculation time per run at a
conveniently short.

Blade rotational speed, Q:

rev_. 2.1
= i =72 (4.5)
60s - min
Radiuses:
Ta = Votade " Vel (4.6)

ry Hub radius [m]
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Ts.a8 = s " Thiade 4.7)

I's AE Radius at the start of the aerodynamically effective part
of the blade [m]

Te =1k " Votade (4.8)
re Radius to the start of the tip geometry [m]
Mass of the two different parts of the blade:
Myp =M, g " My, (4.9)
Mag Mass of the aerodynamically effective part of the blade [kg]
Myp =My = Myg (4.10)
Map Mass of the aerodynamically passive part of the blade [kg]
Area of blade sections:
Ablade,HA =7 rj’om,x (41 1)
Abiade,Ha Area of the blade hub-attachment cross section [m?]
Ao ns = 0068801 ¢? (4.12)

AbiadesAe Area of the end of the aerodynamically passive part of the
blade [m?] The factor 0.068801 is derived under 3.1.
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4.3

Program, Part 1

With the initial values determined, the program now enters the first part of the
program, which calculates the performance and loads for the design conditions.
The first sequence here contains a “for” loop, and two “do-while” loops. These
loops hold the entire codes and equations necessary to calculate the twist of the
rotor, the maximum power output and power coefficient of the rotor, as well as
the foundation for the load calculations at the submitted design conditions. The
nature and functions of these loops will now be explained, and a simplified
overview of the whole sequence can be seen in Figure 4.3. This figure will serve
as support for the forthcoming text:

#include <math.h>
#include <stdio.h>
#define Arrowlength 65 /% Humber of blade elements %/

void main{void)

for{iNumber_of_Elements == 0 ; iNumber of_Elements < Arrowlength ; iNumber of_Elements ++)

7/%*Here are the initial geometric values for the blades determined.*/
iOuterCouter = 0;

{

iTest = 1
d

dTorgue_aerodynamic[iNumber_of_ Elements] = dTorgue_old:;
/%In this loop is the optimum pitch found, and thereby also defining the twist of the blades
The pitch alterations are here executed based on the results from the evaluation

from the last run, and the wvariables "iOuterCounter, "iFortegn" and "iTest".

Before entering the inner do-while loop are the initial aerodynamic parameters calculated.*/
iCounter = 0;

do

dixial_ Induced[iNumber_of_Elements] = dAzial_Induced_old:
dTangential_Induced[iNumber_of_ Elements] = dTangential_Induced_old:

7% In this loop is the pitch angle considered fizxed, and the flow parameters
accrordingly iterativ calculated. based on the BEM Tehory. %/

ddiffl
ddiff2

dixial_ Induced[iNumber_of_Elements] - dixial_ Induced_old:

dTangential_ Induced[iNumber_of_ Elements] - dTangential_Induced_old;
iCounter =+ 1;

}while(ddiffl > diccuracy || ddiff2 > dAccuracy):

s%*Following the BEM calculations are the torque for this pitch angle evaluated.*~

ddiff = dTorque_aerodynamic[iNumber_ of_ Elements] - dTorgue old:

/%*Based on the result from "ddiff", number of iOuterCounter, and value of
"iFortegn" are the correct pitch command assigned*/

if(iTest != 0)
/%Pitch mode 1, 2, 3 or 4 is chosen*/

iOuterCounter =+ 1;

}while(iTest = 0);

Figure 4.3: Simplified overview of program sequence

The “for” loop runs through the number of blade elements, using the — in
programming typical — interval: [0 — (maximum number -1)]. The variable for the
number of blade elements is “iINumber_of Elements”.

For the first blade element the radius to the control-point in the middle of it is
calculated as follows:
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Voen =Vsap T 2 (4.13)
I'be, 1 Radius to the middle of the first blade element [m]
For any other given blade element, the radius is:
Tyei = Theet Tl (4.14)
I'be,i Radius to the middle of a random blade element [m]
Ibe-1 Radius to the middle of the previous blade element [m]

The chord-length with respect to radius are determined through the following
equations, dependent on weather the applicable blade element is located in the
area of linear changing chord-lengths, or in the tip where the chord-lengths
decrease with the function of an ellipse:

f;.l (rbe,i) ) r},lade('c(er:,ECi)rr,S) | (rb” ) rS’AE) e e

fd(r) Chord-length at a given spot along the radius, before the tip
geometry starts [m]

The term (C”_C‘) is hereby dedicated its own variable in the program,
Dotade ’(’?,E - ’"r,s)

and then used with its applicable radius, as in the BEM-iteration to achieve the

results.

Jea (r,,e,i) = ( = )) -\/((rb,ade '(1 - rr’E))z - (rbe’i - (’?,E -rblade))z) (4.16)

rblade ) (1 - rr,E

ﬁz(r) Chord-length at a given spot along the radius, in the tip
geometry [m]

As mentioned earlier, is the program set up to decrease the chord-length after
the radius r,, -rwith the function of an ellipse. The basis for (4.16) is the

standard equation for a generally located ellipse [10]:
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(=)', ()

= x =1 4.17)

In this connection are: yo = 0, Xo = 7y *Thyuer @ = Fyre"(1-72¢), b = ¢,, and the
equation is solved with respect to y to result in (4.16).

The area of a given blade element is determined as follows:

A, =0.068801 ( £ (rbe,i))2 (4.18)

Abe.i Area of a given blade element [m?]
foi (i) Chord-length of the applicable blade element [m]

During the run of the “if*-loop, it is prepared to calculate the volume and CoG of
the aerodynamically effective blade upon completion of the loop, through
numeric integration in the same manner as shown under 2.3.1 and in (2.40). In
this connection is a variable established, which sums each of the blade
elements’ volume contribution, and thereby multiplying the first and the last
value by 0.5, conform to the Trapezoid Method.

With these geometric values now available, the sizes “local solidity” and “tip-
speed ratio” are calculated as described in (2.29) and (2.32). The compiler
enters now two interlaced iteration loops — both of the “do-while” type — which
determine the best pitch angle for this blade element with respect to torque
(outer iteration), and the BEM-iteration at this pitch-angle (inner iteration). The
pitch angle determination of the outer loop ultimately also determines the twist
of the blade, as it identifies the relation of the pitch angles between each blade
element.

4.3.1 Pitch/twist calculations

It is here still referred to Figure 4.3. In the outer iteration loop is the pitch angle
altered for each run and then evaluated at the end of the loop by comparing the
torque of the blade element at this pitch angle with that of the previous pitch
angle. In this connection is the stop-criterion the value of a dedicated integer
variable, “itest”, which continues the run of the loop as long as its value is
different from zero. Another integer variable, “iOuterCounter”, is used to count
and control the number of runs, which is especially important during the first few
runs, to secure that enough alterations have been carried out, to affirm that
indeed a peak has been found. The comparison of the torques from the current
and previous run is executed through a variable, “ddiff’ that subtract the
previous torque from the new. For the first run is simply this comparison
bypassed, as there is not enough data to possibly perform this yet. This is
executed through an if-query that picks up the counting variable on its first run.
Yet another integer variable, “iFortegn”, is used to recognize if the alteration in
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pitch is positive or negative. The value 1 represents hereby a positive alteration,
while 0 indicates a negative. Prior to the first run is the value set at 1.

The alteration of the pitch angle is controlled through 4 different alteration-
modes on the basis of the mentioned variables:

Mode #1 alters the pitch angle with +0.05deg, sets “iFortegn” and “itest” to 1
and is carried out if the either of the following statements are true:

e jOuterCounter =0
e ddiff >0 AND iFortegn =1

Mode #2 alters the pitch angle with -0.05deg, sets “itest” to 1 and “iFortegn” to O
and is carried out if:

e ddiff < 0 AND iOuterCounter = 1
e ddiff >0 AND iFortegn = 0

Mode #3 alters the pitch angle with -0.05deg, sets “itest” and “iFortegn” to 0.
When this mode occurs has a peak been found after a series of positive
alternations, and the loop can be terminated. The following circumstances
applies:

* ddiff <0 AND iFortegn = 1 AND iOuterCounter =1

Mode #4 alters the pitch angle with +0.05deg, sets “itest” to 0 and “iFortegn” to
1. When this mode occurs has a peak been found after a series of negative
alterations, and the loop can be terminated. The following circumstances
applies:

* ddiff <0 AND iFortegn =0
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Figure 4.4: Example of pitch alterations

Before the torque-test and subsequently pitch alteration take place,
preparations are made for the BEM-calculations that are carried out first in the
inner do-while loop. Based on the variables iNumber of Elements - which
identifies which blade element that currently is being calculated — and the
iOuterCounter for the outer- and iCounter for the inner iteration, are the
preparations made accordingly:

* IfiNumber_of Elements = 0 AND iOuterCounter = 0 AND iCounter = 0:

a; = (—0.018 -iNumber _of _ Elements + 14.0) . % (4.19)

Q; Initial AoA [rad]

x 2 1
. =———-arctan| — (4.20)
2 3 A
Pi Initial relative flow angle [rad]
Y=o+ p; (4.21)

Vi Initial pitch angle [rad]
The details to (4.19) are derived through testing and debugging, with the goal to
obtain the values for AoA, relative flow angle and pitch angle as close to the
end values as possible, and thereby keeping the calculation time as short as
possible. The equations (4.20) and (4.21) are from [7]. In this run, the program
next calculates the aerodynamic coefficients as derived under 3.2, and the axial
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and angular induction factorsa and «' are determined through (2.30) and (2.31)
— solved for a and a4’ respectively — before the compiler continues to the inner
iteration [7] and [9]:

a=|1+ 4- (cos(ﬁi))z ) -
[1 G"(Ci'Sin(ﬁz)"'cd'COS(/J)i))J (4.22)
a=(l-a) (0,’(01'005(/3,-)—@1-sjn(ﬁi)))] 4.23

(1 ) [ 4‘1,.'(COS(/3’I.))2 (4.23)

In some existing applications that also use the BEM-method, are frequently
dedicated equations used to calculate entry values for ¢ and «' when initiating
the BEM calculations. That was tested in this program, but found not to be
necessary and the actual BEM-equations used inside the iteration for ¢ and '
were also used upon entry.

* Else ifiINumber_of Elements =0 AND iOuterCounter = 0 AND iCounter

=0:
JT
= -02-— 4.24
)/z }/be—l 180 ( )
vwe-1  Pitch angle reached for the previous blade element [rad]
The initial relative flow angle i is calculated by (4.20)
a,=y,- B (4.25)

The details to (4.24) are also derived through testing and debugging to achieve
an initial value as close to the end-result as possible. Following these
equations, the compiler continues to the inner iteration after the aerodynamic
coefficients have been calculated as under 3.2, and the induction factors by
(4.22) and (4.23).

e Else if iOuterCounter =0

If iOuterCounter is higher than zero, it means the compiler has been at the end
of the outer do-while loop and been assigned a pitch alternation mode. This is
executed through an if-query, and further “ifs” make sure that the correct actions
are performed based on the current pitch mode. Next, the initial relative flow
angle and initial AoA are calculated according to (4.20) and (4.25), before
proceeding to the inner iteration loop, are the aerodynamic coefficients and
induction factors calculated in the same manner as above.
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4.3.2 BEM calculations

This text still refers to Figure 4.3. In this loop is the pitch angle considered fixed,
and the according flow parameters are iteratively calculated based on the
geometry, atmospheric conditions and constraints within the BEM-calculations.
The calculations follow the philosophy from 2.3, and use the equations (2.22) to
(2.36).

As mentioned earlier, uses also this loop an integer variable, “iCounter”, to
count and control the number of runs. The stop-criterions for this loop are the
axial- and angular induction factors a and a’and when the values of these have
stagnated. This is done by defining the wanted accuracy of these values
through a variable, “dAccuracy”, and then by checking the changes of a and a’
after each run. The values of the current run are stored as the old values before
a new run is started and then compared to the new results at the end.

If entering the loop and the value of “iCounter” is zero, is the storing of the old
values for a and a’ bypassed, as no data for this exists. In the same manner as
with the outer do-while loop is the compiler after the first run simply being
directed to the top for a second run. First after the second run is enough data
being gathered to perform the tests regarding the stop criterions. Beside a and
a’ are the values that constantly are being updated the wind speeds v, and vs,

a, B, the aerodynamic coefficients — which also here are calculated with the aid
of the equations obtained by the use of XFOIL and Excel — and the hub- and tip
losses. This in turn leads to the results for the forces and moments being
updated.

As the calculations for the aerodynamic coefficients are final in this loop, this
section also includes the already mentioned control of the Mach number, and
applies a correction for the compressibility effect in the case the current Mach
number is equal to, or exceeds the number 0.3. The correction factor is called
“The Prandl-Glauert-Rule”, and is calculated as follows [12]:

1

Prg =—F—--xo (4.26)
PG (1 _ M2)
Brc Correction factor according to the Prandl-Glauert-Rule [-]
M Local Mach number [-]

This rule is valid for Mach numbers in the interval [0.3 — 0.7], and for small
AoA’s [12]. This is found to be unproblematic in this work however, as even the
highest Mach numbers reached here are far from 0.7. Further, as the highest
Mach numbers — and where the correction factor might apply — occur towards
the tip of the blades due to the increasing speed from the rotation, does this
mean that the applicable AoA’s are small, as this value is inversely proportional
to the radius. This will be shown and proved in the chapter that addresses the
results.

The local Mach number is calculated as follows:
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M= (4.27)
a

The values v, and a are calculated by (2.56) and (4.1)
The corrected aerodynamic coefficients then become:

Cre =€ Brg (4.28)

cic = Corrected lift coefficient [-]

Cie=Cy4 Pro (4.29)

cq.c= Corrected drag coefficient [-]

Coe =Con " Bpg (4.30)

cm,c= Corrected moment coefficient [-]

One problem regarding this compressibility correction within the BEM-iteration
has to be handled, however: It is namely frequently experienced that the BEM-
iteration never reaches a conclusion when the Mach numbers are close to 0.3,
and that the program subsequently crashes. This is due to the relatively large
changes to the aerodynamically coefficients when the correction is applied,
which in turn affect all of the other parameters, including the induction factors
that have to stagnate to a nearly fixed value for the loop to be terminated.
Instead the values just changes back and forth as the Mach number fluctuate
around 0.3, and the loop never comes to an end. To counteract this, the section
that calculates the new Mach number is added a code, which prevents the new
Mach number from dropping back below 0.3, once it has exceeded this number.
This section is shown in Figure 4.4:

if (iCounter == 0)

dMach[iNumber_of_Elements] = dlocal_relative_speed[iNumber_ of_ Elements]/dsonic_speed;

else
if (dMach[iNumnber_of_Elements] > 0.3 || dMach[iNumber_of_Elements] == 0.3)
dMach[iNumber_of_Element=s] = dLlocal_relative_speed[iNumber of_ Elements]/dsonic_speed;
if (dMach[iNumber_ of_Elements] < 0.3)
dHach[iNumber_of_Elements] = 0.3;
¥
else

dMach[iNumber_of_Elements] = dLocal_relative_speed[iNumber of_ Elements]/dsonic_speed;

Figure 4.5: Control of the Mach correction in the program
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This solution may reduce the accuracy of the results, but as the correction
factor is applied suddenly as the Mach number exceeds 0.3 and changes the
coefficients quite dramatically, this in turn also affects the other results as a big
leap of their values. As the whole concept of the iteration loop is to consistently
narrow the equations down to fixed values, a way had to be found to keep the
values from fluctuating eternally and thereby not reaching a conclusion.

The changes for a and «' are stored through two variables, “dDiff” and “dDiff2”,
which subtract the old values from the new and then are compared to
“‘dAccuracy” in the end-test of the loop. If both of these variables have values
less than “dAccuracy”, the loop is terminated and the compiler continues to the
pitch control section explained under 4.3.1. The value of dAccuracy is set to 10
‘. In the case that a pitch angle peak was found during the last run, and the
pitch has been changed to this value in the current run, is also the variable
“itest” now changed to zero from either pitch mode #3 or #4. Following the
completion of the inner loop is subsequently also the outer iteration loop
immediately terminated, as the end criterion “itest” = 0 is met.

Following the completion of the two do-while loops have all the relevant data for
the current blade element been calculated and this is now stored in the text file
‘Results WTD_1” before the program moves to the next blade element and
starts at the top of the for-loop again. The torque contribution for the applicable
blade element is additionally being summed to a variable, in a numeric
integration process equal to the one for the volume calculation explained under
4.3. This allows the overall Power of the rotor to be calculated upon completion
of the for-loop.

4.3.3 BEM-Results of Part 1

With the for-loop now completed, the results for the numeric integrations for
volume, CoG and torque can be determined:

Thlade

Vig = f A, (rbe’,.)dr =dSum _Volume - dr,, (4.31)
Vae Total volume of the aerodynamically effective part
of the blade [m?]
dSum_Volume Numeric integration value obtained in the

for-loop [m?]
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Thlade
f Abe,i (rbe,i) ' rbe,i dr

s, AE

VotadeaE = =5 —

Ay (he,)dr (4.32)

s AE

(dS um_Volume _radius - dr,, ‘1, )

VAE
Ty tade AE CoG of the aerodynamically effective blade [m]
dSum _Volume _ radius Numeric integration value obtained in the

for-loop [m?]

While the value sSum_Volume simply is a summation of each of the blade
elements’ area, conform to the Trapezoid Method, the value
dSum_Volume radius also includes information of the radius of the blade
elements. This is done in the following manner in the for-loop:

dSum_Volume _radius = dSum _Volume - Joei (4.33)
Vptade

f dT dr = dSum-dr,,, (4.34)

Trotal Total torque of the rotor [Nm]
dSum  Numeric integration value obtained in the for-loop [N]

T

total —

Based on these results, further values can be calculated:

m,g
Pyiade.ar = 7 (4.35)
Vie

Obiadese Density of the aerodynamically effective blade [kg/m®]

Bo=T,u (4.36)
C,= i) (4.37)
PT
Cp Power coefficient of the rotor [-]

With the total torque of the rotor at design conditions now available, it is also
possible to calculate the torque function for the gears and generator. The load
torque function has the following form [22]:
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and = cgen ) reviin (438)
Tioad Torque from gears and generator [Nm]
Cgen Constant for the load torque function [(kg+m?:min?)/s?]

revmin  Rotor revolutions [min™"]

As the rotor revolutions are the variable in (4.38), c4en the only value that needs
to be calculated for the load torque function to be determined. This constant is
chosen during the design phase of the wind turbine, to ensure that the desired
rotational speed of the rotor is delivered at the desired torque. This is configured
for the design conditions, in the same manner as here [22]. For the rotations of
the rotor to remain constant at the design wind speed, the load torque has to be
equal to that of the rotor, and the solution of the constant thereby become:

c = 7-;01(11 (4.39)

gen 2
rev

min

Now, a new for-loop is entered, which also runs through all of the blade
elements, and here is the twist of the rotor calculated and stored in the text file
“Twist”. Additionally is the radius to each of the blade elements’ middle point
stored in the text file “Radius_Elementer”. These values are later used in Excel
during the evaluation of the results. During the first for-loop was the torque
contribution from each blade element monitored, and the blade element with the
largest contribution stored as the variable “iMax_Position”, and the twist of the
rotor is now being calculated with respect to the pitch angle of this blade
element. In this way is not only the twist of the blade conveyed, but also which
element that has the highest torque contribution. The equation for a given blade
elements’ twist with respect to “iMax_Position” is as follows:

wbe,imax = )/he,imax - ybe,i (440)
Ybe,imax Twist with respect to “iIMax_Position” [rad]
Ybe.imax Pitch angle for “iMax_Position” [rad]

With the completion of this for-loop is now a message given, that the blade
design now is finished, and that the performance of the rotor has been
calculated.

Before the calculation on the structure can start however, the information about
the inner, aerodynamically passive parte of the blade has to be identified.
Further, all of the loads from the BEM calculations have to be determined for
each blade element in the way explained under 2.5.2. To be able to fully utilize
the BEM results, all of the blade elements have to be considered a fixed bearing
in the same manner as the blade/hub attachment, and that they support all of
the loads from the blade section located outside itself.

The investigations on the aerodynamically passive part of the blade are not as
comprehensive as on the outer part, in that this is not parted into several
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sections where the calculations can be executed. It is also considered that this
part has a different structure then the outer part, so calculations similar to those
on the torque box of the aerodynamically effective blade are not carried out.
Only the total forces and moments on the hub attachment are included, but
these also include the loads induced by the mass of the inner part of the blade.
In any case is it the approach of this work not to exceed the loads generated
under the design conditions, and by monitoring the loads of the outer blade part
and the forces and moments acting at the hub attachment, it is assumed that
also the integrity of the inner part of the blade is maintained.

The program works with the constraints that the hub attachment has a cross
section of a pure circle while the other end, the transition to the aerodynamically
effective blade, has a cross section of the NACA 4410 airfoil. Between this is
there a geometric linear transition from the one cross section to the other,
based on the area:

The function for the linearization then becomes:

A g -A ade
fulr)=da-r+ A, = ( "'“Z;AE _r’”; ) (= 1)+ Aptage (a.41)
S,AE H

fA(r) Area of a section in the aerodynamically passive part

of the blade [m?]
da Area linearization factor [m]

Ao Area value for the linear function [m?]

The volume of this part of the blade is hence defined as:

Ts.AE Ts,AE Ts,AE

Vip = ffA(r)dr= fda-rdr+A0fdr (4.42)

Vap  Volume of the aerodynamically passive part of the blade [m3]

This finally become the following equation:

V= [0.5 ~da-r* + A, -r]r’w (4.43)
Next is the CoG for the inner blade part calculated. This is done in the same
way as described in (2.40):
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f‘a(r)-rdr ;-da-r3+;'A0-r2 .
Typ = —2 = L (4.44)
S.AE V
f a(r)dr AP
Typ CoG of the aerodynamically passive part of the blade [m]

Now, from these results can the inertia force generated by the inner blade part
be determined. This is done based on the theory from 2.5.2.2:

— 2
F o p=my T, Q2 (4.45)

Feap Centripetal force, generated by the aerodynamic passive
part of the blade [N]

Next enters the program three interlaced for-loops with the main purpose of
calculating all of the resulting forces and moments on each blade element
section in addition to the hub attachment. In these loops are also many text files
being printed, which will be needed during the evaluation of the results. The
structure of this sequence is presented in Figure 4.6:

#include <math.h>
#include <stdio.h>

#define Arrowlength 65 /% Humber of blade elements %/

#define Arrowlength2 6 /% Number of rotor angles to be considered*/
#define Arrowlength3 4 % Number of positions in each of the walls in the torgue box to be calculated*/

void main{void)

for(iNumber_of_Elements == ; iNumber_of_Elements < Arrowlength ; iNumber_of_Elements ++)

iVariable2 = iNumber_of_Elements:
for{iVariable2 == iNumber_of_Elements; iVariable2 < Arrowlength ; iVariable2)

/% Here are the numeric integration that are the foundation for the load calculations
executed, for the current blade element
Also the CoG for each blade =segment is determined here through numeric integration.

The calculations are carried out as described under 2.5.2, for the applicable
blade segment*/

}

/%*Here are the completed numeric integrations utilized, and the load cases that are independent
from rotor angle carried out. These include torque, torque force, thrust, thrust moment,
inertia, and torsion.The results are thereafter printed to the file "Loads and_Zentroidsl.t=xt"*/

for({iRotor_Angle Position == 0; iRotor_Angle Position < Arrowlength2; iRotor_Angle Position++)
/% In this loop are the loads generated by gravity included, dependent on the current
rotor angle. These loads are shear force from gravity., normal force from gravity, and
the bending moment generated by the shear force and the current blade segments' CoG.
The normal force from gravity is therafter added to the inertia. to describe the total
normal force. The shear force from gravity is added to that of the torque force, to
describe the total shear force in the rotor plane. Finally are the bending moments from
gravity and torgque added, to identify the total bending moment in the rotor plane.

These results are now added to "Loads and_Zentroidsl.txt"*/

Figure 4.6: Details to program sequence
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The first for loop is build up as the previous ones, with the number of elements
as the control variable, running from the first to the last. The next for-loop,
however, is slightly different as it is completed in its entirety for each time the
outer for-loop starts on a new blade element. The control variable for the
second for-loop, “iVariable2”, is set to be equal to the current number of
elements just under the command line for the outer for-loop, and the second for-
loop then runs through the interval [iVariable2 ; (iNumber_of Elements -1)]. By
putting the equations for the forces, with their effective arms, and moments for
the blade element/blade section in the second for-loop, is it in this way possible
to identify the complete loads on them, as derived under 2.5.2. For example,
when the first loop has come to blade element number 25, does this mean that
the second for-loop executes calculations for the elements [25 ; 65], and
thereby determining all of the loads for element number 25 through numeric
integration, which are finished by the completion of the second for-loop.

As the results for each blade element are completed after the second for-loop,
they are printed to the text files “Loads_and_Zentroids1”. These initial results to
“Loads_and_Zentroids1” include volume, mass, CoG relative to both the current
blade element and the hub in addition to all of the forces and moments, minus
those that are dependent on rotor angle.

Now, the program enters the third for-loop in this section. This loop does not
use the blade elements as control variable, but the number of rotor angles
specified in the heading of the program as “Arrowlength2”. Up until now have
just the loads that are independent from rotor angle been calculated, but in this
loop are the loads from gravity identified and in that way also concluding the
load calculations for the blade elements. These results are then appended in
the “Loads_and_Zentroids1” file to the current blade element, and written to the
rest of the three Excel files that contain the load cases dependent on rotor
angle.
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3 entroids

Fil Rediger Format Vis Hielp

n

| Element nr.: 1
The following values are not affected by Rotor angle:

Radius to Element is: 9.0792 [m]

The Mass Zentroid from Hub 1is: 25.2769 [m]

The Mass zentroid from Section is: 16.1977 [m]

The Local total Thrust is: 248465.55 [N]

The Local total Moment at Section due to Thrust is: 7265146.40 [Nm]
The Local total Torgque Force is: 36859.60 [N]

The Local total Moment at Section due to Torque is: 863123.19 [Nm]
The Local Torsion in the Blade Section is -80440.98 [Nm]

The Local Force due to Inertia is: 801453.13 [N]

The Local total weight is: 129492.000 [N]

The following values are dependent on Rotor angle:
The current Rotor angle is: 0 [deg]

The Local shear Force at Section due to weight at Rotor angle is: 0.00 [N]

The Local Normal Force at Section due to weight at Rotor angle is: -129492.00 [N]

The resultant Normal Force at Section at Rotor angle is: 671961.13 [N]

The total Moment at Section acting perpendiculary about the Rotor plane (from Torque and weight) is: 863123.19

The following values are dependent on Rotor angle:
The current Rotor angle is: 60 [deg]

The Local shear Force at Section due to weight at Rotor angle is: 112143.36 [N]
The Local Normal Force at Section due to weight at Rotor angle is: -64746.00 [N]
The resultant Normal Force at Section at Rotor angle is: 736707.13 [N]

The total Moment at Section acting perpendiculary about the Rotor plane (from Torque and weight) is: 2679582.46

The following values are dependent on Rotor angle:
The current Rotor angle is: 120 [deg]

The Local Shear Force at Section due to weight at Rotor angle is: 112143.36 [N]
The Local Normal Force at Section due to weight at Rotor angle is: 64746.00 [N]
The resultant Normal Force at Section at Rotor angle is: 866199.13 [N]

The total Moment at Section acting perpendiculary about the Rotor plane (from Torque and weight) is: 2679582.46

The following values are dependent on Rotor angle:
The current Rotor angle is: 180 [deg]

The Local shear Force at section due to weight at Rotor angle is: 0.00 [N]

The Local Normal Force at Section due to weight at Rotor angle is: 129492.00 [N]

The resultant Normal Force at Section at Rotor angle is: 930945.13 [N]

The total Moment at Section acting perpendiculary about the Rotor plane (from Torque and weight) is: 863123.19

The following values are dependent on Rotor angle:

The current Rotor angle is: 240 [deg]

The Local shear Force at Section due to weight at Rotor angle is: -112143.36 [N]

The Local Normal Force at Section due to weight at Rotor angle is: 64746.00 [N]

The resultant Normal Force at Section at Rotor angle is: 866199.13 [N]

The total Moment at Section acting perpendiculary about the Rotor plane (from Torque and weight) is: -953336.08

The following values are dependent on Rotor angle:

Figure 4.7: Example of results printed to “Loads_and_Zentroids.txt”

The last section before the compiler moves back to the top of the first for-loop to
go to the next blade element, is to calculate dedicated integration values for
moment from torque and thrust with respect to the hub attachment. These are
set up exactly as for the blade elements, but consider the arms for the thrust-
and force moments

Following the conclusion of these three for-loops has the foundation for the
structural calculations in the torque box been laid, and the BEM results have
now been fully utilized. The last thing that is done before moving on to the
structural calculations on the torque box is to calculate the same values for the
hub attachment that have been calculated for the blade elements during the
previous sequence.

This is done by utilizing the values that were determined in (4.41) - (4.45), and
additionally including dedicated numeric integration variables for the hub in the
outer for-loop, ref. Figure 4.6. These variables prepare the calculations for the
bending moments due to torque and thrust, which have to refer to the hub
attachment, and not a blade element. The shear force and bending moment due
to gravity is determined by using the total blade weight submitted by the user,
and by combining this with the overall blade CoG. The CoG for the
aerodynamically effective blade was derived in (4.32), and the CoG for the

[Nm]

[Nm]

[Nm]

[Nm]

[Nm]
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inner, passive part of the blade in (4.44). Out of these two values the overall
CoG is determined in the following manner:

((rblade,AE TMyg ) + (rAP TMyp ))
Myage

Thee Overall CoG of the blade [m]

Fblude = (446)

Now, after the integration values for the hub has been utilized following the
conclusion of the sequence in Figure 4.6, and the bending moments due to
torque and thrust accordingly have been determined, a for-loop identical to the
third for-loop in that figure is encountered. In this loop is the rotor angle the loop
variable, and the following values are calculated for the hub attachment: Shear
force and bending moment in the rotor plane due to torque and gravity, and total
normal force due to inertia and gravity. The corresponding results are appended
in “Loads_and_zentroids1” for each rotor angle in the same way as for the
blade elements, as shown in Figure 4.7.

4.3.4 Structural Calculations of Part 1

The following section in the program refers to the theory and equations derived
under 2.5.3. Here is the foundation from the completed program sequences
utilized, to finally deliver the normal- and shear flows/stress of each of the sides
in the torque box for each of the blade elements, for each of the rotor angles.
The structural calculations are more straightforward with respect to the
programming compared to the previous section, as all of the variables now are
known. To achieve the final results the program now works strictly after the
theory and corresponding equations, and this is the main problem rather than
the programming. The succession of this section is as follows:

Using three interlaced for-loops, each addressing one of the three
dimensions/arrows defined for the program, explained under 4.1.1, the loads
and stresses for each position in the torque box for each rotor angle at each
blade element can be identified. This method or sequence, however, needs to
be executed three times in succession for the complete results to be available.
The last of these sequences also needs to be executed once for each side in
the torque box.

The first sequence addresses the geometry of the torque box, the basic shear
flow g, and the complete normal flow ny:

In the first for-loop are the geometric dimensions and properties of the torque
box for each blade element are determined, ref. 2.5.3 equations (2.59) - (2.86).
Then, moving to the third and inner for-loop is the g, basic shear flow for each
side in the torque box, for each rotor angle, initially calculated - each starting at
zero at its starting point, ref. 2.5.3 equations (2.88) - (2.92). Next are the
complete normal flows for each side of the torque box, for each rotor angle
calculated, ref. 2.5.3 equations (2.100) - (2.105). The results for the normal
flows are then immediately printed to the file “ny_1.txt’s. When the last run of
the for-loop controlled by the torque box variable is executed, are the results for
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g+ connected to each other, so that a continuous g, exists for the whole torque
box at the current rotor angle. This means e.g. that the end result from the
upper flange is added to the start result for the front spar, and so on. Following
the completion of q; is this printed to the file “q1_1.txt". A simplified overview of
this sequence can be seen in Figure 4.8:

for{iNumber_of_Elements == 0 ; iNumber_ of_Elements < Arrowlength ; iNumber_ of_Elements ++)

/*Here are the geometric dimensions and pro
current blade element, ref. 2.5. equations

erties for the torque box calculated for the
(2.59) — (2.86)%/

for(iRotor_Angle Position == 0; iRotor_Angle Position < Arrowlength2?; iRotor_Angle_Position++)

for(iTorsionBox_Var == 0; iTorsionBox_Var < Arrowlength3 ; iTorsionBox_Var ++)

/%In this » flow "gl" calculated for each =ide in the torque box.
Ref. 2.5 = y =2092).

They are not t to each other at this point, and start on zero at the
beginning of i

Following the calculations for gl, are the complete normal flows determined next,
and these are hence completed at this point. Ref. 2.5.3, equations (2.100) - (2.105)%/

/%The results for the normal flow are here printed to the file "ny_1.txt"*/
if {iTorsionBox Var == Arrowlength -1)
for{iTorsionBox_Var == 0; iTorsionBox Var < Arrowlength3 . iTorsionBox Var ++)
ide added to each
. starting a

that the
the upper

/%At this point
other, to deliver a

rting

v e for the ange, and

=0 forth.*/

/%The now completed values for "gl" are now being stored in the file "gl_1.t=xt"*~

}

Figure 4.8: Details to program sequence for structural calculations

In the next sequence will the constant shear flow, gy, and the SC be calculated:

The SC, being a geometric value, is calculated for each blade element, while qo
is calculated for each blade element at each rotor angle. In the program, this is
done by letting the compiler run through three for-loops identical to those of the
previous sequence, controlled by the number of elements, the rotor angle and
the torque box variable respectively. In the inner for-loop is the calculation for qo
prepared through numeric integration of g4, ref. 2.5.3 equation (2.93). By the
completion of this for-loop, runs the compiler further through the for-loop
controlled by the rotor angle, and (2.93) can be executed, and the value for qo
identified. Through an if-query, which only applies for the first rotor angle for
each blade element, is now the distance between the torque box CoG and the
SC in x-direction calculated, ref. 2.5.3 equation (2.97). The last action in this
sequence is the printing of the result for gy to the file “q0_1.txt". The structure of
this sequence can be studied in Figure 4.9:
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/%In this sequence are the SC for each blade element., and gl for each rotor angle
calculated»/

for(iNumber_of_Elements == 0 ; iNumber_of_Elements < Arrowlength ; iNumber_ of_Elements ++)
for(iRotor_Angle Position == 0; iRotor_Angle_Position < Arrowlength2: iRotor_Angle Position++)
for{iTorsionBox_Var == 0; iTorsionBox_Var < Arrowlength3 ;. iTorsionBox_Var ++)

/%In this loop are the calculation of g0 prepared, through numeric integration

of gl, ref. 2.5.3, equation (2.93)%/
/% At this point is the completed numeric integration utilized., and equation (2.93)
executed. gl for the current rotor angle has now been determined.»/
if {(iRotor_Angle_Position == 0)
/% For the first rotor angle of each blade element are the distance in x direction
between the torque box CoG and the SC calculated, ref. 2.5.3, equation (2.97)%/
}

/*Here are the wvalue for the current g0 printed to the file "gO_1.txt"»~

Figure 4.9: Overview of program sequence for calculations on the torque box

In the third and final sequence are the total shear flows calculated, and the
complete loading for each position in the torque box, at each rotor angle and for
each blade element is hence being identified. This whole sequence is executed
once for each side of the torque box, to make the calculations and coding more
transparent. Following the calculations of the shear flows are also the normal,
shear and comparative stresses calculated.

This sequence is roughly built up in the same manner as the two previous ones,
with the same three for-loops. The resulting force flows and stresses are
calculated inside the third for-loop, but directly after entering the first for-loop
are the deviations for the 0.5¢ point of the current blade element and the 0.5¢
points for the effective force arms being calculated, ref. 2.5.3, equation (2.95),
and Figure 2.15. These calculations are done for the effective arms of the shear
forces from gravity and thrust, and are necessary as they intersect the 0.5c line,
(at the height/z-value of the SC) and because the 0.5c line has a sweep along
the blade radius. This leads to the occurrence of a distance in the x-direction
between the 0.5c point in the blade element and the 0.5c point at the location of
the resulting shear forces from gravity and thrust.

With the deviations between the 0.5¢ points now identified, it is possible to
calculate the shear flows due to the torsion from the shear forces that do not
have their line of forces through the SC, and thereby the total shear flows.
Moving to the third for-loop is now the total shear flow for the current blade
element, at the current rotor angle and at the current position in the applicable
torque box wall calculated, ref. 2.5.3 equations (2.94) - (2.98). Directly after this
are the comparative stresses calculated, ref. 2.5.3 equations (2.107) - (2.109).
With the shear- and normal flows/stresses and the comparative stresses
identified, starts now a screening process of these values, and the highest
values of shear stress, tensional/compressive stress and the three comparative
stress types are identified, and linked with the number of element, rotor angle
and position in the torque box wall. During the sequence for the rear spar, which
is the last of the walls being calculated, are the results for the overall shear flow



98

at this point printed to the file “qs_1.txt". With the conclusion of the sequences
are then the results from the screening of the stress values printed to
“Stress_analysis1.txt”. These sequences are reconstructed in Figure 4.10:

7% Now are the final, complete shear flows calculated. This sequence is repeated for
each of the sides of the torque box*/

for(iNumber of_Elements == 0 ; iNumber_of_Elements < Arrowlength : iNumber_of_Elements ++)

/% Here are the deviations between the 0.5c point of the current blade element to the
0.5c point of the effective arms for the bending moments from gravity and thrust calculated.
Ref 2.5.3, equation (2.95) and Figures 2.14 and 2.15. %/

for{iRotor_Angle Position == 0; iRotor_Angle Position < Arrowlength2; iRotor_Angle Position++)
for{iTorsionBox_WVar == 0. iTorsionBox_Var < Arrowlength3 . iTorsionBox_Var ++)

/% At this point are the complete shear flows for the given positions in the
torque box determined. Ref, 2.5.3, equation (2.98).

These include the allready calculated gl and g0, and are now being added with
the shear flow from torsion caused by the aerodynamic torsion of "cm", and the
resulting torsion from the shear forces.

For the shear flow from torsion, ref. 2.5.3, eguations (2.94)-(2.97 )%/

7% Now, both the complete normal-, and shear flow are known, and out of this are
the resulting normal, shear and owverall stresses calculated.
The comparative stresses are executed according to 2.5.3.4, equations (2.107)—-(2.109)%/

/%The last part in this sequence is a screening of the resulting normal, shear and
three types of comparative stresses. Here are the largest contributions from shear
stress, tensional and compressive normal stress, and the three types of comparative

s screened for each of the walls. The results include in addition to the stress
value, also wich blade element, at which rotor angle, and at which position of the wall
they occur.*/

¥

/% Here are the results from the screening of the stresses printed to "Stress_analysisl. txt"
Figure 4.10: Final calculations for force flows and stresses in the torque box

At this point are all the calculations for the first part of the program completed,
and all the results stored in the files mentioned in this subchapter. A message is
now conveyed in the user window, that part 1 has been completed, with the
applicable result for the power generated at the design conditions. Now, the
user has the choice of executing part 2 of the program by pressing “2”, or part 3
by pressing “3”.
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4.4 Program, Part 2

Part 2 of the calculation program is built on the same building blocks as Part 1,
but has the purpose of calculating the performance and loads for other wind
speeds than the design wind speed, with the rotor working at maximum
efficiency, or power coefficient, Cp. This makes this part of the program ideal to
execute calculations for wind speeds lower than the design wind speed, as
higher wind speeds would overload the rotor when working at maximum
efficiency. As all the crucial parameters for the wind turbine at this point has
been determined, the program now pursues to find the right rotational speed for
this wind speed and the right pitch for the blades, so that the torque from the
rotor eventually becomes equal to the load torque and a equilibrium hence has
been achieved.

4.4.1 Determination of rotational speed and pitch angle

The process of determining the rotational speed, @, and the pitch for the blades
are mainly controlled by two do-while loops, which also contains the BEM
calculations explained under 4.3.2 for part 1. The first do-while loop monitors
the total torque delivered by the rotor, and initiates adjustments to the rotational
speed accordingly. The next two do-while loops considers only the blade
element with the highest torque contribution from program part 1, and uses this
to gauge the results when altering the pitch angle. The reason for this is that
these calculations can directly be compared to that of the deployment of the
variable pitch system for an operational wind turbine. The pitch angles for the
rest of the blade elements are hence determined through the rotor twist
calculated in part 1. The outer loop here iterative calculates the optimum pitch
angle by using the same pitch alteration as explained under 4.3.1, and the inner
loop contains the BEM calculations for this blade element. With the conclusion
of these two loops are further the BEM calculations executed for the whole
rotor, through a for-loop containing a do-while loop. In these two loops are no
parameters being screened or gauged, as the current rotational speed and pitch
angles at this point are considered constraints. After this is the total torque from
the rotor equated against the load torque, and the applicable alteration
command for the rotational speed is given, and the compiler moves back to the
top of the sequence. With an adjustment to the rotational speed now initiated,
the corresponding values assigned for the variables “iFortegn_Energy” and
“iTest Energy”, gives statements about the direction of the alteration and if
more alterations have to be carried out respectively. Also the alteration for
rotational speed follows the same pattern as explained under 4.3.1.

When entering this part of the program by pressing “2” at the end of part 1, the
user is asked to submit the wind speed. The initial value for rotor revolutions are
then determined by the following equation:

rev . =122-v, (4.47)

The factor 1.22 is derived through testing and debugging with the goal of getting
as close to the final result as possible, and thereby reducing the amount of
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iterations needed. For the first run is the alteration of rotational speed bypassed,
and moving to the next loop, which as explained above only executes the pitch
iteration for the blade element with the highest torque contribution from part 1, is
the following initial value for the AoA assigned:

o T
180°
apemax AOA for the blade element with dT,.x from part 1 [rad]

ahe,max -

(4.48)

The reason for the value of ape max, is that this by experience is a value close to
the result for the AoA for this blade element following the conclusion of part 1,
and therefor ensures the need for relatively few iteration runs. For the very first
run of the sequence are NOW fpe max and yve max Calculated by (4.20) and (4.21)
respectively. Following an alteration of the rotational speed, is ape max Calculated
as above, the value for ype max from the last run used, and Bye max Calculated as
follows:

ﬁbe,max = Yhe,max - abe,max (449)
Bbe,max Relative flow angle for the blade element with dTax
from part 1 [rad]
Ybe,max Pitch angle for the blade element with dT,.c from
part 1 [rad]

Following the completion of the calculations regarding the blade element with
dTmax from part 1, the compiler enters the for-loop, which executes the BEM
calculations for the whole rotor. As explained above are here the pitch angles
determined through the achieved pitch angle in the two previous loops and the
blade twist from part 1. The pitch angle for a given blade elements becomes
then:

)/be,i = Yhe,imax - wbe,i (450)
Ybe,i Pitch angle for a given blade element [rad]
Yhe,i Twist angle for this blade element [rad]

The evaluation of the rotor torque is carried out as follows: The rotor torque is
equated against the load torque from the generator and gears, which is
calculated by (4.38), and the criterion for the right rotational speed is when the
load torque subtracted from the rotor torque delivers zero. The alteration of the
rotational speed follows the exact same pattern as the pitch alteration explained
under 4.3.1, and the magnitude of which is =0,1[min™"]. The criterion is
determined by the following equation:
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T

total

= Thoat = Coon "€V (4.51)

gen min

A simplified overview of this whole sequence is to be seen in Figure 4.11:

do

¢ : " ;
s%*Here is the rotational speed adjusted., based on the evaluation of the total torgue from
the rotor, and the values of "iTest_Energy" and "iFortegn_Energy" .=/

o r].— blade element
n 1) ). The pitch
of 1T t" and "iFortegn"

e im d, C ch « nd given at the bottom
of the loop. For the first run is an initial -\lux: for the pitch angle given., and the alteration section bypassed.*/
iCounter = 0:
do

/%In this loop are the BEM calculations for the blade element with the highest torgue contribution iterativ calculated
iCounter += 1;

¥

while{(dDiff > dAccuracy || dDiff2 > dAccuracy):

/%*Here are the results for the torque from the blade element with the highest torque
contribution evaluated, and assigned eiter pitch command 1., 2. 3 or 4%/
iOuterCounter += 1;

7
while(iTest |
i’*Uhen the pr

ed

ade elements.*/

The calculated
0 : iNunl

used to determine the pitch for tk
Df Elem ts < Arrowlength : iNumber_of_Elements ++)

Here are both the rotational speed and the pitch of the blade known values, and the
BEM calculations are now carried out for all the blade elements. %/
iCounter = 0;
do
{

/%In this loop are the BEM calculations for all the blade elements iterativ calculated.*/
iCounter += 1;

}
while{dDiff > dAccuracy || dDiff2 > diccuracy):

load torgue from the

/%At this point is the total torque from the rotor evaluated agians t the
c The d on if the rotational speed has to g
tcr:[uv= an :l the naqx 1tud-: ct the 1

value, the correct rotor 3 or 4 made.*/

iEnergyCounter += 1:

¥
while{iTestEnergy != 0);

Figure 4.11: Details to the iterations of rotational speed and pitch angle

When the correct rotational speed has been found and the control variable
“iTest_Energy” has been assigned the value 0, are the results printed to the file
‘Results WTD2.txt” in the for-loop calculating the results for the whole rotor.

When this sequence is completed, is a message printed to the user screen
containing the results to the achieved rotational speed, and the corresponding
power output and power coefficient.

4.4.2 Structural calculations of Part 2

The codes and workflow of the structural calculations of part 2 are exactly the
same as for part 1, explained under 4.3.4. The differences between the two
parts lie in the previous sections, containing the BEM iterations, as it is here the
current conditions are taken into consideration. When the structural calculations
on the torque box are about start, all the needed parameters are known.

The results from the structural calculations are printed to the following files
during the course of the sequences:

* Forces and moments: “Loads_and_Zentroids2.txt”

* Normal flow: “ny_2.txt”

* Basic shear flow: “q1_2.txt”

* Constant shear flow: “q0_2.txt”

* Total shear flow: “gs_2.txt”

* Maximum stress values with corresponding blade elements, rotor angle
and position in the torque box: “Stress_analysis2.txt”
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4.5 Program, Part 3

In the third and final part of the program is the user asked to submit both the
wind speed, and the wanted power output from the rotor. In this way is it here
possible to manipulate the efficiency of the rotor, which makes this part crucial
in the development of the rotor-strength-optimized power curve that are one of
the main objectives of this work. As the wind speeds submitted in part 2 of the
program are lower than the design wind speed of part 1, it is first in this part that
the higher wind speeds will be tested, and therefor the reduction in efficiency
will be necessary to maintain the integrity of the rotor strength. In the same
manner as part 2 must this part be able to deploy the variable pitch system, and
several loops have to be connected with the BEM-iterations to monitor and
screen the results, and steadily altering the necessary variables until the correct
values have been found.

4.5.1 Program set-up to obtain the unknown values

When the user has submitted the wind speed and wanted power output from
the rotor, the unknown parameters now are blade pitch and rotational speed.
The way the program now works to obtain these values are as follows: The
whole section before the structural calculations can start is divided into two
main sequences. In the first sequence is the goal to find at which wind speed
the rotor delivers the submitted power output while working at maximum
efficiency — here called the equivalent full-rate wind speed. The reason for this
is that when this particular wind speed is known, is also the rotational speed
known, and the only variable left to determine is the pitch of the blades. This is
the same mentality as with the flat rating of wind turbines in general; when the
maximum allowable output is reached and the wind speed increases, are the
blades turned to lower the efficiency. What actually happens is that the
rotational speed and torque from the rotor stay constant, while the torque
distribution over the blades changes, which consequently also causes the
efficiency to drop.

It is actually possible to obtain the equivalent full-rate wind speed by simply
assuming that the C, value is the same as the one achieved in part 1, and
applying (2.6), solved for the wind speed:

v =3 2 F (4.52)
ol CP KL p ) rhzlade .

Veq,fr Equivalent full-rate wind speed for the submitted power
output [m/s]

Par Submitted de-rated power from user [W]
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The corresponding rotational speed, can further be determined by applying
(4.38), using the solved constant cge, and finally solving for revi:

2-mw-rev,, P, -60
Pdr = 71load ’ Q = Cgen ’ revfnin T revmin =3 —— (453)
60 2-7c,,

Even though these two crucial values are available in this relatively simple way,
it is in this work nevertheless chosen to calculate them in the same pattern as
the previous sections of the program, and determine all the values through the
BEM calculations. Thereby is the program work-philosophy in this part of the
program also maintained, in that the flow parameters for the rotor are calculated
over for each change in the conditions, and in that way putting the rotor to the
test when it comes to the power coefficient. The equations (4.52) and (4.53) will,
however, be used to compare the results derived from the program, and the
validity of these and the quality of the program can hence be evaluated.

In the second sequence are the user-submitted wind speed and the now known
rotational speed used, and further the pitch of the blades gradually turned to
lower the efficiency of the rotor, until the rotor torque is equal to that of the load
torque.

4.5.1.1 Sequence 1

This sequence is identical to the control sequence of part 2, shown in Figure
4.11, except for an additional do-while loop outside, which monitors and alters
the equivalent full-rate wind speed. The procedure of this sequence is as
follows: First is an initial value for the equivalent full-rate wind speed calculated
from this equation:

Vo =04y, (4.54)

The value 0.4 in (4.52) is a value, which generally ensures a satisfactory
starting point for the iteration, and is derived through testing. Next is the
rotational speed determined by using (4.47), and replacing v with Veg s

rev . =122-v (4.55)

eq.fr

Further are both the alteration of wind speed and rotational speed bypassed as
this is the first run, and the compiler moves directly to the third and fourth do-
while loops for initial calculations of pitch angle and the BEM equations of the
blade element with the highest torque contribution from part 1 — in the same
manner as in part 2. Here, however, are slightly different initial values for AoA
and relative flow angle used, which have been derived through testing, and to
make the program as stable as possible:
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a,=30"—— (4.56)

B —z—f-arctan i (4.57)
"2 5 A '

s

Also the next loops follow the same pattern as in part 2 with the execution of the
BEM calculations for the whole rotor, and a following evaluation of the total rotor
torque against the load torque as in (4.51). The rotational speed is altered until
these two reach the same value. When the do-while loop controlling the
rotational speed has been completed, is the power output from the rotor
calculated by (2.35), and evaluated against the submitted power output from the
user. As with the do-while loops altering pitch angle and rotational speed follows
also this do-while loop the alteration pattern derived under 4.3.1.

When the outer do-while loop also has been completed, meaning that the
equivalent full-rate wind speed that delivers the submitted power output with the
rotor working at maximum efficiency has been identified, has sequence 1 come
to a conclusion. The result that will be used in sequence 2 is the rotational
speed, which was derived along with veq . The set-up of sequence 1 is shown
in Figure 4.12:

do
{
/%In this loop is it pursued to find the equivalent full-rate wind speed. In that connection
is the energy output from the rotor monitored, and the wind speed altered accordingly. The
control variables are iWindCounter, iFortegnEnergy_2 and iTestEnergy2. %/
do
{ /%*Here is the rotational speed adjusted, based on the evaluation of the total torgue from
the rotor, and the values of "iEnergyCounter" "iTorgue_control" and "iFortegn_Energy" . %/
do
{
/%*Here i= the torque of the blade element with the highest torque contribution from part 1
screened, and the pitch angle altered accordingly, to find the optimium pitch angle at
the current wind speed and rotational speed. The control wariables are "iOuterCounter"
"iFortegn" and "test"*/
do

/%*BEM calculations for the blade element with the highest torgue contribution¥/

while(dDiff > dAccuracy || dDiff2 > dAccuracy):

s%*Here is the torgue under the current conditions monitored for the blade element with
the highest torque contribution, and the appropriate command of alteration given

until a peak has been found»*/

¥

vhile(itest != 0);

/%At this point are the wind speed, rotational speed and pitch constraints, and the
calculations can be carried out for the whole rotor. */

for(iNumber_of_Elements = 0; iNumber_of_Elements < Arrowlength: iNumber_of_Elements++)

do
{

/%In this loop are the BEM calculations for all the blade elements iterativ calculated.*/
}
while(dDiff > dAccuracy || dDiff2 > dAccuracy):
/%*Now is the total torque from the rotor evaluated agianst the load torque from the gear and
generator. The decision if the rotational speed has to be altered, is made upon the equation

of the current rotor torgue and the magnitude of the load torque. If these have the same value,

the correct rotor speed has been found. Also here are either alteration command 1, 2, 3 or 4 made. */
while(iTorque _control !=0):
/*Here is the total power output from the rotor evaluated, and compared to the submittet power output from the
uszer. Based on this comparison is the appropriate command given to alter the wind speed, and thus iterativ
close in on the equivalent full-rate wind speed.%/

+
while(iTestEnergy2 !=0):

Figure 4.12: Details to sequence 1 in part 3
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4.5.1.2 Sequence 2

As explained above, is the rotational speed at this point known and the program
starts from here using the user-submitted wind speed. The purpose of this
sequence is to deploy the variable pitch system to gradually adjust the power
output, by evaluating the rotor torque against the load torque and alter the pitch
accordingly. While the foundational structure of this sequence is set up exactly
as the iterative loops described for part 1 and 2, there is one difference here
with regards to the BEM calculations: This is the only sequence in the program
where the BEM iteration loop does not work with ideal values for the flow
parameters, which further poses a challenge when it comes to calculating the
correct initial values for AoA and relative flow angle.

The sequence is set up as follows: A do-while loop monitors and alters the pitch
angle based on the rotor torque compared to load torque. The alteration
process follows the same pattern as the others in the program, ref. 4.3.1. After
the pitch alteration has taken place enters the compiler two interlaced for- and
do-while loops, which simply execute the total BEM calculations for all the blade
elements. When the rotor torque becomes equal to the load torque has the right
pitch been found, and all parameters needed before the structural calculations
can start have been identified.

As has been the case for other values in the course of writing the program, it is
also here necessary to adjust some of the initial values through testing.
Especially this sequence, because the flow parameters are different and may
take on extreme values, is vulnerable with regards to the initial values and that

these roughly hit the target. The following initial values for «;, § and y, have
been developed:

Values for the first blade element for the first run:

JT
180°
aiper Initial AoA for the 1% blade element for the 1% run [rad]

Qe =12.0° (4.58)

Bipar: (4.57)

Biver Initial relative flow angle for the 1% blade element for the 1°' run
[rad]

Yivel = Qi pert T Piper (4.59)

viver Initial pitch angle for the 1% blade element for the 1% run [rad]
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For the first blade element after pitch adjustments have been carried out are the
following values used:

B.: (4.57)

a,=y,- B (4.60)

For all other blade elements:

Vi =Voer +(Wiy +9,) (4.61)

Yy Twist angle for the previous blade element [rad]

B.: (4.57)
a,: (4.59)

A schematic overview of this sequence can be seen in Figure 4.13:

/%¥Now has the equivalent full-rate wind speed and the corresponding rotational speed been found, and the only
variable left to calculate is the blade pitch*/

do
{

/%Here iz the pitch of the rotor continous altered to lower the efficiency of the rotor. The submitted
wind speed is used., and the obtained rotational speed from the previous sequence. The control variables
are: "i0uterCounter", "iFortegn" and "itest'"%/

for(iNumber_of_Elements = 0; iNumber_of_Elements < Arrowlength; iNumber_of_Elements++)
do
#*BEM iteration for all the blade elements*/
while(dDiff > diAccuracy || dDiff2 > dAccuracy):
ow is the total torgue from the rotor evaluated agianst the load torgque from the gear and
The decision if the rotational speed has to be altered., is made upon the equation

)
of the current rotor torque and the magnitude of the load torque. If these have the same value
the correct rotor speed has been found. Also here are either alteration command 1., 2., 3 or 4 nade.*/

+
while{itest |= 0);
Figure 4.13: Schematic overview of sequence 2

Following the completion of sequence 2 are all variables identified, the complete
BEM calculations have been carried out, and the non-structural section of part 3
is thus completed. The results are then printed to the file “Results WTD3.txt”,
and some of these along with the message that the section is completed are
also conveyed through the user window.
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4.5.2 Structural calculations of Part 3

As also was the case for part 2, are the structural calculations here, and the
execution of which, identical to part 1 as explained under 4.3.4. With the
completion of the previous section is the foundation for the calculation of all of
the forces, moments and consequently force flows and stresses finished.

The results from the structural calculations are printed to the following files
during the course of the sequences:

* Forces and moments: “Loads_and_Zentroids3.txt”

* Normal flow: “ny_3.txt”

* Basic shear flow: “q1_3.txt”

* Constant shear flow: “q0_3.txt”

* Total shear flow: “gs_3.txt”

* Maximum stress values with corresponding blade elements, rotor angle
and position in the torque box: “Stress_analysis3.txt”
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5 Results

At this point has the intention and background for this Diploma Thesis been
explained, the theoretical foundation derived and discussed, and the function
and development of the computational tool shown. The work, which addresses
the use of this tool and the generation of results, can therefor now be initiated.
In this connection is it decided to use the program for an appropriate example
wind turbine, of which as much data as possible is known and to link the results
to an Excel spreadsheet where the results can be evaluated. By executing the
program for different wind speeds over the operating range, will it ultimately be
developed a power curve for the wind turbine, which at wind speeds higher than
the design wind speed is limited by the rotor strength only.

51 Test Object

As mentioned in the introduction, are the intention and results from this work
currently only applicable for offshore wind turbines, which may be mounted on
floating structures when such devices have been made available. It is therefore
chosen a wind turbine, which from the very start solely was intended for
offshore use, the Areva Wind M5000. This wind turbine is shown in Figure 5.1:

Figure 5.1: The Areva Wind M5000 [23]
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This wind turbine is currently in use on standard seabed-fixed towers, but there

are already concrete plans to use the wind turbine with the Sway® system
floating wind turbine foundation, when this has been cleared for operational use

[5]. An overview of some of its technical specifications can be seen in Figure

5.2:

Rated power
Cut-in wind speed
Rated wind speed
Cut-out wind speed
Design life time
Type class

Type
Rated power
Rated torque
Ratio

Rotor diameter
Number of blades
Rotor area

Speed range
Rated speed
Tiltangle

Cone angle

Generator type

Rated power generator
Nominal voltage
Speed range

Cooling

Protection class
Converter type

Power factor (grid)

5,000 KW

4mis

12.5m/s

25 mis

20 years
GL-TK 1 offshore

step-planetary gear, helical
5,590 kW

3,600 kNm

1:10

116 m

3

10,568 m?
45-148min'+10%
14.8 min''

50

-2°

synchron, permanentmagnet
5,260 kW

3,300V

45.1-148.5min"

Water cooled

IP 54

4-quadrant-converter

0.9 induktive - 0.9 capacitive
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Figure 5.2: Technical specifications for Areva Wind M5000 [23]

Before the results of the calculation program will be presented, the technical
specification of Figure 5.2 will be discussed and so making it easier to compare
the results of the program with these. As can be seen on top of the specification
table is the rated power of the wind turbine 5000kW. This means the power,
which is actually delivered to the electrical grid, after the captured power from
the rotor has been delivered through the necessary chain of equipment. In other
words is 5000kW not the rated power from the rotor. The complete succession
of power transmission from stage to stage is as follows [22]:

Power available in the wind through kinetic energy over the disc area (2.6):

PT=%'p'ﬂ'rbzlade.V13 (51)

Power captured by the rotor and mechanical input power to the transmission
(2.8):

Po - CP .pT (5.2)

Transmission output power delivered as input power to the generator [22]:

Pear = PO ) ngear = PT ) CP ’ 77gear (53)

8
Pgear Transmission output power [kW]
Ngear Gearbox efficiency [-]

Generator output power delivered to the grid connector/transformer [22]:

Pe = 776 ) Pgear = PT ) CP ’ 7,’gear ’ ne (54)
Pe Generator output power [kW]
Me Generator efficiency [-]

Now, interpreting the specifications in Figure 5.2, it has to be beared in mind
that the term “rated power” is inconsistently used in the industry, which makes it
difficult to know if the power in question is input- or output power. The
generator, however, is always rated with regard to output power [22]. It can
therefor be derived that P, for the Areva Wind M5000 is 5260kW. As Py
generally would be referred to as rated rotor power, it is further assumed that
the 5590kW rated gearbox power in fact is the gearbox output power, Pgear.
With this assumption is it possible to obtain the generator efficiency:

_ P 5260kW
T T 5590kw

gear

=0.94097 (5.5)
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Because neither the Cp value nor the gearbox efficiency ngear are provided here,
the exact power generated by the rotor, Py is unknown. With the given data
from the specification table is it however possible to derive a guessed,
approximate value for ngear. It is stated that the gearbox type is planetary, after
studying the info available at the producer’'s homepage, it is concluded that this
is a single stage gear [23]. This type of transmission is in literature stated to
have 2% loss per stage at rated power [22]. A chart of gearbox efficiency
dependent on power, rated power ratio and number of stages is shown in
Figure 5.3:

1.0F |

08|

0.6 |-

Efficiency, n.,

04

0.2

0 1 ] 1 1 1
0.2 04 0.6 0.8 1.0

Fraction of rated input power, P /P, o
Figure 5.3: Transmission efficiency for planetary gearboxes [22]

Hence, with a transmission efficiency ngear Of 0.98 at rated power, the rotor
power Py can be calculated to:

P
Py =" = 2590kW =5704kW (5.6)
Neear 0.98

Finally can also the Cp for the rotor be determined at standard ISO conditions,
using the stated rotor diameter and rated wind speed:
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5

I
C =PI > s
r E'p'”'rb/ade'vl

5704kW e
- =0.4512
1.225kg /'’ --(58m)” - (12.5m/s)’

These results can now be compared to those of part 1 of the calculation
program, and thus evaluate this tool. There are naturally several uncertainties to
the data of this test object, e.g. the details of the geometry of the rotor, and if
the NACA 4410 airfoils applied by the calculation program have somewhat
similar aerodynamic properties to those of the airfoil of the Areva Wind M5000.

5.2 Results from the calculation tool

At this point, the results from the calculation program shall be presented. In this
connection, the results for Cp and rotor power Py from part 1 of the program will
be evaluated against the corresponding results for the Areva Wind M5000
derived above. In addition to Py and Cp, also the structural results of part 2 and
3 for other wind speeds will further be compared to the results from part 1.

The program generates much data, and not all of these can be analytically
compared. It is for instance difficult to compare the results for force flow and
stresses in the torque box at every position. The reason for this is that e.g. the
normal stress often changes from tensional at one end of the applicable wall, to
compressive stress at the other end, and hence passes zero on the way. ltis in
this connection likely that the results from a run of the program, which
generates lower maximum values than another run, at some positions
nevertheless have higher values than the higher loaded run. It is therefor
decided to use the three types of maximum comparative stresses, ref. 2.5.3.4,
and base the evaluation if the results are within or above the limits on these.
The maximum values for the comparative stresses are identified during the
screening process explained under 4.3.4. This is done by initiating the
maximum and minimal values of shear- and normal stress as very high
negative- and very high positive values respectively, and thus making sure that
the first stress values which are monitored will be set as new
maximum/minimum. In this way are all values compared to each other, and by
the completion of the loop have the highest values of maximum/minimum been
found. These results, for all the runs of the program for different wind speeds,
are in Excel connected to the reference values of the rated wind speed in part 1.
Through a formula in Excel are either “OK” or “Value above max!” conveyed as
the results are pasted into the spreadsheet.

Referring to 4.2, the input values for the calculation tool for the Areva Wind
M5000 are stated in Table 5.1. Except for the number of blades, rated wind
speed, rotational speed, the blade radius and blade weight are the other values
guesses only:



TK]: 288,15
pa [PA] 101300
B[-] 3
vy [m/S] 12,5
reVimin [min’"] 14,8
I'blade [M] 58
I'rs [-] 0,16
I'rH [-] 0,05
e [-] 0,94
s [m] 5,3
Ce [M] 1,4
Sfts [-] 0,15
Srs [-] 0,65
tut max [mm] 20
trs max [mm] 22
titmax [mm] 20
z‘rs,max [mm] 22
tutmin [MM] 2
tfs,min [mm] 5
titmin [MM] 2
trs,min [mm] 5
Mbpjade [KQ] 16500
M. [] 0,8
I'cross,s [m] 1,5

Table 5.1: Input values for the Areva Wind M5000

The corresponding results from part 1 of the program are now displayed in
Table 5.2:
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Part1 i
General Results Hub loads
v, [m/s] 12,5 M arsin [Nm] -66998,4
rev,,.[min~] 14,8 |F oz [N] 821329,92
[Max. Mach No. [-] 0,2646 |Fuoue [N] 40978,9
[T 0,1542 | Fypuse [N] 265826,0
T [Nm] 4023182,51 |Mipruee [Nm1] 10183533,4
P (W] 6235338,97 arm, Torque [m] 32,7
CP [-] 0,4932 Iting arm, Thrust [m] 38,3
Stress values
Upper Flange Blade Element [-] Rotor Angle [deg] / Wall position of occurance [%]
T e [N/’ ] 71,75 55 240 /100
O cens, e IN/Mm2] 21 i 240/ 100
0, comp, o IN/mm2] 627,45 1 300/0
0,06 IN/mm2] 627,67 1 300/0
0y, e [N/mm2] 629,21 44 60/ 100
01 0 [N/mm2] 627,78 1 300/0
Front Spar Blade Element [-] Rotor Angle [deg] / Wall position of occurance [%]
Cmanrs IN/Mm2] -49,6 52 240 /33,33
O mantens s IN/mm2] 709,05 1 120 /100
O e coms s [IN/mm2] 620,69 43 60/0
041,65 [N/mm2] 709,4 1 120 /100
01.5.cs [N/mm2] 709,75 b | 120 /100
04,14 IN/mm2] 709,58 1 120 /100
Lower Flange Blade Element [-] Rotor Angle [deg] / Wall position of occurance [%]
Cmaeis IN/mm2] 70,2 55 60/0
O man cens, e [N/mm2] 709,69 1 120/0
0 comp, i [IN/mm2] -104,3 1 300 /100
01,6 [N/mm2] 710,11 1 120/0
0y5.0c IN/mm2] 710,54 i 120/0
04,10 IN/mm2] 710,32 1 120/0
Rear Spar Blade Element [-] Rotor Angle [deg] / Wall position of occurance [%]
o s [N/mm2] 16,89 26 60/33,33
O antens 05 IN/mm2] 521,82 46 120/0
0, comp, s IN/mm2] 627,99 1 300 /100
041,45 [N/mm2] 628,17 1 300/ 100
04,06 [N/mm2] 628,35 1 300 /100
0y o5 [N/mm2] 628,26 1 300 /100
These are ref. values

Table 5.2: Calculation Tool results, rated wind speed

As can be seen in the results from the calculation tool, is the power output of
6235.34kW at rated wind speed somewhat higher than the Areva Wind M5000.
The Cp is therefore also higher, with a value of 0,4932. Among the uncertainties
with regards to the exact dimensions and geometry of the Areva Wind M5000,
there is obviously also a leap from the calculations to the obtained operational
values. Even so seem these data to be plausible, and confirm that the
calculation tool generates data, which corresponds well with an existing wind
turbine. It has to be underlined the importance of obtaining as much and
accurate data as possible to achieve results of high quality. Naturally, the fixed
use of the NACA 4410 airfoil in the program is a constraint, which lower the
accuracy of the results. The results of loads and stresses will be discussed after
the tables containing the values from other wind speeds have been displayed.
With results available from the range 4m/s — 24m/s it is then possible to
compare them and to evaluate them with regards to the different conditions. For
the results obtained from part 3 of the program, requiring the submission of both
wind speed and power output, these were generated through trial, until the
values for the maximum comparative stresses were equal to or close below
those from part 1. The next tables are listed from lowest to highest wind speed:
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-7342,0

86929,13

4076,0|

27160,2

1042387,3

32,7

384

240 / 100

55
43,62 1 240 /100
-71,26 40 60 /100
71,62 40 60 /100
71,99 40 60 /100
40

"~ 240/3333

60 /100

77,48 1 120 /100
-71,35 40 60/0

77,62 1 120/100

77,76 1 120 /100

120/100

60/0
77,59 1 120/0
48,06 1 300/ 100
77,76 1 120/0
1 120/0
1

120/0

120/ 66,67

60,67 41 120/0
70,48 1 300/100
70,48 1 300/100
1 300/100

1 300/ 100

Table 5.3: Results for 4m/s and maximum Cp

-16,87

-16497,0

195323,97

9176,7

61080,2

2344059,6

32,7

38,4

240 /100

152,9

-11,56

43,81 3 240 /100
-152,89 1 300/0
152,89 1 300/0
152, 1 300/0
1

~240/33,33

300/0

170,67 1 120/100
-145,56 43 60/0

170,83 b ] 120/100

170,98 120/ 100

170,

-16,46

120/100

60/0

171,14

4,89

170,87 1 120/0

-59,45 1 300/ 100

171,05 ] 120/0

171,24 1 120/0
1

120/0

60/ 66,67

152,99

1
122,16 44 120/0
-152,98 1 300/ 100
152,99 1 300/ 100
152,99 1 300 /100
: ]

300/ 100

Table 5.4: Results for 6m/s and maximum Cp
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16030828

-29,82

-29308,1

347005,79

16319,0|

108560,2

4166050,5

32,7

240 /100

38,4

268,31

-20,52

~240/3333

44,05 1 240 / 100
268,24 1 300/0
268,29 1 300/0
268,33 1 300/0

1

300/0

301,4

52
301,11 1 120/ 100
250,21 43 60/0
301,3 1 120/ 100
301,49 1 120/ 100
1

120/100

60/0

7,27

" 120/66,67

301,42 1 120/0

75,37 1 300 /100

301,65 1 120/0
1 120/0
1

120/0

1
208,95 44 120/0
268,45 1 300 /100
268,49 1 300 /100
268,52 1 300 /100
268,51 1 300/ 100

Table 5.5: Results for 8m/s and maximum Cp

o,
2505266,56

0,4949

-46,47

-45775,3

541974,58

25503,1

169600,1

6508359,8

32,7,

240 /100

384

416,69

-32,04

44,36 3 240 /100
-416,53 1 300/0
416,64 1 300/0
416,74 1 300/0
1

300/0

" 240/33,33

469,16

45,44

52
468,79 1 120/100
-384,83 44 60/0
469,03 2 120 /100
469,28 1 120 /100
3

120/100

60/0

469,69

10,84

469,23 1 120/0

-95,83 b 300 / 100

469,54 1 120/0

469,84 1 120/0
1

120/0

60/33,33

25
321,12 46 120/0
-416,88 1 300 / 100
416,97 1 300/ 100
417,06 1 300 /100
417,01 i 300 / 100

Table 5.6: Results for 10 m/s and maximum Cp
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0,261
3

3608015,39

0,4949

-66,81

-65898,5

780230,36

36728,9]

244200,0

9370987,6

32,7

240 /100

384

44,72 1 240 /100
597,75 1 300/0
597,93 1 300/0
598,11 1 300/0
598,02 1 300/0

46,12 52 240 /33,33
673,7 1 120/100
549,54 44 60/0
674,02 1 120/ 100
674,34 1 120/ 100
674,18 1 120/ 100

-65,36

60/0

674,91

674,32 1 120/0
-120,82 1 300 /100
674,71 1 120/0
675,1 1 120/0
1 120/0

15,48 26 60/33,33
458,23 46 120/0
-598,28 1 300/100
598,43 i 300 / 100
598,58 3 300/100

598,5 3 300 / 100

Table 5.7: Results 12m/s and maximum Cp

0,2883

0,

240,41
7486192,38

-62,26

-81961,6

942322,03

46092,1

234833,8

8814805,4

32,1

60 /100

37,5

118,13 240 /100
-623,06 60/0
623,38 60/0
623,7 60/0

623,54

60/0

-43,28 52 60 /33,33
703,28 3 120 /100
-401,09 44 60/0
703,6 1 120/100
703,92 i 120 /100
703,76 1 120/100

60/0

704,03 1 120/0
-186,62 1 300/ 100
704,41 1 120/0
1 120/0
1 120/0

14,18 21 60/33,33
317,04 46 120/0
623,71 1 60 /100
623,97 1 60 /100
624,24 1 60/ 100
624,1 1 60 /100

Table 5.8: Results 14m/s and de-rated Cp
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5148798,6!
9020497,0.

-58,06

-90272,3
1017511,85
55135,3!
2313340
8459297 4
31,1
36,6

60 /100

620,65

141,35 1 240 /100
-620,16 1 60/0
620,49 1 60/0
620,81 1 60/0
1 60/0

40,51 52 60/33,33
698,63 1 120/100
325,57 46 60/0
698,97 1 120/100
699,3 1 120/ 100
699,13 1 120/ 100

-56,91

60/0

700,04

699,43 1 120/0

204,57 1 300/ 100

699,84 1 120/0

700,24 1 120/0
1

120/0

13,74 1 12/33,33
248,11 46 120/0
-620,87 1 60 /100
621,13 iz 60 /100
621,4 1 60 /100
621,26 1 60 /100

Table 5.9: Results 16m/s and de-rated Cp

0,275
5658053,3
10357074,14

0,2744

-54,26

-100281,4
1110786,13
62730,0|
227775,8
8103891,1
30,1
35,6

60 /100

160,49 1 240 /100
-612,55 i 60/0
612,87 1 60/0
613,19 1 60/0
613,03 1 60/0

" 60/33,33

-53,15

689,56 1 120/100

-260,82 46 60/0

689,91 1 120/100
1 120/100
1 120/100

60/0

690,43 1 120/0
218,08 1 300 /100
690,85 1 120/0
691,28 1 120/0
691,07 1 120/0

13,62|

190,19

613,33

60 /100

613,59

60 /100

613,85

613,72

Table 5.10: Results 18m/s and de-rated Cp
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-112400,7

1226777,8

0,33 71293,4
233520,7

6240435,01 8111304,2
12004736,8 29,2

34,7

-53,47 60 /100

174,7 3 240 /100
-623,06 1 60/0
623,38 1 60/0
623,71 1 60/0
623,55 1 60/0

37,31 i ) "~ 60/33,33

701,5 1 120 /100
-224,19 46 60/0
701,88 1 120 /100
702,26 1 120 /100
702,07 3 120/100

52,35
702,45

-230 300 /100
702,92 120/0
703,38

703,15

13,94 1 60/33,33
157,66 48 120/0
-623,91 1 60 /100
624,18 1 60/ 100
624,45 3 60 /100
624,32 1 60 /100

Table 5.11: Results 20m/s and de-rated Cp

-124107,4
19, 1334561,5

0,345 80096,1
238515,5

6796852,3 8070932,9
13637411,9 283

3 33,8

60/ 100

-52,07

183,26 1 240 /100
-624,79 i | 60/0
625,13 1 60/0
625,47 1 60/0

i 60/0

625,3

363 ] ~ 60/33,33

704,39 1 120 /100
-190,02 46 60/0

704,81 1 120 /100
705,23 1 120 /100

705,02 120/100

50,97 B ~ 60/0

705,43 1 120/0
235,76 1 300/ 100
705,93 1 120/0
706,44 1 120/0
706,19 1

120/0

14,22 ] " 60/3333

128,8] 49 120/0
-625,73 i 60 /100
626,01 1 60 /100
626,28 1 60 /100
626,14 1 60 /100

Table 5.12: Results 22m/s and de-rated Cp
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7046540,4
14374525,47
0,160

-45,28

-130758,4

1379512,05

86894,1

228403,3

7417652,9

27,0

60 /100

32,5|

575,01

-31,8

178,4 1 240 /100
-574,49 4 60/0
574,84 1 60/0
575,18 1 60/0
1

60/0

60/33,33

651,37

-44,38

120/100

650,69 1 120/100
136,73 46 60/0
651,15 1 120/ 100
651,6 1 120/100
1

60/0

652,58

13,8

651,76 1 120/0

222,39 1 300 /100

652,31 1 120/0

652,86 1 120/0
1

120/0

88,05

-575,46

60 /100

575,75

60 /100

576,03

575,89

Table 5.13: Results 24m/s and de-rated Cp
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5.2.1 Discussion of the Calculation Tool Results

From these results can be seen, that even though the amount of produced
power from the rotor rises considerably higher than the limit of the Areva Wind
M5000, it is also clear that the Cp value at higher wind speeds drops sharply
from the value at and below the rated wind speed. This fact underlines that the
blade loading in terms of efficiency indeed has to be lowered quite much for the
strain on the blades to be kept within limits. The comparison of the Cp value
developed here, with the Cp value of a flat rating above the reference wind
speed can be seen in Figure 5.4:

Cp overvl
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Figure 5.4: Comparison of the developed- and flat-rated Cp

As Figure 5.4 shows, is there a marked difference in Cp value compared to that
of the flat rate scenario. Maybe somewhat unexpected, however, seems the
difference, after an initial increase, to decrease to a certain degree towards the
highest wind speeds. The difference of these two Cp values are displayed in
Figure 5.5:
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Developed Cp - Flat rate Cp
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Figure 5.5: Difference in Cp value: Developed - Flat rate

Another interesting relationship to study is that of the available power in the
wind over the rotor disc area, the captured power by flat rating and the captured
power from these calculations. This is to be seen in Figure 5.6:

Power comparison
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Figure 5.6: Comparison of available and captured power

From Figure 5.6 it is evident that even though the power output from the rotor
by 24m/s has risen with a factor of about 2.3 compared to the power output at
12,5m/s, this is still just a small fraction of the available power in the wind. As
shown in (5.1), increases the available power with the cube of the wind speed.
From this figure, one can also derive, that the relationship between the
developed power curve and the wind speed above the rated wind speed seems
to be virtually linear.



123

To understand the relationship between the decreasing Cp value and the nearly
constant strain on the blades, the results for the forces and moments will have
to be studied in detail. This is also important for the validation of the quality of
the results from the calculation tool. The loads due to gravity are omitted in the
tables, as these are constant for all conditions, and are only dependent on rotor
angle. Here will the maximum value of compressive stress, Omaxcomp for the
upper flange from Table 5.3 to Table 5.13 serve as an example. In Table 5.3,
for a wind speed of 4m/s, is Omax.comp given at a rotor angle of 60°, and 100% of
the side, meaning the position directly above the front spar. When the wind
speed increases, however, this location changes to 300° and 0% of the side,
before at wind speeds above the rated wind speed the location becomes 60°
and 0%.

Trying to understand this, one have to consider the load picture on the torque
box, shown in Figure 2.14. One can derive from this picture, that the resulting
compression or tension in either torque box wall is the combined picture of the
bending moments perpendicular to the chord line, the bending moments parallel
to the chord line, and the normal forces. Because of the pitch angle do all of the
shear forces, which also generate bending moments, have components in both
directions. The results of part 2 of the program are further ideal to study the
development and changes in the occurrences of the maximum values, as they
all are obtained under maximum Cp value, and therefor also a virtually constant
tip speed ratio, which in turn also keep the pitch angles at the corresponding
blade elements almost constant. In other words are the angles of the cross
sections at the corresponding blade elements as shown in Figure 2.14 the
same, and the only sizes that change as the wind speed increases, are the
magnitude of the forces and moments. At wind speeds above the rated wind
speed one has to consider the alteration of the forces, moments and the pitch
angles.

As described in the text for Figure 2.14, is this picture applicable for a rotor
angle between 181° and 359°, recognizable by the direction of the shear force
from gravity. For the case of 4m/s as mentioned above, it is evident that the
effect of the bending moments from torque and gravity shear force
perpendicular to the chord line at a rotor angle of 60° are greater than that of
the bending moments from thrust and gravity shear force parallel to the chord
line at 300°. This does not mean that the torque is greater than the thrust,
because the pitch angle determines the magnitude of the force components in
each direction, and naturally are the values for SMA in each of the directions
crucial to the resulting stresses. As indicated above changes this picture as the
wind speed increases, and the effect of the bending moments from thrust and
gravity shear force become the major components. This can further be
quantified and logically explained with the wall positions of occurrences: For
4m/s, where the bending moments perpendicular to the chord line from torque
and gravity shear force at 60° are the decisive components, the maximum
compressive stress occurs at 100% of the side, which makes sense, as this
position has the highest z-value, ref. the equation:
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O =

M
W=z (5.8)
IX

At this position is also the result of the bending moments from torque and
gravity shear force parallel to the chord line compressive stresses, whereas the
effect on the 0% position, which is directly above the rear spar, is a tensional
stress.

This is further also the explanation why the position of occurrence at higher
wind speeds, when at 300° the bending moments from thrust and gravity
parallel to the chord line are the major effect, is at 0% of the wall. This position
is hence the position with the highest x-value, and when applying (5.8) for this
direction, the position that also delivers the highest compressive stress value. In
Figure 5.7 are the changes of the forces inertia, torque force and thrust shown,
and this can explain the change in the rotor angle and position of occurrence for
the maximum compressive stress explained above:

Forces dependent on conditions
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Figure 5.7: Changes in inertia, torque force and thrust over increasing wind speed

One can recognize that the thrust increases far more rapidly than the torque,
and the corresponding bending moment is probably the reason for the change
from 4m/s to higher wind speeds up to the rated wind speed. The inertia force is
clearly the greatest force in value, but this is also a pure normal force, which
does not cause a bending moment. Because of the much higher radius/length
of the blade compared to the chord, the bending moments have a greater
impact on the tensional and compressive stresses in the torque box than the
normal forces. This is also recognizable in the tables, in that none of the
maximum tensional stress values, Omaxtens, OCcur at 180° where the complete
mass of the blade strains the torque box as a normal force. The strains are
greater at 120° or 240°, where a component of the mass acts like a shear force,
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and causes tensional stress at one side and compressional stress at the other
side.

At higher wind speeds, however, changes the position of occurrence for the
maximum compressive stress to 60° and 0% of the side. One has to bear in
mind that with the decreasing Cp value changes also the pitch angles in the
torque box sections, which further alter the magnitude of the bending moments
perpendicular and parallel to the chord line. What can be said about the
scenario at 60°, however, is that all of the three bending moments have a
compressive effect perpendicular to the chord line on the upper flange, and this
seems to be the decisive factor. The thrust also has a compressive effect
parallel to the chord line; whereas torque and gravity shear force have tensional
effects. The final result is decided by the combination of the magnitude of the
forces and moments and the pitch angle, but in light of the changing loading
picture as the Cpvalue changes, this is also a result that makes sense, because
the thrust force decreases and the torque force increases. The bending moment
from thrust together with the bending moment from the gravity shear force is at
300° parallel to the chord line in other words not greater than the combined
effect of all three bending moments perpendicular to the chord line at 60° any
more.

It can further be observed that all of the maximum compressive stress values
for all sides of the torque box occur at either 60° or 300°, which make sense
due to the compressive stress of the gravity normal force at these angles.
Correspondingly, as mentioned above, occur all of the maximum tensional
stress values at either 120° or 240°, when the gravity normal force causes
tensional stress. Another logical connection which can be derived from the
results, are that the maximum tensional stress in the rear spar occur
approximately at the same spot along the blade radius as the maximum
compressive stress in the front spar, at a rotor angle of 120° and 60°
respectively. As the Cp value drops, they actually close in on each other before
they meet at the same blade element at the results from16m/s wind speed.

The main explanation to how it is possible to extract so much more power at
higher wind speeds with the decreasing Cp value is the change in the bending
moments. Because of the geometry of the blade, with a high length to chord
ratio, are these loads the decisive factors. It is recognizable from Figure 5.7 that
the value of the thrust force is actually initially decreasing at wind speeds above
the reference value, and further kept constant throughout the wind speed range.
Simultaneously, as can be identified from the Table 5.7 through Table 5.13, are
the arms for the resulting forces of thrust and torque decreasing. Based on this,
one can already conclude that the bending moment from thrust has to decrease
at higher wind speeds, and this is confirmed in Figure 5.8:
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Moments dependent on conditions
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Figure 5.8: Change in bending moments over wind speed

It is here visualized how much greater the moment from thrust is compared to
that of the torque, and also that the decrease in bending moment from thrust
above the rated wind speed is greater than the increase in the bending moment
from torque.

The torsional moment is relative to thrust and torque relatively small, but has
physically a completely different effect on the blade. One can derive from the
result tables that the amount of torsion moment is actually almost doubled at
24m/s compared to 12,5m/s, and even though the shear stress is within limit
and probably not the sizing factor for the blades, the blade pitch system would
most likely have had to be strengthened to be able to cope with this
considerable increase in load.

Another interesting relationship above the rated wind speed and in connection
with the decreasing Cp value is that between torque and thrust. Roughly
speaking one can say that torque is the “wanted” load, and thrust the
‘unwanted” load. Evident in the result tables, and that can also be derived from
Figure 5.7, is that the ratio torque/thrust is increasing alongside the decreasing
Cpvalue. It can therefor be concluded that even though the effectiveness of the
rotor is lowered at the higher wind speeds, it is nevertheless loaded relatively to
a higher degree with the “wanted” load. This, together with the decreasing arms
for the resulting forces of torque and thrust is shown in Figure 5.9:
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Key sizes of Torque and Thrust compared with Cp

45,0 0,6000

0,5000

30,0 0,4000

E -
£ 250 I emmmgesulting arm, Torque

0,3000 £ .
k- Resultng arm Thrust

g
5
’ es=Torque / Thrust
150 0,2000 P

0,1000

Dist:
n
(=3
(=

0,0 0,0000

vl [m/s]

Figure 5.9: Key sizes of Torque and Thrust compared with Cp

5.2.2 Changes in tensional and compressive stress with
decreasing Cp

The acceptance criteria for the load cases at higher wind speeds were, as
mentioned under 5.2, the three types of comparative stress, oy n, ov.s and oy r.
This will now, however be seen in context with the changes in tensional and
compressive stress. As mentioned earlier, seem the shear stress not to be the
sizing load for any of the torque box walls.

One thing one will affirm when studying the results of the maximum tensional
and compressive stress values for the torque box walls, is that the same type of
normal stress, which is the greatest at the rated wind speed, is still the greatest
at 24m/s. For example, for the front spar at rated wind speed, is the maximum
tensional stress greater than the maximum compressive stress, and this is still
the case at 24m/s. Further, if one calculates the difference between the
maximum tensional and absolute value of maximum compressive stress for
each wall, one will make an interesting conclusion: The difference has
increased a little for the upper and lower flanges, whereas it has decreased
greatly for the front and rear spar. This is probably due to the same effect
discussed under 5.2.1, that the changes in pitch angle for the corresponding
blade elements, compared with the altered forces and moments have created a
different load picture at 24m/s compared with that of the rated wind speed. The
maximum tensional and compressive stresses, with the respective difference,
for each wall for these two wind speeds are listed below:
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Upper flange:

12,5m/s:

24m/s:

Front spar

12,5m/s:

24m/s:

o =21,00Mpa

max,tens, UF

o ~627,45Mpa

max,comp,UF =

absAo = 648,45Mpa

o =178,40Mpa

max,tens, UF

o -574,49 Mpa

max,comp,UF =

absAo =752,89 Mpa

o =709,05Mpa

max,tens,FS

o =-620,69 Mpa

max,comp,FS -

absAo =1329,74Mpa

o = 650,69 Mpa

max,tens,FS

o —-136,73Mpa

max,comp,FS =

absAo =787,42Mpa

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)
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Lower Flange:

12,5m/s:
O s sens.ir = 109,69 Mpa (5.21)
mas.comp.Lr = ~104,30Mpa (5.22)
absAo =813,99Mpa (5.23)
24m/s:
O paxsens.r = 031,76 Mpa (5.24)
maxcomp.Lr = —222,39Mpa (5.25)
absAo =874,15Mpa (5.26)
Rear spar:
12,5m/s:
O naxsens.rs = 921,82Mpa (5.27)
O o comprs = ~027,99Mpa (5.28)
absAo =1149,81Mpa (5.29)
24m/s:
O v sens.zs = 88,05Mpa (5.30)
O o comprs = =2 15,46 Mpa (5.31)
absAo = 663,51 Mpa (5.32)

The main changes from the rated wind speed to 24m/s are that the front and
rear spars are more uniformly loaded — tensional and compressive respectively.
The case is opposite for the upper and lower flanges, which have gotten an
increase in tensional and compressive stress respectively, and have thus
become a greater difference in normal stress.

From these values, however, is it evident that from the static loading point of
view is there not many problems in terms of allowing the rotor to follow this
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developed power curve. One of the few things in need of confirmation would be
to prove that lower flange would withstand the increase of compressive stress
without experiencing stability issues. The dynamic loading, and the strength in
terms of fatigue is of course quite a different story, and this will be discussed in
the next chapter. The developed power curve, which is one of the main
objectives of this diploma thesis, is displayed in Figure 5.10:
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Figure 5.10: Developed power curve, constant strain
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6 The developed power curve in context

The fields of engineering that would need attention, in the case that the
developed power curve for this rotor actually was to be implemented, will now
be discussed. In that connection is it assumed that the political decision has
been made to grant floating offshore wind turbines permission to exceed todays’
current noise limits, due to their remote locations.

Up until now have only the primarily loads from a steady-state airflow on the
wind turbine been considered, and the final results for maximum comparative
stresses are only from a static point of view. As this diploma thesis aims to
generate results for the preliminary phase, this is sufficient for this scope of
work. The results will now, however, be seen in a broader context, and the
necessary precautions that would have had to be taken in the case that the
developed power curve actually were to be used, highlighted. First, the dynamic
stability of the rotor blades will be looked at.

6.1 Secondary loads due to aeroelasticity and wind
conditions

Because the rotor blades experience displacement and twisting under the loads
in operation, secondary loads due to aeroelasticity occur. Aeroelasticity is an
interaction of aerodynamic loads, elasticity and inertia, and the result of which
may lead to aerodynamic instability [24]. The two main categories of
aerodynamic instability are flutter and divergence, and the most important
factors, which determine when and how aerodynamic instability occur on a wind
turbine rotor blade are:

Blade structure:

* Material

* Material shaping/arrangement (For composites and hybrid materials)
* Blade shape and dimensions

* Internal structure and rigidity

Loads:

* Wind speed

* Rotational speed

* Degree of turbulence in the air

* Momentarily efficiency of the rotor and AocA

The result of flutter and divergence can be sudden increase in loading and
strain on the blades, which are particularly critical if the rotor operate under near
maximum strain before the aerodynamic instabilities occur. Flutter is the effect
when fluctuations in the aerodynamic loads interact with the elastic
deformations, and a resonant condition occurs [24]. Every aerodynamic body
has a flutter boundary, and the conditions in which the body is to operate will
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therefore have to be checked for a satisfying safety factor with regard to this
phenomenon. Divergence is a quasi-static condition where the blade is twisted
due to the aerodynamic loads, and the twisting of the blade further increases
the load until this load exceeds the blades’ ability to resist the load [24]. These
two effects are boundaries, which never should be crossed by the rotor blades’
operational range. An example of the regions of stability and instability for a
wind turbine blade is displayed in Figure 6.1:
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Figure 6.1: Operational region limited by dynamic instability [24]

The x-axis in Figure 6.1 is the range of possible AoA’s, normed to a scale from -
1< a < 1, with the range [-80%; 80%] is evaluated here. As can be seen in
Figure 6.1, is the boundary from flutter almost a horizontal limit, mostly affected
by the rotational speed &, and this is also the most important factor to monitor
with regards to rotor blade flutter. For the divergence, one can observe that this
effect is more prone to happen at high AoA’s.

The foundation for the calculations of aerodynamic stability/instability, is given

by the following matrix [24]:
M
gt Mt

El  Blade bending rigidity [Nmm?]
g  Coupling coefficient, [Nmm?]

GK Blade torsional rigidity [Nmm?]

El -g
-g GK

&, Bending strain [mm™]
&  Torsion strain [mm™]
M, Bending moment [Nmm]
M;  Torsion moment [Nmm]
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The coupling coefficient is further calculated as:

g =a-EIGK (6:2)

Without going further into detail about the flutter and divergence calculations, it
is obvious that the new results for the bending moments from torque and thrust,
as well as the torsion moment would have had to be put to the test in (6.1), and
the sizes ¢, and & calculated correspondingly. As mentioned under 5.2.1 sinks
the value of the bending moment due to thrust considerably with the new power
curve at higher wind speeds, whereas the torque bending moment increases
steadily. Summarized sinks the value of the combined bending moment, and
the resulting direction of the bending moment turn in the direction of the torque
in the rotational plane.

The most critical load in this regard is probably the increased torsional moment.
As derived under 5.2.1, increases the torsional moment at 24m/s to almost
twice the value at rated wind speed, and this would hence challenge the
torsional rigidity of the blade in terms of avoiding aerodynamic instability.

Another significant load factor, which must be accounted for when the dynamic
loads are taken into consideration, is that from uneven wind velocities due to
turbulence and wind gusts. These are loads that have to be determined
particularly for each wind turbine site, and the most important influences are:

* Wind turbine layout (E.g. upwind/downwind rotor, tower dimensions etc.)
* Mean wind velocity
» Site topography and surface roughness

For an offshore wind turbine is normally the turbulence lower than the case is
for wind turbines on land, as the surface of the sea disturbs the wind less.
Naturally, the turbulence level will increase parallel with increasing wave height.
In order to evaluate how these loads will affect the rotor during operation with
the newly developed power curve, it must be studied how turbulence and wind
gusts are related to the wind speed. In Figure 6.2 can the relationship between
the significance of wind gusts and the site mean wind speed, for three cases of
occurrence probabilities:
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Figure 6.2: Wind gusts and mean wind speed [6]

As can be recognized from Figure 6.2 is actually the factor of wind gusts
decreasing with increasing wind, which would indicate that the danger of
overloads due to wind gusts are not more likely to occur during the wind speeds
above the rated wind speed. Nevertheless is the rotor loaded to a higher degree
under these wind speeds than with the flat rated power curve, and the safety
factor would therefor have had to be checked. Even though the gust factor
decreases at higher wind speeds, the factor coupled with the higher wind
speeds could cause the actual dynamic loading from a wind gust to be greater
than that of a lower wind speed with higher gust factor.

6.2 Fatigue strength

A very important field of engineering, that would have had to be investigated for
the newly developed power curve, is the new load spectrums’ influences on the
fatigue strength. The fatigue strength is in fact the designing criteria for wind
turbine rotor blades [6]. With the assumption that the maximum comparative
stress values obtained with the calculation tool are allowable values for the
fatigue strength for the rotor when the flat rated power curve is followed, there
are two things that will cause the life span for the rotor to drop by use of the new
power curve:

1. The rotor will operate with higher rotational speed at higher wind speed,
which means a higher number of load cycles from gravity.

2. The stress values are higher at wind speed above the rated wind speed
because of the improved Cp value, which leads to far more cycles/time
under higher stress than with the flat rated power curve.
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Large modern wind turbine rotor blades are almost exclusively made from
composites materials like GRP or CRP. These materials have excellent fatigue
strength, and can also withstand partly damage, as e.g. cracks, much better
than metals [25]. Nevertheless is it necessary also for these materials to
calculate the maximum life span, and to make sure that the fatigue strength for
the material and the applicable numbers of cycles is not exceeded. The load
spectrum for a load on the rotor blade can look like the example in Figure 6.3:

rated wind speed ~ ~“extreme wind shear
- 5107 load cycles f\}/\] 5x10% load cydes
partid_load wind speed- ~—full-load wind speed
g 6.5x%07 load cydes ]\/ /\1 4x107 load cydes
cut-in wind speed _cut-out wind speed
3107 load :ydzs " kx166 load cydes
15x10‘ “/\I %
operational cyde
‘ 2xW* Toad cydes

Figure 6.3: Load spectrum for the flap-wise bending moment [6]

For this chart, the number of cycles under full load would be increased. With the
new load spectrum identified, the number of allowable cycles, or life span, has
to be calculated based on the maximum occurring stress values. The chart in
Figure 6.4 visualizes the basis for such a decision:

g 1800
* 1 chordwise bending moment
g 1500 l
E | flapwise bending moment

1000
@ "‘ﬁ_\_\_‘_\_‘—‘

" —l_‘_Ll_l_‘

103 10* 10° 10° 0’ 10° 10’

Number of load cycles
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Figure 6.4: Allowable load with respect to number of cycles [6]

Ultimately, the case for an existing rotor to be used with the developed power
curve in this work, would be:

* Shorter life span
* Shorter service intervals

Two examples of allowable stress for a limit of 10" cycles compared to static
strength limit is given here [6]:

* Fibre Glass/epoxy* composite: o, = 420MPa, or = 35MPa
* Carbon fibre/epoxy* composite: o, = 550MPa, or = 100MPa

*EP-matrix 40-vol.%

The changed fatigue prerequisite would naturally also affect all the other
components in the wind turbine, which are designed after this criterion. For
example would the Dynamic Load Rating C for the roller bearings of the
rotor/hub attachment change, and these too would get a shorter life span.

6.3 Matching Gearbox and Generator with the Rotor

Now, the challenges of matching the rotor with a gearbox and generator for the
new power curve will be looked at.

First of all, one has to determine the maximum wanted power output, and
choose a generator accordingly. In this case, if the full potential of the rotor
were to be utilized, a generator with the power capacity of the rotor power at
24m/s multiplied with the gearbox efficiency would be needed. This would be
the rated input power for the generator, but a certain safety margin has to be
guarantied. This power multiplied with the generators’ efficiency would be the
rated power for the generator. If the rotor power output from let say 16m/s were
to be defined as maximum, that power would dictate the rated generator power
in the same manner, and the power output would have had to be flat rated at
higher wind speeds in the same manner as the original power curve above
rated wind speed.

Second, the maximum chosen power output from the rotor, would determine the
maximum input torque for the gearbox. The now known generator has a rated
working rpm, and this would give the constraint for the gearbox transmission
ratio. The design and finally determination of the gearbox and generator is an
iterative process, by which one optimizes the variable parameters until the end
results come as close to the wanted, optimum values as possible. In this
process would it also be strived to maintain the constant for the load torque
function, cgen, so that the full potential of the rotor efficiency and torque would be
utilized.
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The whole project would be dictated by the site wind-resources. Based upon the
costs for the project would it be determined if the best option would be to uprate
an existing wind turbine in the way pursued in this diploma thesis, or to design a
new, larger wind turbine with a conventional power curve.

The final, real power curve for an existing wind turbine that was to be uprated
as strived for in this work could be similar to the power curve displayed in Figure
6.5. The actual safety margin would be calculated during the detail design
phase.

Cp and Power for constant strain
Needed safety factor due to
aeroelasticity, wind gusts and
18000000 / { - fatigue strength

20000000

16000000

14000000

12000000

10000000
Power, constant strain

Power [W]

8000000 w———Power, constant Cp
6000000
4000000
2000000
0

0 5 10 15 20 25 30
vl[m/s]

Figure 6.5: Final power curve
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7 Summary and Overview

It was in this diploma thesis looked upon the potential to extract more power
from existing wind turbine rotors at wind speeds above the reference value,
without exceeding their limitation of solidity. This was based upon the scenario
that todays’ regulatory limitations of noise emissions were revoked for floating
offshore wind turbines, once this concept has been realized, as such wind
turbines not would come in conflict with the public due to their remote locations.
The basis for this study was a HAWT equipped with a blade variable pitch
system. The calculations of performance and loads were to be preliminary, and
a calculation tool for this task was to be developed.

After elaborating about the theme and bringing it in context of the wind turbine
industry, the theory for the energy capture, by which wind turbines work, the
BEM theory, and the theory for the structural calculations were shown and
derived. The BEM theory provided the foundation for the calculations of both
performance and loads, and it was shown how these results, in combination
with a subsequent numerical integration, in addition to the whole blade also
could provide results for sections of the blade. These methods and equations
were to be used in the exact same manner by the calculation tool. Further was
the chosen NACA 4410 airfoil together with the calculation method of its
coordinates presented. The coordinates were needed to obtain the dimensions
of the torque box, upon which the structural calculations applied to. It was then
shown how the aerodynamic properties were obtained, by the use of the
program XFOIL. The results were further linked to a spreadsheet in Excel where
approximate functions for the aerodynamic coefficients dependent on AoA were
created.

Next the calculation tool was presented. The input values needed from the user
were listed, and how the blade geometry was structured in the program was
shown and explained. The structure and philosophy of the program was then
explained in detail, and how the scope of the work had to be based on three
different main parts in the program: Part 1 was intended for the initialization of
the input values, the design of the twist of the blade, the determination of the
load function, and the calculations of performance and loads at the rated wind
speed. The results of part 1 for the solidity of the rotor would further be used as
the reference/maximum allowable values, by which the other values would be
evaluated and decided if they were below or above the limit. For further
calculations of the same wind turbine at wind speeds lower than the rated wind
speed, part 2 of the program was executed. Here, the already known twist of
the blade and the load function were utilized, and the peak performance at the
submitted wind speed was obtained by imaginary utilizing the variable pitch
system, and calculate the applicable pitch. Part 3 of the program was the most
important part of the program in terms of reaching the goal of the solidity-
optimized power curve. In this part were wind speeds higher than the rated wind
speed submitted, along with the wanted power output. The wanted power
output must naturally be equal to or less than the maximum possible, and this
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was thus the only part of the program where the BEM calculations were
executed with the goal of not achieving optimum results. As under part 2 were
also here the variable pitch system imaginary utilized, but here in a more
sophisticated way. A big part of this solution was to first obtain the correct
rotational speed.

At this point was the example wind turbine presented, that would serve as
foundation for comparing and validating the results of power output and
efficiency from the program. The wind turbine was an Areva Wind M5000, 5MW
wind turbine designed especially for offshore use. This is in other words a wind
turbine, which would be relevant for the strived power curve of this diploma
thesis.

The results of part 1 were presented next, after the information regarding the
example wind turbine had been submitted into the program, together with
guesses for the unknown parameters. Compared to the example wind turbine,
the results for power output and efficiency turned out to be slightly better, but
even so, plausible. To produce the rotor-strength optimized power curve, the
program was now executed over the whole wind speed range of the wind
turbine. For the wind speeds above the rated wind speeds, were values for
power output submitted through trial, until the stress values were within the
limits set by part 1 of the program.

With all of the results now generated, the results for performance and loads
were presented, and discussed. The structural values could not be validated
with the example wind turbine, and these results were hence closely studied,
and evaluated based on logical assumptions — including in view of the rotor
angles and wall positions of occurrence for the maximum stresses over the wind
speed range.

Finally, the now produced and discussed preliminary results were seen in
context with the case if the developed power curve actually were to be
implemented for an existing wind turbine. Thereby were the necessary fields of
engineering highlighted, which eventually would turn the produced preliminary
results into results for an actual sizing of the wind turbine. These categories
included aeroelasticity/dynamic instability, airflow disturbances due to
turbulence and wind gusts, fatigue strength and the matching of rotor, gearbox
and generator.

Based on the results achieved through this work, it is reason to believe that this
subject could be put into practice in the future. When the floating offshore wind
turbine concept has completed the testing phase and is available for use, it
would be in all parties’ interest to exploit it for its full potential — not least
because these wind turbines will be expensive to purchase and operate. Based
on their remote locations and their total isolation from the public, it would not
make any sense to limit the rotational speed based on noise levels any more.
After seeing how much reserves of solidity a wind turbine rotor has when the Cp
value drops, this is at least something the operating energy companies probably
would like to investigate. When initializing a new project consisting of a floating
wind-turbine park, the decision of which wind turbine to choose will ultimately be
constrained by the existing wind resources on the site, and decided by the costs
and the profitability of the energy production. In this connection would it in no
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doubt be interesting if a smaller wind turbine rotor could achieve the same
power output as a larger one. The blade production costs would be lower, and
the onshore and offshore transport would be cheaper. Shorter life span and
service intervals for the smaller rotor could however tip the scale in the larger
rotors’ favor. When it comes to matching the rotor with a new gearbox and
generator rated for the new power output, this should not be new to the wind
turbine producers. It is not uncommon to offer two or more wind turbine systems
consisting of the same rotor, but different gearboxes and generators. The
greatest challenge in this matter would maybe be to prove that the variable pitch
system in all scenarios would be able to adjust the pitch satisfactory, and thus
keep the loading of the blades within limits.
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Appendix A

Wind Turbine Blade Analysis School of Engineering, Durham University

) @O ®

Figure 1: Axial Stream tube around a Wind Turbine

1 Introduction

This short document describes a calculation method for wind turbine blades, this
method can be used for either analysis of existing machines or the design of new
ones. More sophisticated treatments are available but this method has the advan-
tage of being simple and easy to understand.

This design method uses blade element momentum (or BEM) theory to com-
plete the design and can be carried out using a spreadsheet and lift and drag curves
for the chosen aerofoil.

The latest version of this document should be available from the author’s website!
Any comments on the document would be gratefully received. Further details on
Wind Turbine Design can be found in Manwell et ol (2002) which provides com-
preshensive coverage of all aspects of wind energy. Walker and Jenkins (1997) also
provide a comprehensive but much briefer overview of Wind Energy.

2 Blade Element Momentum Theory

Blade Element Momentum Theory equates two methods of examining how a wind
turbine operates. The first method is to use a momentum balance on a rotating
annular stream tube passing through a turbine. The second is to examine the forces
generated by the aerofoil lift and drag coefficients at various sections along the
blade. These two methods then give a series of equations that can be solved itera-
tively.

3 Momentum Theory
3.1 Axial Force

Consider the stream tube around a wind turbine shown in Figure 1. Four stations
are shown in the diagram 1, some way upstream of the turbine, 2 just before the

"hitp:/fwww.dur.ac.uk/g Lingram
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blades, 3 just after the blades and 4 some way downstream of the blades. Between
2 and 3 energy is extracted from the wind and there is a change in pressure as a
result.

Assume p) = p4 and that V3 = Va. We can also assume that between 1 and 2
and between 3 and 4 the flow is frictionless so we can apply Bemoulli’s equation.
After some algebra:

1 5
p2—p3= 2D(VJ2 =43 (N

Noting that force is pressure times area we find that:

dF, = (p2—p3)dA (2)
Sdih= %p(v,2 —V7)dA 3)
Define a the axial induction factor as:
Vi—V,
= — 4
a v, 4)
[t can also be shown that:
V2 =Vi(l1—a) (5)
Vi = V(1 —-2a) (6)
Substituting yields:
dF, = ;pVIZ[4a(l —a)|2nrdr (M

3.2 Rotating Annular Stream tube

Consider the rotating annular stream tube shown in Figure 2. Four stations are
shown in the diagram 1, some way upstream of the turbine, 2 just before the blades,
3 just after the blades and 4 some way downstream of the blades. Between 2 and 3
the rotation of the turbine imparts a rotation onto the blade wake.

Consider the conservation of angular momentum in this annular stream tube.
An “end-on” view is shown in Figure 3. The blade wake rotates with an angular
velocity o and the blades rotate with an angular velocity of Q. Recall from basic
physics that:

Moment of Inertia of an annulus J = mr2 (8)
Angular Moment,L = [ (9)
put _dL
Torque,T" = - (10)
dlo  d(mr'e) dm ,
i Al e an
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Rotating Annular Streamtube

Side View

oTeloYe

End on view

Figure 2: Rotating Annular Stream tube

So for a small element the corresponding torque will be:

dT = dmwr? (12)

For the rotating annular element

drn = pAV; (13)
dr = p2nrdrVa (14)
= dT = p2ardrVyor? = pVawr?2ardr (15)

Define angular induction factor a':

, W
=— 16
S0 (16
Recall that V3 = V(1 —a) so:

dT = 4d'(1 - a)pVQriadr a7

Momentum theory has therefore yielded equations for the axial (Equation 7)
and tangential force (Equation 17) on an annular element of fluid.

4 Blade Element Theory

Blade element theory relies on two key assumptions:
e There are no aerodynamic interactions between different blade elements

e The forces on the blade elements are solely determined by the lift and drag
coefficients
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Figure 3: Rotating Annular Stream tube: notation.

dr

Figure 4: The Blade Element Model

Consider a blade divided up into N elements as shown in Figure 4. Each of
the blade elements will experience a slightly different flow as they have a differ-
ent rotational speed (Qr), a different chord length (¢) and a different twist angle
(y). Blade element theory involves dividing up the blade into a sufficient number
(usually between ten and twenty) of elements and calculating the flow at each one.
Overall performance characteristics are determined by numerical integration along

the blade span.
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Figure 5: Flow onto the turbine blade

4.1 Relative Flow

Lift and drag coefficient data area available for a variety of aerofoils from wind
tunnel data. Since most wind tunnel testing is done with the aerofoil stationary we
need to relate the flow over the moving aerofoil to that of the stationary test. To do
this we use the relative velocity over the aerofoil. More details on the acrodynam-
ics of wind turbines and aerofoil selection can be found in !Hansen and Buterficld
(1993).

In practice the flow is turned slightly as it passes over the aerofoil so in order
to obtain a more accurate estimate of aerofoil performance an average of inlet and
exit flow conditions is used to estimate performance.

The flow around the blades starts at station 2 in Figures 2 and | and ends at
station 3. At inlet to the blade the flow is not rotating, at exit from the blade row
the flow rotates at rotational speed w. That is over the blade row wake rotation has
been introduced. The average rotational flow over the blade due to wake rotation is
therefore w/2. The blade is rotating with speed Q. The average tangential velocity
that the blade experiences is therefore Qr + ;wr. This is shown in Figure 5.

Examining Figure 5 we can immediately note that:

Qr+% = Qr(1+d) (18)
Recall that (Equation 5): V> = Vi (1 —a) and so:

Qr(1+a’)
P (=)
Where V is used to represent the incoming flow velocity V). The value of  will

vary from blade element to blade element. The local tip speed ratio A, is defined
as:

(19)

Qr
;\r . v (20)
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Figure 6: Forces on the turbine blade.

So the expression for tan p can be further simplified:

~ M(144)
tanp = H—a) (21)
From Figure 5 the following relation is apparent:
o ) (22)
cosf

4.2 Blade Elements

The forces on the blade element are shown in Figure 6, note that by definition the
lift and drag forces are perpendicular and parallel to the incoming flow. For each
blade element one can see:

dFy = dLcosp —dDsinp (23)

dF, = dLsinp+dDcosfp (24)

where dL and dD are the lift and drag forces on the blade element respectively.

dL and dD can be found from the definition of the lift and drag coefficients as
follows:

dL = CL%pwzcdr (25)

dD=Cp % pWledr (26)

Lift and Drag coefficients for a NACA 0012 aerofoil are shown in Figure 7, this
graph shows that for low values of incidence the aerofoil successfully produces a

10
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Figure 7: Lift and Drag Coefficients for a NACA 0012 Aerofoil

large amount of lift with little drag. At around { = 14 a phenomenon known as
stall occurs where there is a massive increase in drag and a sharp reduction in lift.

If there are B blades, combining Equation 23 and equation 25 it can be shown
that:

!
2
dFy = B%pwz(CLcosB—CD sinB)edr (28)

dF, = B—pW?*(CysinB +Cpcosp)edr 27

The Torque on an element, d7 is simply the tangential force multiplied by the
radius.

dT = B%pWZ(CLcosﬁ—CDsinﬁ)crdr (29)

The effect of the drag force is clearly seen in the equations, an increase in thrust
force on the machine and a decrease in torque (and power output).

These equations can be made more useful by noting that p and W can be ex-
pressed in terms of induction factors etc. (Equations 21 and 22). Substituting and
carrying out some algebra yields:

V3(1—a)?
dF, = d“p(ETzBa)(CL sinf +CpcosB)rdr (30)
V2 1— 2
dT:dﬂpéTh:)(CLCOSB—CDSinB)’Zd’ (31)

11
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To calculate rotor performance Equations 35 and 34 from a momentum balance
are equated with Equations 30 and 31. Once this is done the following useful
relationships arise:

I o o' [CsinB +Cpcosp|

1—a 4Qcos?p 0

a o [Crecosp—Cpsinp|
l1-a 40h, cos*p
Equation 40 and 41 are used in the blade design procedure.

(41)
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Appendix B

Abstract

Computer programs to produce the ordinates for airfoils of any thickness, thick-
ness distribution, or camber in the NACA airfoil series were developed in the early
1970’s and are published as NASA TM X-3069 and TM X-3284. For analytic airfoils,
the ordinates are exact. For the 6-series and all but the leading edge of the 6A-series
airfoils, agreement between the ordinates obtained from the program and previously
published ordinates is generally within 5 x 10 chord. Since the publication of these
programs, the use of personal computers and individual workstations has prolifer-
ated. This report describes a computer program that combines the capabilities of the
previously published versions. This program is written in ANSI FORTRAN 77 and can
be compiled to run on DOS, UNIX, and VMS based personal computers and work-
stations as well as mainframes. An effort was made to make all inputs to the program
as simple as possible to use and to lead the user through the process by means of a

menu.
Introduction b; constants in camber-line equation, i =0,
1,2
Although modern high-speed aircraft generally make SRt
use of advanced NASA supercritical airfoil sections, ¢ (C,CHD) alrf.ml t.hor.d : !
there is still a demand for information on the NACA ¢;; (CLI) design section lift coefficient
;‘6"“ of airf(():il seetions, which were ddw(i]op‘:jd' 0":’ d; constants in airfoil equation,i=0,1,2,3
BTG E [ ~ c e e o l .
i S, ST A PR O i dx derivative of x; also basic sclectable

carly 1970’s to produce the ordinates for airfoils of any
thickness, thickness distribution, or camber in the NACA
airfoil series. These programs are published in refer-
ences | and 2. These programs, however, were written in
the Langley Rescarch Center version of FORTRAN IV

d(x/c), dy, db
7 §

interval in profile generation
derivatives of x/c, y, and &

leading-edge radius index number

and are not casily portable to other computers. The pur- ki ky constants
pose of this paper is to describe an updated version of m chordwise location for maximum ordi-
these programs. The goal was to combine both programs nate of airfoil or camber line
into a single program that could be cxccuth on a wide p maximum ordinate of 2-digit camber line
variety of personal computers and workstations as well )
as mainframes. The analytical design equations for both R radius of curvature
symmetrical and cambered airfoils in the NACA 4-digit- R (RLE) leading-edge radius
series, 4-digit-modified-series, 5-digit-series, S-digit- e e e s
modified-series, 16-series, 6-series, and 6A-series airfoil 4 5 3 d»_v{if' Lio'(,‘a l;.’; _dqr i uo}z(}u (':_) };"'
families have been implemented. The camber-line desig- (?n b::,r:]_a _‘_" 0. i R
nations available are the 2-digit, 3-digit, 3-digit-reflex, i
6-series, and 6A-series. The program achieves portability t thickness
by lidrziti:ﬁ .machinc-t;pcciﬁc code. An clffort was :;adc x(X) distance along chord
to make all inputs to the program as simple as possible to i S ERLEY : ey
use and to lead the user through the process by means of y(Y) airfoil ordinate normal to chord, positive
a menu. above chord
z complex variable in circle plane
Symbols z complex variable in near-circle plane
The symbols in parentheses are the ones used in the 5 local inclination of camber line

computer program and in the computer-generated listings E airfoil parameter, ¢ - 0
(rpt file). 4 complex variable in airfoil plane
A camber-line designation, fraction of 0 angular coordinate of Z’

cho_rd from l'cadir_lg edge over which ¢ angular coordinate of z

design load is uniform R o .

Y airfoil parameter determining radial coor-

a; constants in airfoil equation, i =0,1, ..., 4

dinate of z'
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Yo average value of 1y, i-l- TJZ nw do
Subscripts: 2

cam cambered

I(L) lower surface

N forward portion of camber line
T aft portion of camber line

t thickness

u(U) upper surface

x derivative with respect to x
Computer Listing Symbols

For reasons having to do with code portability, the
computer-generated listing (rpt file) will always have
the alphabetic characters in upper case. The following
list is intended to eliminate any confusion.

A camber-line designation, fraction of chord
from leading edge over which design load
is uniform

A0,... A4 constants in airfoil equation

CHD,C airfoil chord

CLI design section lift coefficient

CMB maximum camber in chord length,

_ ¥(m)
c

CMBNMR number of camber lines to be combined in
6- and 6A-series multiple camber-line

option

CMY m, location of maximum camber

CRAT cumnulative scaling of EPS, PSI,
IT RAT(I),I=1—1IT

DO0,...D3 constants in airfoil equation

DX basic selectable interval in profile
generation

DY/DX first derivative of y with respect to x, gzt'

D2Y/DX2  sccond derivative of y with respect to x,
dx*

EPS airfoil parameter, e =9 -0

IT number of iterations to converge 6-series
profile

KI1,K2 3-digit-reflex camber parameters, k; and &

PHI ¢, angular coordinate of z

PSI 1, airfoil parameter determining radial

coordinate of z'

RAT() ith iterative scaling of €, 3

RC radius of curvature at maximum thickness
for 4-digit modified profile i

RK20K!1  3-digit reflex camber parameter ratio, k—z

RLE leading-cdge radius .

RNP radius of curvature at origin

SF ratio of input #/c to converged t/c after
scaling

TOC thickness-chord ratio

X distance along chord

XMT m, location of maximum thickness for
4-digit modified profile

XT(12), location and slope of ellipse nose fairing

YT(12), for 6- and 6A-series thickness

YTP(12) profiles

XU, XL upper and lower surface locations of x

XTP x/c location of slope sign change for
6- and 6A-series thickness profile

XYM m, location of maximum thickness for
6- and 6A-series profiles or chordwise
location for maximum ordinate of airfoil
or camber line

Y airfoil ordinate normal to chord, positive
above chord

YM yfe location of slope sign change for 6- and
6A-series thickness profile

YMAX y(m), maximum ordinate of thickness
distribution

YU, YL upper and lower surface y ordinate

Analysis

Thickness Distribution Equations for Analytic

Airfoils

The design equations for the analytic NACA airfoils
and camber lines have been presented in references 3
to 7. They are repeated herein to provide a better under-
standing of the computer program and indicate the use of
different design variables. A summary of some of the
design equations and ordinates for many airfoils from
these families is also presented in references 8 to 10.

The traditional NACA airfoil designations are short-
hand codes representing the essential elements (such as
thickness-chord ratio, camber, design lift cocfficient)
controlling the shape of a profile generated within a
given airfoil type. Thus, for example the NACA 4-digit-
series airfoil is specified by a 4-digit code of the form
pmxx, where p and m represent positions reserved for
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specification of the camber and xx allows for specifica-
tion of the thickness-chord ratio as a percentage, that is,
“pm12” designates a 12-percent-thick (#/c = 0.12) 4-digit
airfoil.

NACA 4-digit-series airfoils. Symmetric airfoils in
the 4-digit-series family are designated by a 4-digit num-
ber of the form NACA 00xx. The first two digits indicate
a symmetric airfoil; the second two, the thickness-chord
ratio. Ordinates for the NACA 4-digit airfoil family
(ref. 2) are described by an equation of the form:

Yo aff) ra(®)raff) vl +ofl)

The constants in the equation (for t/c = 0.20) were
determined from the following boundary conditions:

4

Maximum ordinate:

T -030 Y -o010  _o
c c dx

Ordinate at trailing edge:
210  Z=o00
c ¢

Magnitude of trailing-edge angle:

X-10 dy| = 0234
c dx

Nose shape:
I =010 Y- 0078
c c

The following coefficients were determined to meet
these constraints very closely:

ag = 02969  a; = -0.1260
a, = -03516  a, = 02843
a, = -0.1015

To obtain ordinates for airfoils in the family with a
thickness other than 20 percent, the ordinates for the
model with a thickness-chord ratio of 0.20 are multiplied
by the ratio (#¢)/0.20. The leading-edge radius of
this family is defined as the radius of curvature of the
basic equation evaluated at x/c = 0. Because of the term
ag(x/c)"'? in the equation, the radius of curvature is finite
at x/c =0 and can be shown to be (see appendix)

2

R = 2(d%)

by taking the limit as x approaches zero of the standard
expression for radius of curvature:

2,372
g < [L+(dyidx)

d2 y/dx2

To define an airfoil in this family, the only input neces-
sary to the computer program is the desired thickness-
chord ratio.

One might expect that this leading-edge radius R(0),
found in the limit as x — 0 to depend only on the gy
term of the defining equation, would also be the mini-
mum radius on the profile curve. This is not true in gen-
eral; for the NACA 0020 airfoil, for example, a slightly
smaller radius (R = 0.0435 as compared to R(0) =
0.044075) is found in the vicinity of x = 0.00025.

NACA 4-digit-modified-series airfoils. The 4-digit-
modified-series airfoils are designated by a 4-digit num-
ber followed by a dash and a 2-digit number (such as
NACA 0012-63). The first two digits are zero for a sym-
metrical airfoil and the second two digits indicate the
thickness-chord ratio. The first digit after the dash is a
leading-edge-radius index number, and the second is the
location of maximum thickness in tenths of chord aft of
the leading edge.

The design equation for the 4-digit-series airfoil
family was modified (ref. 4) so that the same basic shape
was retained but variations in leading-edge radius and
chordwise location of maximum thickness could be
made. Ordinates for these airfoils are determined from
the following equations:

Yo afd) e @ rafd) caf?)

from leading edge to maximum thickness, and

%’ = d0+dl(l—g)+d2(l—92+d3(1—§)3

from maximum thickness to trailing edge.

3

The constants in these equations (for t/c = 0.20) can
be determined from the following boundary conditions:

Maximum ordinate:

Zom 2=010 %o
c c dx
Leading-cdge radius:
2
x 4
-==0 R=—
c 2
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Appendix C

#include <math.h>
#include <stdio.h>
#define Arrowlength 65 /% Number of blade elements %/

void main(void)

}

7% PART 1 =/

for(iNumber_of_ Elements == 0 ; iNumber of_ Elements < Arrowlength : iNumber_of_ Elements ++)
{

/%*Here are the initial geometric values for the blades determined.*/

iOuterCouter = 0;

iTest = 1

do

b

dTorque_aerodynamic[iNunber_of_Elements] = dTorque_old:

#%In this loop is the optimum pitch found, and thereby also defining the twist of the blades
The pitch alterations are here executed based on the results from the evaluation

from the last run, and the variables "iOuterCounter, "iFortegn" and "iTest"

Before enterlng the inner do-while loop are the initial aerodynamic parameters calculated.*/
iCounter =
do
{
dixial_Induced[iNumber_of_Elements] = dAxial_Induced_old:
dTangential_Induced[iNumber_of_Elements] = dTangential_Induced_old:;

s% In this loop is the pitch angle considered fixed, and the flow parameters
accrordingly iterativ calculated, based on the BEM Tehory.*/

ddiffl = dAxial_Induced[iNumber_of_Elements] - dixial_Induced_old:
ddiff2 = dTangential_Induced[iNumber_of_Elements] - dTangential_Induced_old:
iCounter =+ 1;
Jwhile(ddiffl > diccuracy || ddiff2 > dAccuracy):
/%#Following the BEM calculations are the torgque for this pitch angle evaluated.*/
ddiff = dTorque_aerodynamic[iNumber_of_Elements] - dTorque_old:

/%*Based on the result from "ddiff", number of iOuterCounter. and value of
"iFortegn" are the correct pitch command assignedx/

if(iTest 1= 0)
/%Pitch mode 1. 2, 3 or 4 is chosenx/

¥
i0uterCounter =+ 1;
Ywhile{iTest != 0):

for({iNumber_of_Elements == 0 ; iNumber_of_ Elements < Arrowlength ; iNumber_of_ Elements ++)
{

iVariable2 = iNumber_of_Elements:
for(iVariable2 == iNumber_of_Elements; iVariable2 < Arrowlength . iVariable2)
/% Here are the numeric integration that are the foundation for the load calculations
executed., for the current blade element.
Also the CoG for each blade segment is determined here through numeric integration.

The calculations are carried out as described under 2.5.2, for the applicable

blade segment*/

s*Here are the completed numeric integrations utilized. and the load cases that are independent

from rotor angle carried out. These include torque. torque force., thrust, thrust moment,
inertia, and torsion.The results are thereafter printed to the file "Loads_and_Zentroidsl.txt"*/

for{iRotor_Angle_Position == 0; iRotor_Angle Position < Arrowlength2. iRotor_Angle_Position++)
{

7% In this loop are the loads generated by gravity included, dependent on the current
rotor angle. These loads are shear force from gravity, normal force from gravity, and
the bending moment generated by the shear force and the current blade segments' CoG.

The normal force from gravity is therafter added to the inertia, to describe the total
normal force. The shear force from gravity is added to that of the torgque force, to
describe the total shear force in the rotor plane. Finally are the bending moments from
gravity and torque added., to identify the total bending moment in the rotor plane.

These results are now added to "Loads_and_Zentroidsl.txt"=/

for{iNumber_of_Elements == 0 ; iNumber_of_Elements < Arrowlength ; iNumber_of_Elements ++)
{

/%*Here are the geometric dimensions and properties for the torque box calculated for the
current blade element, ref. 2.5.3, equations (2.59) — (2.86)%/

for(iRotor_Angle_Position == 0; iRotor_Angle Position < Arrowlength2; iRotor_Angle Position++)

for{iTorsionBox_Var 0; iTorsionBox_Var < Arrowlength3 ; iTorsionBox_Var ++)

s%In this loop is the shear flow " 1" calculated for each side in the torque box.
Ref. 2.5.3, equations (2.88) - (2.9

They are not connected to each other at this point, and start on zero at the
beginning of each side

Following the calculations for gl., are the complete normal flows determined next
and these are hence completed at this point. Ref. 2.5.3, equations (2.100) - (2 105)*/

/%*The results for the normal flow are here printed to the file "ny_1.txt"*/

if {(iTorsionBox_Var == Arrowlength -1)

for{iTorsionBox_Var == 0. iTorsionBox_Var < Arrowlength3 ; iTorsionBox_Var ++)

s#At this point are the results from "gl" for each side added to each
other, to deliver a continuous "gl" counter clockwise, starting at

the upper flange, on top of the rear spar. This means that the starting
value for the rear spar is added to the end value for the upper flange, and
=0 forth.*/

/%The now completed values for "gl" are now being stored in the file "gl_1.txt"*/
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/%In this sequence are the SC for each blade element, and g0 for each rotor angle
calculated=/

for{iNumber_ of_Elements == 0 ; iNumber_of_Elements < Arrowlength ; iNumber_of_ Elements ++)

for{iRotor_Angle Position == 0. iRotor_Angle_Position < Arrowlength2; iRotor_ Angle Position++)

for(iTorsionBox_Var == 0; iTorsionBox_ Var < Arrowlength3 ; iTorsionBox_Var ++)

/%In this loop are the calculation of gl prepared. through numeric integration
of gql, ref. 2.5.3, equation (2.93)%/

/% At this point is the completed numeric integration utilized, and equation (2.93)
executed. gl for the current rotor angle has now been determined.*/

if (iRotor_Angle_Position == 0)

7% For the first rotor angle of each blade element are the distance in = direction
between the torque box CoG and the SC calculated, ref. 2.5.3, equation (2.97)%/

s*Here are the value for the current g0 printed to the file "gO_1.t=xt"*/

i

7% Now are the final, complete shear flows calculated. This sequence is repeated for
each of the sides of the torque box*/

for{iNumber_ of_ Elements == 0 ; iNumber of_Elements < Arrowlength : iNumber_of_Elements ++)

/% Here are the deviations between the 0.5c point of the current blade element to the
0.5c point of the effective arms for the bending moments from gravity and thrust calculated.
Ref 2.5.3, equation (2.95) and Figures 2.14 and 2.15.%/

for(iRotor_Angle Position == 0; iRotor_Angle_Position < Arrowlength2:; iRotor_Angle Position++)
for(iTorsionBox_Var == 0; iTorsionBox_Var < Arrowlength3 . iTorsionBox_Var ++)

/% At this point are the complete shear flows for the given positions in the
torque box determined. Ref, 2.5.3, equation (2.98).

These include the allready calculated gl and g0, and are now being added with
the shear flow from torsion caused by the aerodynamic torsion of "cm". and the
resulting torsion from the shear forces.

For the shear flow from torsion, ref. 2.5.3, equations (2.94)—-(2.97)%/

s% Now, both the complete normal-, and shear flow are known, and out of this are
the resulting normal, shear and overall stresses calculated.
The comparative stresses are executed according to 2.5.3.4, equations (2.107)-(2.109)%/

-%¥The last part in this sequence is a screening of the resulting normal, shear and
three types of comparative stresses. Here are the largest contributions from shear
stress, tensional and compressive normal stress, and the three types of comparative
stresses screened for each of the walls. The results include in addition to the stress
value, also wich blade element, at which rotor angle, and at which position of the wall
they occur.*/

}

7% Here are the results from the screening of the stresses printed to "Stress_analysisl.txt"*/

/% PART 2%/
do
&

s%*Here i= the rotational speed adjusted, based on the evaluation of the total torque from
the rotor, and the values of "iTest_Energy" and "iFortegn_Energy".%/
%o
/%At this point is the rotational speed from the outer do-while loop assigned to the blade element
with the largest torque contribution from program part 1 (ref.4.3.3 and equation (4.40) ). The pitch
alteration follows the same pattern as under Part 1, and screens the values of "iTest" and "iFortegn"
Further are preparations made for the BEM calculations.
In this do-vhile loop is the pitch angle iterativ improved. based on the pitch command given at the bottom
oé the loopU For the first run is an initial value for the pitch angle given, and the alteration section bypassed.*/
iCounter =

do

s%In this loop are the BEM calculations for the blade element with the highest torgque contribution iterativ calculated.*/
iCounter += 1;

vhile(dDiff > dAccuracy || dDiff2 > diccuracy):

s/%*Here are the results for the torgque from the blade element with the hlghest torque
contribution evaluated, and assigned eiter pitch command 1, 2, 3 or 4=

iOuterCounter += 1;

}

while{iTest != 0):

s*hen the program has reached this point, does that mean that the optimum pitch has been found

for the blade element with the highest torgque contribution, and the BEM calculations can be executed

for the whole rotor. The calculated twist is now used to determine the pitch for the other beade elements.*/
ior(iNumber_of_Elements == ; iNumber_of_Elements < Arrowlength ; iNumber_of_Elements ++)

/*Here are both the rotational speed and the pitch of the blade known values., and the
BEM calculations are now carried out for all the blade elements.*/

iCounter = 0

do

s%In this loop are the BEM calculations for all the blade elements iterativ calculated.*/
iCounter += 1;

¥
while(dDiff > dAccuracy || dDiff2 > diccuracy):

/%At this point is the total torgue from the rotor evaluated agianst the load torgque from the

gear and generator. The decision if the rotational speed has to be altered, is made upon the

equation of the current rotor torque and the magnitude of the load torque. If these have the

sane value, the correct rotor speed has been found. Also here are either alteration command 1, 2, 3 or 4 made.*/
iEnergyCounter += 1;

}
while(iTestEnergy != 0);

/% PART 3 =/
do

{
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s%In this loop is it pursued to find the equivalent full-rate wind speed. In that connection
is the energy output from the rotor monitored, and the wind speed altered accordingly. The
control variables are iWindCounter, iFortegnEnergy_2 and iTestEnergy2.*/
do
{ s¥Here is the rotational speed adjusted. based on the evaluation of the total torque from
the rotor, and the values of "iEnergyCounter" "iTorque_control" and "iFortegn_Energy" . %/
do
{
/%Here is the torque of the blade element with the highest torgue contribution from part 1
screened, and the pitch angle altered accordingly, to find the optimium pitch angle at
the current wind speed and rotational speed. The control variables are "iOuterCounter",
"iFortegn" and "test"*/
do

/%BEM calculations for the blade element with the highest torgque contribution/

while(dDiff > dAccuracy || dDiff2 > dAccuracy):

s%*Here is the torque under the current conditions monitored for the blade element with
the highest torque contribution, and the appropriate command of alteration given,
until a peak has been found*/

}

vhile(itest != 0):

s#4t this point are the wind speed., rotational speed and pitch constraints, and the
calculations can be carried out for the whole rotor.*/

for{iNumber_of_Elements = 0; iNumber_of_Elements < Arrowlength; iNumber_of_Elements++)

do
7/%In this loop are the BEM calculations for all the blade elements iterativ calculated.*/

+

while(dDiff > dAccuracy || dDiff2 > dAccuracy):

/#Now is the total torgue from the rotor evaluated agianst the load torque from the gear and
generator. The decision if the rotational speed has to be altered, is made upon the equation

of the current rotor torque and the magnitude of the load torgque. If these have the same value,

the correct rotor speed has been found. Also here are either alteration command 1, 2, 3 or 4 made.*/

while{iTorque_control !=0);

s*Here is the total power output from the rotor evaluated, and compared to the submittet power output from the
user. Based on this comparison is the appropriate command given to alter the wind speed, and thus iterativ
close in on the equivalent full-rate wind speed.*/

+
while(iTestEnergy2 !=0):

/%Now has the equivalent full-rate wind speed and the corresponding rotational speed been found, and the only
variable left to calculate is the blade pitch*/

do

{ ; : : - :
s/%Here is the pitch of the rotor continous altered to lower the efficiency of the rotor. The submitted
wind speed is used, and the obtained rotational speed from the previous sequence. The control variables
are: "iOuterCounter", "iFortegn" and "itest"%/

for{iNumber_of_Elements = 0; iNumber_of_Elements < Arrowlength; iNumber_of_ Elements++)

do
{

-*BEM iteration for all the blade elements¥*/
H
while(dDiff > dAccuracy || dDiff2 > dAccuracy):
s/%Now is the total torque from the rotor evaluated agianst the load torque from the gear and
generator. The decision if the rotational speed has to be altered, is made upon the equation

of the current rotor torgque and the magnitude of the load torque. If these have the same value,
the correct rotor speed has been found. Also here are either alteration command 1, 2, 3 or 4 made.*/

+
while(itest != 0);



