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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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Nomenclature 
a   Speed of sound / Axial induction factor 

a!   Angular induction factor 
a(r)   Area of the airfoil, dependent on blade radius 
A(s)   Area of the elapsed distance s 
A   X-gradient of a linear function 
A0   Area value for the linear function 
Abe,i   Area of a given blade element 
Ablade,AE  Area of the inner part oft he blade 
Ablade,HA  Area of the blade hub-attachment cross section 
AFS   Area of the front spar 
AFr   Area of a part of the structure 
ALF   Area of the lower flange 
ARS   Area of the rear spar 
ARotor   Rotor area 
ASum   Overall Area of the walls of the torque box 
ASum,X   Calculation value for the overall x-coordinate of the CoG 
ASum,Z   Calculation value for the overall z-coordinate of the CoG 
ATB   Area of the torque box 
AUF   Area of the upper flange 
Ax,LF   X-gradient of the linear function of the lower flange 
Ax,UF   X-gradient of the linear function of the upper flange 

"   Angle of attack 

"i   Initial AoA 

"i,be1    Initial AoA for the 1st blade element for the 1st run 

"be,max   AoA for the blade element with dTmax  

#   Local relative airfoil flow angle 

#i   Initial relative flow angle 

#i,be1   #i for the 1st blade element for the 1st run 

#be,max   Relative flow angle for the blade element with dTmax  

#PG   Correction factor according to the Prandl-Glauert-Rule 
B   Number of blades / Y-gradient of a linear function 



 13 

c   Local length of chord 

c rS,AE( )   Chord length at the first blade element t 

c rBlade( )   Chord length at the last blade element 

$0,5cTF  Deviation for the 0,5c point for Fthrust,bs  

$0,5cSF  Deviation for the 0,5c point for FG,Shear,bs  

$0,5cx   Deviation for the 0,5 chord-line 
C   Constant in a linear function  
cD    Local Drag coefficient 
cd,c=    Corrected drag coefficient 
cFS   Position of front spar along the chord line 
cRS   Position of rear spar along the chord line 
cgen   Constant for the load torque function 
cL    Local Lift coefficient 
cl,c =    Corrected lift coefficient 
cm   Local Moment coefficient 
cm,c=    Corrected moment coefficient 
CP   Power coefficient 
CP,betz   Maximum Possible efficiency from Betz Theory 
ce   Chord-length near the end, before the elliptical drop 
cs   Chord-length at the beginning of the effective blade 
Cx,LF   Constant of the linear function of the lower flange 
Cx,UF   Constant of the linear function of the upper flange 
d   The shortest distance between a point and a linear function 
da   Area linearization factor 
dFS   Shortest distance between front spar and the overall CoG 
dLF   Shortest distance between l. flange and the overall CoG 
dRS   Shortest distance between rear spar and the overall CoG 
dUF   Shortest distance between u. flange and the overall CoG 
dFthrust   Blade element thrust force 
dFthrust,Aero  Local axial force from Blade Element Theory 
dFthrust,MT  Local axial force from Momentum Theory 
dFtorque  Blade element torque force 
dMthrust,bs  Thrust moment integration value of a blade segment 
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dMTorsion  Blade element torsional moment 
dP   Local power 
drbe   Width of each blade element 
dSC,thrust  Arm from thrust force-line to SC 
dSC,torque  Arm from torque force-line to SC 
dSC,weight  Arm from weight force-line to SC 
dT   Local angular torque 
dTbs   Torque integration value of a blade segment 
dTAero   Local angular torque from Blade Element Theory 
dTMT   Local angular torque from Momentum Theory 

%b   Bending strain 

%t   Torsion strain 
ex   Distance between XTB and the x-coordinate of the SC 

EI   Blade bending rigidity 
fA(r)   Area of the inner part oft he blade 
fc1(r)   Function of constant chord length 
fc2(r)   Function of chord length at the blade tip 
fc,i(rbe,i)  Chord-length of the applicable blade element 
Fc,AP   Inertia force from the inner part oft he blade 
FDrag   Local drag force 
FLift   Local lift force 
Fthrust   Local thrust force 
Fthrust,bs  Overall thrust force of a blade segment 
Ftorque   Local torque force 
Ftorque,bs  Overall torque force of a blade segment 
Ek   Kinetic energy available to the rotor 

F   Force 
FcF   Inertia force 
FcF,bs   Inertia force of a blade segment 
FG,Normal,bs  Normal force of a blade segment due to gravity 
FG,Shear,bs  Shear force of a blade segment due to gravity 
Fwt   Actio/reactio force from the airstream 
g   Coupling coefficient 

&   Pitch angle 
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&i   Initial pitch angle 

&be,i   Pitch angle for a given blade element 

&be-1   Pitch angle reached for the previous blade element 

&i,be1   Initial pitch angle for the 1st blade element for the 1st run 

&be,imax   Pitch angle for the blade element with dTmax 

'r   Local tip speed ratio 

(   Rotor Blade angle in rotor plane 
g   Gravitational acceleration = 9,81 m/s2 

hFS   Height of front spar 
hRS   Height of rear spar 
IX   Total SMI with respect to the x-axis 
IX,FS   SMI of the front spar with respect to the x-axis 
IX,LF   SMI of the lower flange with respect to the x-axis 
IX,RS   SMI of the rear spar with respect to the x-axis 
IX,UF   SMI of the upper flange with respect to the x-axis 
IZ   Total SMI with respect to the z-axis 
IZ,FS   SMI of the front spar with respect to the z-axis 
IZ,LF   SMI of the lower flange with respect to the z-axis 
IZ,RS   SMI of the rear spar with respect to the z-axis 
IZ,UF   SMI of the upper flange with respect to the z-axis 
kg   Kilogram 

l    Total length of Torque Box wall being calculated 

lLF   Length of lower flange 
lUF   Length of upper flange 

)   Wake rotoational speed 

*   Blade rotational speed 
m   Meter / mass of the air 
mbs   Mass of a blade segment 
mblade   Total mass of the blade 
mAE   Mass of the aerodynamically effective part of the blade 
mAP   Mass of the aerodynamically passive part of the blade 
mr,AE   Mass of the effective part of the blade relative to total mass 

m
•

   Massflow of the air 

M   Mach number 
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Mb   Bending moment 
Mt   Torsion moment 
MTorsion,bs  Torsional load from a blade segment 
MTorsion,SF  Torsion moment from shear forces 
Mthrust,bs  Total moment from thrust of a blade segment 
MSF,bs   Shear force bending moment of a blade segment 
MX   Total bending moment about the x-axis 
MZ   Total bending moment about the z-axis 
n   Total normal flow in the torque box 
nBE   Number of blade elements 
nyx   Normal flow in the torque box due to moments  
nyz   Normal flow in the torque box due to moments 
nyy   Normal flow in the torque box due to normal forces 
N   Newton 

+gear    Gearbox efficiency 

+e   Generator efficiency 
P   Power 
Pe   Generator output power 
Pdr   Submitted de-rated power from user 
Pgear    Transmission output power 
PL   Power not captured by the wind turbine 
PO   Power output from the wind turbine rotor 
PT   Total available power to the rotor 
Pwt   Extracted power from the wind turbine 
p   Static pressure 
p1   Static pressure far upstream 
p2   Static pressure at rotor entry 
p3   Static pressure at rotor exit 
p4   Static pressure far downstream 
q   Total shear flow in the torque box 
q0   Constant shear flow in a closed structural cell 
q1   Basic shear flow in the structure 
qs   Total shear flow due to shear force 
qT   Total shear flow due to torsion moment 
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QHub   Loss due to proximity of hub 
QTip   loss due to proximity of blade tip 
QTotal   Total loss due to proximity of hub and blade tip 
QX   Total shear force in the x-direction 
QZ   Total shear force in the z-direction 
r   Local blade radius 
revmin   Rotor revolutions 
R   Specific gas constant for air, 287 [J/(kg*K)] 
rbe,1    Radius to the middle of the first blade element 
rbe,i   Radius to the middle of a random blade element 
rbe-1   Radius to the middle of the previous blade element 
rblade   Blade radius 
rbs   Radius to the current blade section 
rcross,s   Radius of the circular part of the blade attached to the hub 
rbs    CoG of a blade segment 

rblade,AE    CoG of the aerodynamically effective blade 

rAP    CoG of the inner part of the blade 

rE   Radius to the start of the tip geometry 
rr,E   Relative distance to the end of the constant chord 
rr,H   Relative distance to the start of the blade 
rH   Hub radius 
rr,S   Relative distance to the outer, active part of the blade 
rS,AE   Distance to the outer, active part of the blade 
rX    Radius to force outside the current blade element 

s   Seconds / Variable for the FMI 
sfs   Position of the front spar relative to chord-length 
srs   Position of the rear spar relative to chord-length 
SX(s)   FMI, parallel to the z-axis 
SZ(s)   First Moment of Inertia (FMI), parallel to the x-axis 
t   Time / Thickness of the structure 
tFS   Thickness of the front spar 
tfs,max   Maximum thickness of the front spar 
tfs,min   Minimum thickness of the front spar 
tLF   Thickness of the lower flange 
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tlf,max   Maximum thickness of the lower flange 
tlf,min   Minimum thickness of the lower flange 
tRS   Thickness of the rear spar 
trs,max   Maximum thickness of the rear spar 
trs,min   Minimum thickness of the rear spar 
tUF   Thickness of the upper flange 
tuf,max   Maximum thickness of the upper flange 
tuf,min   Minimum thickness of the upper flange 
T   Orbital period / Total torsion moment 
Tload   Torque from gears and generator 
TTotal   Total torque of the rotor 
v   Wind Speed 
veq,fr   Equivalent full-rate wind speed  
VAP   Volume of the inner part of the blade 
VAE   Volume oft he outer part oft he blade  
v1   Undisturbed wind speed 
v2   Wind speed at rotor entry 
v3   Wind speed at rotor exit 
v4   Wind speed far down wind 
vr   Local resultant wind-speed 
vwt   Average wind speed in the rotor 
x   X-value of the structure at the point being calculated 
x0    X-value of the starting point, with relation to XTB  

x1   X-coordinate 
!x    Difference in x-value of the elapsed distance 

x s( )    CoG of the elapsed distance s in x-direction 

xr   X-Coordinate of the CoG to a part of the structure 
z0    Z-value of the starting point, with relation to ZTB  

!z    Difference in z-value of the elapsed distance 

z s( )    CoG of the elapsed distance s in z-direction 

zr   Z-Coordinate of the CoG to a part of the structure 
xS,FS   X-value of the CoG of the front spar 
xS,LF   X-value of the CoG of the lower flange 
xS,RS   X-value of the CoG of the rear spar 
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XTB   Overall x-coordinate of the torque box CoG 
xS,UF   X-value of the CoG of the upper flange 
y1   Y-coordinate 
yLF   Approximate function of lower flange 
yUF   Approximate function of upper flange 

,be,i   Twist angle for the current blade element 

,i-1    Twist angle for the previous blade element 

,be,imax  Twist with respect to “iMax_Position” 
z   Z-value of the structure at the point being calculated 
zS,FS   Z-value of the CoG of the front spar 
zS,LF   Z-value of the CoG of the lower flange 
zS,RS   Z-value of the CoG of the rear spar 
ZTB   Overall z-coordinate of the torque box CoG 
zS,UF   Z-value of the CoG of the upper flange 
!   Density of the air 

-blade   Overall density of the blade 

-blade,AE  Density of the aerodynamically effective blade 

.   Heat capacity ratio, 1,4 [-] 
"   Tension 

/V,F   Change of shape hypothesis  

/V,N   Normal stress hypothesis 

/V,S   Shear stress hypothesis 

/y   Overall normal stress 

/yz   Normal stress in the torque box from moments 

/yx   Normal stress in the torque box from moments  

/!   Local solidity 
! x,z    Overall shear 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 CO2 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: 
 

 

Figure 1.1: Overview installed wind power worldwide, June 2010 [1] 

 



 21 

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 public, 
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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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. 
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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: 

    ARotor = !rblade
2        (2.1) 

ARotor  Rotor area [m2] 

rblade    Blade radius [m] 

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

    Ek =
1
2
mv2       (2.2) 

Ek  Kinetic energy available to the rotor [J] 
m   Mass of the air [kg] 
v    Wind speed [m/s] 

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

    PT =
Ek

t
      (2.3) 

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

 
Or expressed with the massflow of the air: 

    m
•

= !Arotorv       (2.4) 

m
•

  Massflow of the air [kg/s] 
-    Density of the air [kg/m3] 

    PT =
1
2
m
•

v2       (2.5) 

 
 



 29 

By combining  (2.1), (2.4) and (2.5): 

    PT =
1
2
!"rblade

2 v3      (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: 

     CP =
PO
PT

      (2.7) 

CP   Power coefficient of the wind turbine rotor [-] 
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: 

    PO =CPPT =CP
1
2
!"rblade

2 v3     (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. 

 

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]: 

   PO = PT !PL =
1
2
m
•

(v2
2 ! v3

2 )      (2.9) 

PL  Power from PT not captured by the wind turbine [MW] 
 
Or expressed as the total force, Fwt, which act upon the wind turbine as a result 
of the incoming and the outgoing wind: 

    Fwt =m
•

(v2 ! v3)      (2.10) 

Knowing that power is force multiplied with velocity and by introducing a new 
variable, vwt, 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: 

    Pwt = vwtFwt = vwt m
•

(v2 ! v3)     (2.11)  

Pwt   Extracted power from the wind turbine [MW] 
 
Now, as Pwt must be equal to PO, it’s possible to equate these, and solve for the 
unknown vwt: 

   Pwt = PO =m
•

vwt (v2 ! v3) =
1
2
m
•

(v2
2 ! v3

2 )    (2.12) 

   vwt =
1
2
m
•

(v2 ! v3)(v2 + v3)

m
•

(v2 ! v3)
=
1
2
(v2 + v3)    (2.13) 

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): 

  PO =
1
2
m
•

(v2
2 ! v3

2 ) = 1
2
!Arotorvwt (v2

2 ! v3
2 ) = 1

4
!Arotor (v2 + v3)(v2

2 ! v3
2 )  (2.14) 
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By differentiation of (2.15) with respect to (v3/v2), and by equating this to nil, the 
max/min of (2.15) can be identified. The result is a function with (v3/v2) as the 
horizontal axis, and CP as the vertical axis, where the maximum CP value 
occurs by v3/v2=1/3 as shown in Figure 2.5: 
 

 

Figure 2.5: CP over v3/v2 - the Theory of Betz Limit [6] 

 

   CPBetz

v3
v2
=
1
3

!

"
#

$

%
&=
16
27

= 0,593      (2.16) 

CPBetz
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.  
 

 

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: 

    32 vv =       (2.17) 

And: 

    41 pp =       (2.18) 

 
Further, the following definitions are utilized: 

    
1

21

v
vva !

=       (2.19) 

a Axial induction factor [-] 
 

And: 

    
!
"

=#
2

a       (2.20) 

a´ Angular induction factor [-] 

!  Wake rotational speed [s-1] 

"  Blade rotational speed [s-1] 
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The blade rotational speed is further defined as: 

    !=
2!
T

      (2.21) 

T Orbital period [s] 
 

 

Figure 2.7: Resulting speeds and angles [7] 

 
Out of this, the following relationships emerge: 

   dFThrust,MT =QTotal!v1
2 4a 1! a( )"# $%!rdr     (2.22) 

dFthrust,MT  Local axial force from Momentum Theory [N/m] 
QTotal  Local total loss due to proximity of hub and tip [-] 
r    Local radius to hub [m] 

 

   dTMT =QTotal!v14 !a 1" a( )#r3!dr     (2.23) 

dTMT   Local angular torque from Momentum Theory [N] 
 

   dFThrust,Aero = !! "#
v1
2 1" a( )2

cos2 !
cl sin! + cd cos!( )rdr   (2.24) 

dFthrust,Aero Local axial force from Blade Element Theory [N/m] 

!    Local relative inflow angle [rad] 

cl    Local lift coefficient [-] 
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cd    Local drag coefficient [-] 
!"    Local solidity [-] 

 

   dTAero = !! "#
v1
2 1" a( )2

cos2 !
cl cos! " cd sin!( )r2dr   (2.25) 

dTAero   Local angular torque from Blade Element Theory [N] 
 
The local total loss, QTotal, is defined as:  

    TipHubTotal QQQ !=       (2.26) 

QHub and QTip are further defined as: 

   QHub =
!
2
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rS,AE Distance from the center of the rotor to the point where the  
            aerodynamically active part of the blade starts.  
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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: 

    
r2

Bc
!

="#       (2.29) 

   B Number of blades [-] 
   C Local length of chord [m] 
 
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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Hereby 'r is the local tip-speed ratio, which describes the relationship between 
the local rotational speed and the wind speed: 
 

    
1

r v
r!

="       (2.32) 

'r Local tip speed ratio [-] 
 

 

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 * 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]. 

  
f x( )dx ! y0 + 4y1 + 2y2 + 4y3 +...+ 2yn"2 + 4yn"1 + yn( ) h

3a

b

#
  (2.33) 

Simpson´s Formula 

   f x( )dx ! 1
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y0 + y1 + y2 +...+ yn"1 +
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a

b

)   (2.34) 

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 =!dT      (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: 

    P0 = dPdr = !dT dr
rH

rblade

"
rH

rblade

"      (2.36) 

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. 
 

 

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 0m/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: 
 
 

 

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. 
 

 

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 = !mbsg "cos!     (2.37) 

FG,Normal,bs Normal force of a blade segment due to gravity [N] 
mbs  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!      (2.38) 

FG,Shear,bs 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, mbs 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]: 

    mbs = !blade a r( )dr
rbs

rblade

!      (2.39) 

-blade Overall density of the blade [kg/m3] 
rbs  Radius to the current blade section [m] 

a r( )  Area of the airfoil, dependent on blade radius [m2] 
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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]: 

    rbs =
a r( ) ! r dr

rbs

rblade

"

a r( )dr
rbs

rblade

"
     (2.40) 

rbs  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: 

  MSF,bs = FGShear ,bs
! rbs = !blade a r( )dr !

rbs

rblade

" g !sin! !
a r( ) ! r dr

rbs

rblade

"

a r( )dr
rbs

rblade

"

#

$

%
%
%
%
%

&

'
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 (2.41) 

MSF,bs  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]: 

     FcF =
mv2

r
      (2.42) 

FcF Inertia force [N] 
 

And by replacing the linear velocity, v, with the angular velocity, *:  

     FcF =mr!
2      (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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  FcF,bs =mbs ! rbs !"
2 = !blade a r( )dr

rbs

rblade

# !

a r( ) ! r dr
rbs

rblade

#

a r( )dr
rbs

rblade

#

$

%

&
&
&
&
&

'

(

)
)
)
)
)

!"2   (2.44) 

FcF,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. 

 

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]: 

" Angle of attack (AoA) 

# Relative flow angle 

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

   Ftorque = FLift cos !( )!FDrag sin !( )     (2.45) 

Ftorque  Local torque force [N] 
FLift  Local lift force [N] 
FDrag  Local drag force [N] 

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

  dFtorque =
dTAero
B ! r

= "! "#
v1
2 1# a( )2

B !cos2 !
cl cos! # cd sin!( )rdr   (2.46) 

   dFtorque 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: 

    Ftorque,bs = dFtorque dr
rbs

rblade

!     (2.47) 

Ftorque,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, dTMT and dTAero, cannot 
simply be applied, as these refer to the rotor hub. The most transparent way of 
calculating this is to use the values for dFtorque, 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]: 

    dTbs = dFtorque !
r " rbs( )

rblade " rbs( )
dr

rbs

rblade

#    (2.48) 

dTbs Torque integration value of a blade segment [N] 
 
Now, by multiplying dTbs 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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    Tbs = dTbs (rblade ! rbs )      (2.49) 

Tbs Total torque of a blade segment on a blade section [Nm] 
 
Note: Both Ftorque,bs and dTbs could have been calculated by the use of  dTMT 
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: 

   Fthrust = FLift sin(!)+FDrag cos(!)     (2.50) 

Fthrust  Local thrust force [N] 
 
From the BEM iteration, (2.24) can be used, slightly modified to be applicable 
for one blade: 

  dFthrust =
dFthrust,Aero

B
!! "#

v1
2 1" a( )2

B #cos2 !
cl sin! + cd cos!( )rdr   (2.51) 

dFthrust  Blade element thrust force [N/m] 
 
Analogue to (2.47), also the overall thrust force on a blade section from the 
outside located blade segment can be gained through integration: 

    Fthrust,bs = dFthrust dr
rbs

rblade

!      (2.52) 

Fthrust,bs 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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   dMthrust,bs = dFthrust !
r " rbs( )

rblade " rbs( )
dr

rbs

rblade

#     (2.53) 

dMthrust,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 = dMthrust,bs (rblade ! rbs )     (2.54) 

Mthrust,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 !a  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 cm is [12]: 

    dMTorsion = cm
!
2
vr
2c2      (2.55) 

dMTorsion Blade element torsional moment [N] 
cm   Blade element torsion coefficient [-] 
vr  Local resultant wind-speed [m/s] 
 

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

   vr = v1 1! a( )( )
2
+ "r 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: 

   MTorsion,bs = dMTorsion dr
rbs

rblade

!      (2.57) 

MTorsion,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: 

 MTorsion,SF = ±Ftorque,bs !dSC,torque ±Fthrust,bs !dSC,thrust ±FG,Shear,bs !dSC,weight  (2.58) 

MTorsion,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 
„Strukturkonstruktion“ (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 

 

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.  

   hFS = yUF cFS( )! yLF cFS( )      (2.59) 

hFS Height of front spar [mm] 
 

   hRS = yUF cRS( )! yLF cRS( )      (2.60) 

hRS Height of rear spar [mm] 
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  lUF =
abs yUF cRS( )! yUF cFS( )( )

sin arctan
abs yUF cRS( )! yUF cFS( )( )

cRS ! cFS

"

#
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   (2.61) 

lUF  Length of upper flange [mm] 
yUF Approximate function of upper flange [mm] 
cFS Position of front spar along the chord line [mm] 
cRS Position of rear spar along the chord line [mm] 
 

  lLF =
yLF cRS( )! yLF cFS( )

sin arctan
yLF cRS( )! yLF cFS( )

cRS ! cFS

"

#
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    (2.62) 

yLF Approximate function of lower flange [mm] 
lLF  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,FS = cFS       (2.63) 

xS,FS X-value of the CoG of the front spar [mm] 
 

    zS,FS = yLF cFS( )+ hFS
2

     (2.64) 

zS,FS 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] 
 

    zS,RS = yLF cRS( )+ hRS
2

     (2.66) 

zS,RS Z-value of the CoG of the rear spar [mm] 
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Upper flange: 

    xS,UF = cFS +
cRS ! cFS( )
2

    (2.67) 

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

  

 zS,UF =
yUF cRS( )! yUF cFS( )

cRS ! cFS

"

#
$

%

&
'( xS,UF ! cFS( )+ yUF cFS( )    (2.68) 

zS,UF Z-value of the CoG of the upper flange [mm] 
 

 
Lower flange: 

    xS,LF = cFS +
cRS ! cFS( )
2

    (2.69) 

xS,LF X-value of the CoG of the lower flange [mm] 
 

 zS,LF =
yLF cRS( )! yLF cFS( )

cRS ! cFS

"

#
$

%

&
'( xS,LF ! cFS( )+ yLF cFS( )    (2.70) 

zS,LF 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: 

ASum = AUF + ALF + AFS + ARS = lUF ! tUF( )+ lLF ! tLF( )+ hFS ! tFS( )+ hRS ! tRS( )   (2.71) 

ASum Overall Area of the walls of the torque box [mm2] 
AUF Area of the upper flange [mm2] 
ALF Area of the lower flange [mm2] 
AFS Area of the front spar [mm2] 
ARS Area of the rear spar [mm2] 
tUF  Thickness of the upper flange [mm] 
tFS  Thickness of the front spar [mm] 
tLF  Thickness of the lower flange [mm] 
tRS Thickness of the rear spar [mm] 
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 ASum,X = AUF ! xS,UF + ALF ! xS,LF + AFS ! xS,FS + ARS ! xS,RS    (2.72) 

ASum,X  Calculation value for the overall x-coordinate of the CoG [m3] 

 ASum,Z = AUF ! zS,UF + ALF ! zS,LF + AFS ! zS,FS + ARS ! zS,RS    (2.73) 

ASum,Z  Calculation value for the overall z-coordinate of the CoG [m3] 

    XTB =
ASum,X
ASum

      (2.74) 

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

    ZTB =
ASum,Z
ASum

      (2.75) 

ZTB 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. 

  

IX = IX,UF + IX,FS + IX,LF + IX,RS =
1
12

! lUF ! tUF
3( )+ hFS

3 ! tFS( )+ lLF ! tLF
3( )+ hRS

3 ! tRS( )( )+
lUF ! tUF( ) ! zS,UF " ZTB( )2( )+ lLF ! tLF( ) ! ZTB " zS,LF( )2( )+
hFS ! tFS( ) ! zS,FS " ZTB( )2( )+ hRS ! tRS( ) ! zS,RS " ZTB( )2( )

  (2.76) 

IX  Total SMI with respect to the x-axis [mm4] 
IX,UF SMI of the upper flange with respect to the x-axis [mm4] 
IX,FS SMI of the front spar with respect to the x-axis [mm4] 
IX,LF SMI of the lower flange with respect to the x-axis [mm4] 
IX,RS SMI of the rear spar with respect to the x-axis [mm4] 
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IZ = IZ ,UF + IZ ,FS + IZ ,LF + IZ ,RS =
1
12

! lUF
3 ! tUF( )+ hFS ! tFS

3( )+ lLF
3 ! tLF( )+ hRS ! tRS

3( )( )+
lUF ! tUF( ) ! xS,UF " XTB( )2( )+ lLF ! tLF( ) ! XTB " xS,LF( )2( )+
hFS ! tFS( ) ! xS,FS " XTB( )2( )+ hRS ! tRS( ) ! xS,RS " XTB( )2( )

   (2.77) 

IZ  Total SMI with respect to the z-axis [mm4] 
IZ,UF SMI of the upper flange with respect to the z-axis [mm4] 
IZ,FS SMI of the front spar with respect to the z-axis [mm4] 
IZ,LF SMI of the lower flange with respect to the z-axis [mm4] 
IZ,RS SMI of the rear spar with respect to the z-axis [mm4] 

 
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]: 

    d = Ax1 +By1 +C

A2 +B2( )
     (2.78) 

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

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

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

x1  X-coordinate of the point [m] 
y1  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: 

    dFS = XTB ! xS,FS      (2.79) 

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

    dRS = XTB ! xS,RS      (2.80) 

dRS 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: 

   Ax,UF = !
yUF cRS( )! yUF cFS( )( )

cRS ! cFS( )

"

#
$$

%

&
''     (2.81) 

Ax,UF  X-gradient of the linear function of the upper flange [-] 
 

   Cx,UF = !Ax,UF "cFS + yUF cFS( )      (2.82) 

Cx,UF  Constant of the linear function of the upper flange [m] 
 

   Ax,LF = !
yLF cRS( )! yLF cFS( )( )

cRS ! cFS( )

"

#
$$

%

&
''     (2.83) 

Ax,LF  X-gradient of the linear function of the lower flange [-] 
 

   Cx,LF = !Ax,LF "cFS + yLF cFS( )      (2.84) 

Cx,LF  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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dLF =

!
yLF cRS( )! yLF cFS( )( )
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(2.86) 

dUF  Shortest distance between upper flange and the overall CoG [m] 
dLF  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: (181o;359o) 

 

2.5.3.2.1 Shear Flow from Shear Force 

The total shear flow in a closed structural cell due to shear force is: 

    qS = q1 + q0       (2.87) 

qs Total shear flow due to shear force [N/mm] 
q1 Basic shear flow in the structure [N/mm] 
q0 Constant shear flow in a closed structural cell [N/mm] 

 
q1 is further defined as [14]: 

 

q1 =
QX !SZ s( )

IZ
+
QZ !SX s( )

IX

=
QX

IZ
! tx ds+ AFr ! xr

r=1

m

"
0

S
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IX
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   (2.88) 

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 [mm3] 
SX(s) FMI, parallel to the z-axis [mm3] 
s Variable for the FMI, [mm] 
t Thickness of the structure [mm] 
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AFr Area of a part of the structure [mm2] 
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 = !Ftorque,bs "cos 90°!!( )+Fthrust,bs "sin 90°!!( )!FG,Shear,bs "cos 90°!!( )   (2.89) 

QZ = !Ftorque,bs "sin 90°!!( )!Fthrust,bs "cos 90°!!( ) !FG,Shear,bs "sin 90°!!( )   (2.90) 

 
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: 

  SZ s( ) = x s( ) !A s( ) =
"x l( )
2 ! l

! s+ x0
#

$
%

&

'
(! s ! t( )     (2.91) 

x s( )  CoG of the elapsed distance s in x-direction [mm] 

A s( )  Area of the elapsed distance s [mm2] 

!x  Difference in x-value of the elapsed distance [mm] 

l   Total length of the side being calculated [mm] 

x0   X-value of the starting point, with relation to XTB  [mm] 

 

  SX s( ) = z s( ) !A s( ) =
"z l( )
2 ! l

! s+ z0
#

$
%

&

'
(! s ! t( )     (2.92) 

z s( )  CoG of the elapsed distance s in z-direction [mm] 

!z  Difference in z-value of the elapsed distance [mm] 

z0   Z-value of the starting point, with relation to ZTB  [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, q1 is defined as zero, and as (2.88) indicates, when moving to the front 
spar between point 2 and 3, the q1-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 q1 from the previously calculated 
walls. 
q0 exists in the torque box because it is a closed cell. It is constant in the whole 
structure, and is defined as follows: 

    q0 = !

q1 s( )
t s( )

ds!"
ds
t s( )!"

     (2.93) 

As (2.93) shows, q0 is calculated on the basis of q1, and is finally added to q1, to 
deliver the qs as described in (2.87). 

2.5.3.2.2 Shear Flow from Torsion 

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

    qT =
T

2 !ATB
      (2.94), 

qT  Total shear flow due to torsion moment [N/mm] 
T  Total torque moment [Nmm] 
ATB Area of the torque box [mm2] 

     
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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   !0,5cX =
0,25 " c rS,AE( )# c rBlade( )( )( )

rBlade # rS,AE( )

$

%

&
&

'

(

)
)
" rX # rbs( )  (2.95) 

!0,5cX  Distance in x-direction between the 0,5c point at the current 
blade element and the 0,5c point at radius rX  [mm] 

c rS,AE( )  Chord length at the first blade element [mm] 

c rBlade( )  Chord length at the last blade element [mm] 

rX   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,Shear,bs in this view is 
negative due to the rotor angle, the total torsion moment, T, adds up as follows: 
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T =MTorsion,bs +MTorsion,SF

=MTorsion,bs +

Ftorque,bs !sin 90
! "!( ) ! XTB + ex( )" 0,25c#$ %&{ }"

FG,Shear,bs !sin 90
! "!( ) ! 0,5c"'0,5cSF( )" XTB + ex( )#$ %&{ }"

Fthrust,bs !cos 90
! "!( ) ! 0,5c"'0,5cTF( )" XTB + ex( )#$ %&{ }

#

$

(
(
(
(
(

%

&

)
)
)
)
)

(2.96) 

ex  Distance between XTB and the x-coordinate of the SC [mm] 

$0,5cSF Deviation for the 0,5c point for FG,Shear,bs  [mm] 

$0,5cTF Deviation for the 0,5c point for Fthrust,bs  [mm] 

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

    ex =
qs !d( )ds!"
QZ

     (2.97) 

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: 

    q = qS + qT       (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: 

    ! x,z =
q
t

      (2.99) 

! x,z  Overall shear stress [N/mm2] 

 

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 = nyy + nyx + nyz      (2.100) 

n Total normal flow in the torque box [N/mm] 
nyy 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] 
nyz Normal flow in the torque box due to moments about the z-axis [N/mm] 

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

   nyy =
FG,Normal,bs +FcF,bs( )
lUF + hFS + lLF + hRS( )

     (2.101) 

nyx 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: 

   nyx =! yx ! t =
MX

IX
! z ! t       (2.102) 

/yx Normal stress in the torque box from moments about the x-axis [N/mm2] 
MX 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: 

 MX = ! MSF,bs +Tbs( ) "sin 90°!!( ) !Mthrust,bs "cos 90°!!( )   (2.103) 

The same procedure is repeated for nyz: 

   nyz =! yx ! t =
MZ

IZ
! x ! t       (2.104) 

/yz Normal stress in the torque box from moments about the z-axis [N/mm2] 
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] 



 61 

 MZ = Tbs +MSF,bs( ) !cos 90°"!( )"Mthrust,bs !sin 90°"!( )   (2.105) 

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

    ! y =
ny
t

      (2.106) 

/y Overall normal stress [N/mm2] 

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]: 

   !V ,N = 0,5 ! ! y + 0,5 ! ! y
2 + 4! x,z

2( )     (2.107) 

/V,N Normal stress hypothesis [N/mm2] 
 

   !V ,S = ! y
2 + 4! x,z

2( )       (2.108) 

/V,S Shear stress hypothesis [N/mm2] 
 

   !V ,F = ! y
2 +3! x,z

2( )       (2.109) 

/V,F Change of shape hypothesis (Von Mieses) [N/mm2] 
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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 airfoil, 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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!"#$%$&'()*)"+,-.$/01'' ' # #

23&,4'56/701' # # (-,80#'),06'98:;'

$%&'(#)%*%(+# ,# -./01#2/345&#%6#7#89#2:8&);# <=<>??<@#

A5286)#)%*%(+# ,# -B8'1#89#3/0#2/345&#%6#@<CD5&256(;# #

E:%&)#F#98G&(:#)%*%(+# @<# -./01#(:%2H65''#%6#D5&256(/*5#89#2:8&);# <=6/0#'),06'98:;'

I86'(/6(#0#2:8&)# J=K# -I:8&)CL56*(:;# @=MKN>N?@,J#

O62%)5625#/6*L5#P#QR5*&55S# <# # #

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: 
 

 

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: 

 
yUF c( ) = 0,6582c5 ! 2,077c4 + 2,5824c3 !1, 7749c2 +
0,6009c+ 0,0126

   (3.1) 

 
yLF c( ) = 2, 427c6 !8,1617c5 +10, 748c4 ! 7,0109c3 + 2,3135c2 !
0,3086c! 0,0076

 (3.2) 

 aaf c( ) = 0,068801!c2        (3.3) 

aaf c( )  Airfoil area, dependent on chord length [m2] 
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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, cl, cd, 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 clmax. 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 Ncrit 
numbers are being used. Ncrit 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 Ncrit 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 107 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.  
 



 65 

The operating window and results from XFOIL can be seen in Figure 3.2 and 
Figure 3.3: 
 

 

Figure 3.2: XFOIL user window 

 

 

Figure 3.3: XFOIL results 
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The results for the coefficients cl, cd, and cm from XFOIL are now being stored in 
the spreadsheet along with the respective AoA, so that graphs over the 
coefficients may be produced: 
 

!"#$#%&'(%')*# +,-./#$#0# ## ##

12,3#$#'&%# ## ## ##

)/+>6' =/' =#' =8'

CJ# C<=<M,<<# <=<<J><# C<=@<KT<#

CK# <=@K>,<# <=<<JKN# C<=@<,J<#

C@# <=K>T<<# <=<<J@M# C<=@<J,<#

@# <=JMTM<# <=<<J<?# C<=@<>T<#

K# <=?NNM<# <=<<JK,# C<=@<TN<#

J# @=<K@J<# <=<<>J?# C<=@<,M<#

T# @=N,NJ<# <=<<?,?# C<=@<NM<#

M# @=,,?><# <=<@<K<# C<=@<<N<#

@<# @=J,T@<# <=<@@KJ# C<=<M?N<#

@@# @=>,@><# <=<@NJ<# C<=<MJ><#

@N# @=TNMK<# <=<@K?,# C<=<M@?<#

@,# @=?J?,<# <=<@TJ,# C<=<TT<<#

@># @=MJKM<# <=<NKMK# C<=<>@M<#

@?# @=MMKJ<# <=<KTN@# C<=<,MJ<#

N<# @=M?J@<# <=<JMTT# C<=<,J?<#

NN# @=M@<K<# <=<M,K@# C<=<J@K<#

N,# @=T?T@<# <=@KMK,# C<=<>??<#

N># @=>,>,<# <=@MKM,# C<=@<,N<#

N?# @=,NJT<# <=N?T,,# C<=@T??<#

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: 

 

Figure 3.4: cl over AoA from XFOIL  [-5°; 12,5°] 
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Figure 3.5: cl over AoA from XFOIL  <12,5°; 28°] 

 
 
 

 

Figure 3.6: cd over AoA from XFOIL  [-5°; 7,36°] 
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Figure 3.7: cd over AoA from XFOIL <7,36°; 28°] 

 
 
 

 

Figure 3.8: cm over AoA from XFOIL [-5°; 9,25°] 
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Figure 3.9: cm over AoA from XFOIL <9,25°; 28°] 
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The results for the approximated functions for cl, cd, and cm and their 
associated intervals are listed below: 
 
 
cl : 

!5° "! "12,5°[ ] : 

 cl !( ) = !0,0008! 2 + 0,1133! + 0, 4864      (3.4) 

 

12,5° <! ! 28°( ] : 

 cl !( ) = !0,0062! 2 + 0,231! ! 0,144      (3.5) 

cd : 

!5° "! " 7,36°[ ] : 

 
cd !( ) = !0,0000001! 5 + 0,0000007! 4 + 0,0000095! 3 +

0,0000223! 2 ! 0,0000668! + 0,0051011
  (3.6) 

 

7,36° <! ! 28°( ] : 

 
cd !( ) = 0,000001! 4 ! 0,00002! 3 +

0,000107! 2 + 0,000607! + 0,004178
     (3.7) 

 
cm : 

!5° "! " 9,25°[ ] : 

 
cm !( ) = !0,00000161! 4 + 0,00001686! 3 +

0,00011477! 2 ! 0,00056891! ! 0,10637366
    (3.8) 

 

9,25° <! ! 28°( ] : 

 
cm !( ) = !0,00000039! 5 + 0,00003434! 4 ! 0,00124294! 3 +

0,02253063! 2 ! 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: 
 

45632## =/' =/'?@ABC'' =#' =#'?@ABC' =8' =8'?@ABC'

CJ=<<# C<=@<<@<# C<=<M,<<# <=<<JJ># <=<<J><# C<=@<KTT# C<=@<KT<#

CK=<<# <=@KMK<# <=@K>,<# <=<<JKK# <=<<JKN# C<=@<,NN# C<=@<,J<#

C@=<<# <=KTNK<# <=K>T<<# <=<<J@?# <=<<J@M# C<=@<JT@# C<=@<J,<#

@=<<# <=JM?M<# <=JMTM<# <=<<J<T# <=<<J<?# C<=@<>?@# C<=@<>T<#

K=<<# <=?@M@<# <=?NNM<# <=<<JKM# <=<<JK,# C<=@<>TN# C<=@<TN<#

J=<<# @=<KNM<# @=<K@J<# <=<<>>,# <=<<>J?# C<=@<JNJ# C<=@<,M<#

T=<<# @=N,<K<# @=N,NJ<# <=<<?M?# <=<<?,?# C<=@<N?@# C<=@<NM<#

M=<<# @=,,@K<# @=,,?><# <=<@<J<# <=<@<K<# C<=@<<,T# C<=@<<N<#

@<=<<# @=JKM,<# @=J,T@<# <=<@@N@# <=<@@KJ# C<=<MM,># C<=<M?N<#

@@=<<# @=>KJM<# @=>,@><# <=<@N@K# <=<@NJ<# C<=<MJMM# C<=<MJ><#

@N=<<# @=TK<?<# @=TNMK<# <=<@K,@# <=<@K?,# C<=<M<<<# C<=<M@?<#

@,=<<# @=?T,?<# @=?J?,<# <=<@T>T# <=<@TJ,# C<=<T,,># C<=<TT<<#

@>=<<# @=M>,?<# @=MJKM<# <=<NJJN# <=<NKMK# C<=<J?>N# C<=<>@M<#

@?=<<# N=<<JN<# @=MMKJ<# <=<K???# <=<KTN@# C<=<,JJJ# C<=<,MJ<#

N<=<<# @=MM><<# @=M?J@<# <=<><<># <=<JMTT# C<=<KT@N# C<=<,J?<#

NN=<<# @=MKTN<# @=M@<K<# <=<M@T,# <=<M,K@# C<=<KJ,T# C<=<J@K<#

N,=<<# @=?N??<# @=T?T@<# <=@KT<<# <=@KMK,# C<=<,,JJ# C<=<>??<#

N>=<<# @=>T<?<# @=>,>,<# <=@MMNM# <=@MKM,# C<=<T@><# C<=@<,N<#

N?=<<# @=,>KN<# @=,NJT<# <=N?N,J# <=N?T,,# C<=@N?>K# C<=@T??<#

Table 3.3: Comparison of functions and XFOIL 

 
 



 73 

 

Figure 3.10: Coefficients from XFOIL 

 
 
 

 

Figure 3.11: Coefficients from functions 

 
The results from the approximate functions for the coefficients cl, cd, and cm 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. 



 76 

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: 
 

 

Figure 4.1: Rotor geometry read by the calculation program 

 
1. Air temperature, T [K] 
2. Air pressure, pa [PA] 
3. Number of blades, B [-] 
4. Wind speed, v1 [m/s] 
5. Rotor-revolutions per minute, revmin [min-1] 
6. Blade radius, rblade [m] 
7. Relative radius at the start of the aerodynamically effective blade, rr,S [-] 
8. Relative radius at the end of the hub, rr,H [-] 
9. Relative radius near the tip, where the chord starts to decrease in the 

form of an ellipse, rr,E [-] 
10.  Chord-length at the beginning of the effective blade, cs [m] 
11.  Chord-length near the end, before the elliptical drop, ce [m] 
12.  Position of the front spar relative to chord-length, sfs [-] 
13.  Position of the rear spar relative to chord-length, srs [-] 
14.  Maximum thickness of the upper flange, tuf,max [mm] 
15.  Maximum thickness of the front spar, tfs,max [mm] 
16.  Maximum thickness of the lower flange, tlf,max [mm] 
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17.  Maximum thickness of the rear spar, trs,max [mm] 
18.  Minimum thickness of the upper flange, tuf,min [mm] 
19.  Minimum thickness of the front spar, tfs,min [mm] 
20.  Minimum thickness of the lower flange, tlf,min [mm] 
21.  Minimum thickness of the rear spar, trs,min [mm] 
22.  Total mass of the blade, mblade [kg] 
23.  Mass of the effective part of the blade relative to total mass, mr,AE [-] 
24.  Radius of the circular part of the blade attached to the hub, rcross,s [m] 

 

 

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 !!( )       (4.1) 

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

. Heat capacity ratio, 1,4 [-] 

   ! =
pa
R !T( )

       (4.2) 

- Density of the air [kg/m3] 
 

   PT = 0.5 !! !" ! rblade
2 ! v1

3      (4.3) 

Blade element width: 

   drbe =
rblade ! 1" rRS( )( )

nBE
       (4.4) 

drbe Width of each blade element [m] 
nBE Number of blade elements [-] 

 
The number of blade elements, nBE, 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, * : 

   ! =
revmin "2 "!
60s "min#1

      (4.5) 

Radiuses: 

   rH = rblade ! rr,H        (4.6) 

rH Hub radius [m] 
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   rS,AE = rr,S ! rblade        (4.7) 

rS,AE Radius at the start of the aerodynamically effective part  
of the blade [m] 

 

   rE = rr,E ! rblade        (4.8) 

rE  Radius to the start of the tip geometry [m] 
 
Mass of the two different parts of the blade: 

   mAE =mr,AE !mblade       (4.9) 

mAE Mass of the aerodynamically effective part of the blade [kg] 
 

   mAP =mblade !mAE       (4.10) 

mAP Mass of the aerodynamically passive part of the blade [kg] 
 
Area of blade sections: 

   Ablade,HA = ! ! rcross,s
2       (4.11) 

Ablade,HA Area of the blade hub-attachment cross section [m2] 
 

   Ablade,AE = 0.068801!cs
2      (4.12) 

Ablade,AE Area of the end of the aerodynamically passive part of the  
blade [m2] 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: 
 

 

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 “iNumber_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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   rbe,1 = rS,AE +
drbe
2

      (4.13) 

rbe,1  Radius to the middle of the first blade element [m] 
 
For any other given blade element, the radius is: 

   rbe,i = rbe!1 + drbe       (4.14) 

rbe,i Radius to the middle of a random blade element [m] 
rbe-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: 

   fc1 rbe,i( ) =
ce ! cs( )

rblade " rr,E ! rr,S( )
" rbe,i ! rS,AE( )+ cs     (4.15) 

fc1 r( )  Chord-length at a given spot along the radius, before the tip  
geometry starts [m] 

 

The term 
ce ! cs( )

rblade " rr,E ! rr,S( )
 is hereby dedicated its own variable in the program, 

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

 fc2 rbe,i( ) = ce
rblade ! 1" rr,E( )( )

! rblade ! 1" rr,E( )( )
2
" rbe,i " rr,E ! rblade( )( )

2( )  (4.16) 

 
fc2 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 rRE ! 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 ! x0( )2

a2
+
y! y0( )2

b2
=1     (4.17) 

 
 In this connection are: y0 = 0, x0  = rRE ! rblade , a = rblade ! 1" rRE( ) , b = cs , 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: 

    Abe,i = 0.068801! fc,i rbe,i( )( )
2

    (4.18)  

Abe,i  Area of a given blade element [m2] 
fc,i rbe,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: 
 

• iOuterCounter = 0 
• ddiff > 0 AND iFortegn = 1 

 
Mode #2 alters the pitch angle with -0.05deg, sets “itest” to 1 and “iFortegn” to 0 
and is carried out if: 
 

• ddiff < 0 AND iOuterCounter = 1 
• 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 
 



 84 

 

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: 

• If iNumber_of_Elements = 0 AND iOuterCounter = 0 AND iCounter = 0: 

   !i = !0.018 " iNumber _of _Elements+14.0( ) " !
180

  (4.19) 

"i Initial AoA [rad] 

   !i =
"
2
!
2
3
"arctan 1

#r

#

$
%

&

'
(      (4.20) 

#i Initial relative flow angle [rad] 

   ! i ="i +#i        (4.21) 

&i 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 factors a  and !a  are determined through (2.30) and (2.31) 
– solved for a  and !a  respectively – before the compiler continues to the inner 
iteration [7] and [9]: 

  a = 1+
4 ! cos !i( )( )

2

"! ! cl !sin "i( )+ cd !cos !i( )( )

#

$

%
%

&

'

(
(

)1

    (4.22) 

 !a = 1" a( ) #
!! # cl #cos "i( )" cd #sin !i( )( )( )

4 #!r # cos "i( )( )
2

$

%

&
&

'

(

)
)

    (4.23) 

In some existing applications that also use the BEM-method, are frequently 
dedicated equations used to calculate entry values for a  and !a  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 a  and !a  
were also used upon entry. 
 

• Else if iNumber_of_Elements !0 AND iOuterCounter = 0 AND iCounter 
= 0: 

    ! i = !be!1 ! 0.2 "
"
180

     (4.24) 

&be-1 Pitch angle reached for the previous blade element [rad] 
 

The initial relative flow angle #i is calculated by (4.20) 

    !i = " i !#i       (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). 
 

• 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 v2  and v3, 
", #, 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]: 

    !PG =
1

1!M 2( )
     (4.26) 

#PG 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 =
vr
a

      (4.27) 

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

    cl,c = cl !!PG       (4.28) 

cl,c = Corrected lift coefficient [-] 

    cd,c = cd !!PG       (4.29) 

cd,c= Corrected drag coefficient [-] 

    cm,c = cm ! !PG       (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: 
 

 

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 !a  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-

7. 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: 

  VAE = Abe,i rbe,i( )dr = dSum_Volume !drbe
rS ,AE

rblade

"     (4.31) 

VAE Total volume of the aerodynamically effective part  
of the blade [m3] 

dSum_Volume Numeric integration value obtained in the  
for-loop [m2] 
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rblade,AE =
Abe,i rbe,i( ) ! rbe,i dr

rS ,AE

rblade

"

Abe,i rbe,i( )dr
rS ,AE

rblade

"

=
dSum_Volume_ radius !drbe,i ! rblade( )

VAE

   (4.32) 

rblade,AE     CoG of the aerodynamically effective blade [m] 
dSum_Volume_ radius  Numeric integration value obtained in the  

for-loop [m2] 
 
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 ! rbe,i
rblade

   (4.33) 

   Ttotal = dT dr
rS ,AE

rblade

! = dSum "drbe,i      (4.34) 

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

Based on these results, further values can be calculated: 

    !blade,AE =
mAE

VAE
     (4.35) 

-blade,AE Density of the aerodynamically effective blade [kg/m3] 
 

    P0 = Ttotal !"       (4.36) 

 

    CP =
P0
PT

      (4.37) 

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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    Tload = cgen ! revmin
2      (4.38) 

Tload Torque from gears and generator [Nm] 
cgen Constant for the load torque function [(kg!m2!min2)/s2] 
revmin Rotor revolutions [min-1] 

 
As the rotor revolutions are the variable in (4.38), cgen 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: 

    cgen =
Ttotal
revmin

2       (4.39) 

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: 

    !be,imax = "be,imax !"be,i      (4.40) 

,be,imax Twist with respect to “iMax_Position” [rad] 
&be,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: 

  fA r( ) = da ! r + A0 =
Ablade,AE " Ablade,HA( )

rS,AE " rH( )
! r " rH( )+ Ablade,HA   (4.41) 

fA r( )  Area of a section in the aerodynamically passive part  
of the blade [m2] 

da  Area linearization factor [m] 
A0  Area value for the linear function [m2] 

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

   VAP = fA r( )dr
rH

rS ,AE

! = da " r dr
rH

rS ,AE

! + A0 dr
rH

rS ,AE

!    (4.42) 

VAP Volume of the aerodynamically passive part of the blade [m3] 
 
This finally become the following equation: 

    VAP = 0.5 !da ! r2 + A0 ! r"# $%rH
rS ,AE

    (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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  rAP =
a r( ) ! r dr

rH

rS ,AE

"

a r( )dr
rH

rS ,AE

"
=

1
3
!da ! r3 + 1

2
!A0 ! r

2#

$%
&

'(rH

rS ,AE

VAP
   (4.44) 

rAP  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: 

    Fc,AP =mAP ! rAP !"
2      (4.45) 

Fc,AP 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: 
 

 

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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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 
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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 =
rblade,AE !mAE( )+ rAP !mAP( )( )

mblade

    (4.46) 

rblade  Overall CoG of the blade [m] 

 
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 q1, 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 q1 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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q1 connected to each other, so that a continuous q1 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 q1 is this printed to the file “q1_1.txt”. A simplified overview of 
this sequence can be seen in Figure 4.8: 

 

Figure 4.8: Details to program sequence for structural calculations 

 
In the next sequence will the constant shear flow, q0, and the SC be calculated: 
The SC, being a geometric value, is calculated for each blade element, while q0 
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 q0 
prepared through numeric integration of q1, 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 q0 
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 q0 to the file “q0_1.txt”. The structure of 
this sequence can be studied in Figure 4.9: 
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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 0.5c point of the current blade element and the 0.5c 
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 0.5c 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 
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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: 
 

 

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: 

    revmin =1.22 ! v1      (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: 

    !be,max = 5.0° !
"
180°

     (4.48) 

"be,max AoA for the blade element with dTmax from part 1 [rad] 
 

The reason for the value of "be,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 #be,max and &be,max calculated by (4.20) and (4.21) 
respectively. Following an alteration of the rotational speed, is "be,max calculated 
as above, the value for &be,max from the last run used, and #be,max calculated as 
follows: 

    !be,max = "be,max !#be,max     (4.49) 

#be,max Relative flow angle for the blade element with dTmax  
from part 1 [rad] 

&be,max Pitch angle for the blade element with dTmax 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 = !be,imax !"be,i       (4.50) 

&be,i  Pitch angle for a given blade element [rad] 

,be,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-1].  The criterion is 
determined by the following equation: 
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    Ttotal = Tload = cgen ! revmin
2     (4.51) 

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

 

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: “qs_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 Cp value is the same as the one achieved in part 1, and 
applying (2.6), solved for the wind speed: 
 

    veq, fr =
2 !Pdr

CP !! !" ! rblade
2

"

#
$

%

&
'3     (4.52) 

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

Pdr 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 cgen and finally solving for revmin: 

 Pdr = Tload !" = cgen ! revmin
2 !

2 !! ! revmin
60

# revmin =
Pdr !60
2 !! !cgen

$

%
&&

'

(
))3  (4.53) 

 
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: 

    veq, fr = 0.4 ! v1       (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 v1 with veq,fr: 

    revmin =1.22 ! veq, fr      (4.55) 

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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    !i = 3.0 !
"
180

      (4.56) 

   !i =
"
2
!
4
5
"arctan 1

#r

#

$
%

&

'
(      (4.57) 

 
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,fr. The set-up of sequence 1 is shown 
in Figure 4.12: 

 

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 "I, #I and &I have 
been developed: 
Values for the first blade element for the first run: 

    !i,be1 =12.0° !
"
180°

     (4.58) 

"i,be1  Initial AoA for the 1st blade element for the 1st run [rad] 
 
    !i,be1 :  (4.57) 

#i,be1 Initial relative flow angle for the 1st blade element for the 1st run 
[rad] 

    ! i,be1 ="i,be1 +#i,be1      (4.59) 

&i,be1 Initial pitch angle for the 1st blade element for the 1st run [rad] 
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For the first blade element after pitch adjustments have been carried out are the 
following values used: 

!i : (4.57) 

    !i = " i !#i       (4.60) 

For all other blade elements: 

    ! i = !be!1 + !i!1 +!i( )      (4.61) 

,i-1  Twist angle for the previous blade element [rad] 
 

!i : (4.57) 

!i : (4.59) 

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

 

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: “qs_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. 

5.1 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: 
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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 =
1
2
!! !" ! rblade

2 ! v1
3      (5.1) 

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

    P0 =CP !PT       (5.2) 

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

   Pgear = P0 !!gear = PT !CP !!gear      (5.3) 

Pgear  Transmission output power [kW] 
+gear  Gearbox efficiency [-] 

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

   Pe =!e !Pgear = PT !CP !!gear !!e     (5.4) 

Pe Generator output power [kW] 
+e 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 Pe for the Areva Wind M5000 is 5260kW. As P0 
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: 
 

   !e =
Pe
Pgear

=
5260kW
5590kW

= 0.94097     (5.5) 
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Because neither the CP value nor the gearbox efficiency +gear are provided here, 
the exact power generated by the rotor, P0 is unknown. With the given data 
from the specification table is it however possible to derive a guessed, 
approximate value for +gear. 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: 

 

Figure 5.3: Transmission efficiency for planetary gearboxes [22] 

 
Hence, with a transmission efficiency +gear of 0.98 at rated power, the rotor 
power P0 can be calculated to: 

   P0 =
Pgear
!gear

=
5590kW
0.98

= 5704kW     (5.6) 

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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CP =
P0
PT
=

P0
1
2
!! !" ! rblade

2 ! v1
3

=
5704kW

1
2
!1.225kg /m3 ! ! ! 58m( )2 ! 12.5m / s( )3

= 0.4512
   (5.7) 

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 P0 from part 1 of the program will 
be evaluated against the corresponding results for the Areva Wind M5000 
derived above. In addition to P0 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. It is 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: 
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"#$%&'# N??=@J#

pa [PA] @<@K<<#

(#$)&# K#

v1 [m/s] @N=J#

revmin [min-1] @,=?#

rblade [m] J?#

rr,S [-] <=@>#

rr,H [-] <=<J#

rr,E [-] <=M,#

cs [m] J=K#

ce [m] @=,#

sfs [-] <=@J#

srs [-] <=>J#

tuf,max [mm] N<#

tfs,max [mm] NN#

tlf,max [mm] N<#

trs,max [mm] NN#

tuf,min [mm] N#

tfs,min [mm] J#

tlf,min [mm] N#

trs,min [mm] J#

mblade [kg] @>J<<#

mr,AE [-] <=?#

rcross,s [m] @=J#

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

 

Table 5.4: Results for 6m/s and maximum CP 
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Table 5.5: Results for 8m/s and maximum CP 

 

Table 5.6: Results for 10 m/s and maximum CP 
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Table 5.7: Results 12m/s and maximum CP 

 

Table 5.8: Results 14m/s and de-rated CP 
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Table 5.9: Results 16m/s and de-rated CP 

 

Table 5.10: Results 18m/s and de-rated CP 
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Table 5.11: Results 20m/s and de-rated CP 

 

Table 5.12: Results 22m/s and de-rated CP 
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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: 
 

 

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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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: 
 

 

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. 
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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, /max,comp 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 /max,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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    ! yx =
MX

IX
! z       (5.8) 

 
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: 
 

 

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, /max,tens, 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 CP value 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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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 
CP value. 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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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, /V,N, /V,S and /V,F. 
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: 

    !max,tens,UF = 21,00Mpa     (5.9) 

    !max,comp,UF = !627, 45Mpa     (5.10) 

    abs!! = 648, 45Mpa      (5.11) 

24m/s: 

    !max,tens,UF =178, 40Mpa     (5.12) 

    !max,comp,UF = !574, 49Mpa     (5.13) 

    abs!! = 752,89Mpa      (5.14) 

 
Front spar: 
 

12,5m/s: 

    !max,tens,FS = 709,05Mpa     (5.15) 

    !max,comp,FS = !620,69Mpa     (5.16) 

    abs!! =1329, 74Mpa     (5.17) 

24m/s: 

    !max,tens,FS = 650,69Mpa     (5.18) 

    !max,comp,FS = !136, 73Mpa     (5.19) 

    abs!! = 787, 42Mpa      (5.20) 
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Lower Flange: 
 

12,5m/s: 

    !max,tens,LF = 709,69Mpa     (5.21) 

    !max,comp,LF = !104,30Mpa     (5.22) 

    abs!! = 813,99Mpa      (5.23) 

24m/s: 

    !max,tens,LF = 651, 76Mpa     (5.24) 

    !max,comp,LF = !222,39Mpa     (5.25) 

    abs!! = 874,15Mpa      (5.26) 

 
Rear spar: 
 

12,5m/s: 

    !max,tens,RS = 521,82Mpa     (5.27) 

    !max,comp,RS = !627,99Mpa     (5.28) 

    abs!! =1149,81Mpa     (5.29) 

24m/s: 

    !max,tens,RS = 88,05Mpa     (5.30) 

    !max,comp,RS = !575, 46Mpa     (5.31) 

    abs!! = 663,51Mpa      (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: 
 

 

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 AoA 

 
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: 

 

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< $ < 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]: 
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 EI Blade bending rigidity [Nmm2] 
 g Coupling coefficient, [Nmm2] 
 GK Blade torsional rigidity [Nmm2] 

 %b Bending strain [mm-1] 

 %t Torsion strain [mm-1] 
 Mb Bending moment [Nmm] 
 Mt Torsion moment [Nmm] 
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The coupling coefficient is further calculated as: 

    g =! ! 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 %b and %t 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: 
 

 

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: 
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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 107 cycles compared to static 
strength limit is given here [6]: 
 

• Fibre Glass/epoxy* composite:   /b = 420MPa, /F = 35MPa 
• Carbon fibre/epoxy* composite: /b = 550MPa, /F = 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. 



 137 

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. 
 

 

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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