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Preface
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prof.dr.ir. C.H. Venner and Dr. A. Martinetti and Dr. H. H. �Ozdemir (of TNO Energy Transition)
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lockdown of the university during the �nal phase of this project. This meant that the wind tunnel in which tests
were to be performed was not accessible for most of this phase. In the end, 1 day of testing was allowed which
limited the amount of testing results. Before testing in the wind tunnel alternate testing plans were made, but its
results were severely lacking and therefore the testing results and conclusions from these tests are very limited.

I would like to thank dr.ir. A. van Garrel for supervising, helping and supporting me throughout this project.
I would also like to thank my brother R. van Wijk with whom I shared this assignment, he also helped me a lot
with my part of the assignment. Furthermore I would like to thank ing. W. Lette for his role in supervising the
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making this thesis possible. Finally, I would like to thank my friend Rick Zwagerman for his support and for
helping out with the ’at home’ experiments.
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Abstract

Renewable energy is growing in importance due to the increasing scarcity of fossil fuels and their impact on the
environment. The most prominent and fastest growing sector of renewable energy is wind energy. The number
of wind turbines and wind turbine farms is increasing around the world. For this reason the demand for better,
bigger and more e�cient turbines is increasing. At the University of Twente (UT), wind turbine research is done
and the topic of wind energy is taught. Wind turbine theory is taught to master students in the Wind Energy
course. This course includes practical assignments such as the observation of the 
ow over a wing in a wind
tunnel environment. However, the course does not have a practical involving wind tunnel experiments on an
actual wind turbine, that would connect the Blade Element Momentum (BEM) theory taught in the course with
the physical experiment. It was found that no existing design �ts the needs of the wind energy course or the
geometrical constraints of the wind tunnel at the UT. The need for the development of a model wind turbine for
this goal was the basis for the present master thesis.

To satisfy the demand of a wind turbine practical, a new design of a wind turbine is developed. The design
is created speci�cally for the UT aeroacoustic wind tunnel, meaning that it �ts the already present mounting
table and is useable at various wind speeds that the wind tunnel can reach. The wind tunnel can reach wind
velocities of up to 60 m=s, however for safety reasons the operating range of the turbine is much lower: up to
13:8 m=s wind speed

In this thesis the design and construction of the wind turbine rotor is discussed. The rotor is designed to
be modular and to have an adaptable blade pitch. The design process is documented in detail. The rotor
performance is predicted using Beam Element Momentum (BEM) theory and the numerical program QBlade,
which uses the same theory. Both results are compared to each other. The rotor is tested in simple experimental
setups, indicating the basic functionality of the wind turbine and its rotor, as well as in the university’s wind
tunnel, creating a more detailed overview of the wind turbine performance. Further testing in the wind tunnel
is recommended to completely map the rotor performance at di�erent pitch angles, tip speed ratios and wind
speeds, as well as to include e�ects that were not yet taken into account, such as the blockage e�ect. The result
of the thesis is a wind turbine that can be used for demonstrative practicals and future research in the wind
tunnel.
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Nomenclature

A [m2] Surface area
a [ - ] Axial induction factor ( a = U1 � U2

U1
)

a0 [ - ] Angular induction factor ( a0 = !
2
 )

B [ - ] Number of blades of the wind turbine
c [m] Airfoil chord length
cBetz [m] Betz optimal chord length
Cd [ - ] Drag coe�cient
cI [m] Chord length approximation
Cl [ - ] Lift coe�cient
Cp [ - ] Power coe�cient
Cq [ - ] Torque Coe�cient
cSchmitz [m] Schmitz optimal Chord length
Ct [ - ] Thrust coe�cient
D [kgms� 2] Drag force (alsoFD )
D foot [m] Blade foot component diameter
E [kgm� 1s� 2] Elasticity modulus
FD [kgms� 2] Drag force (alsoD)
FM [kgms� 2] Moment driving force
Fc [kgms� 2] Centrifugal force (also Fcentrifugal )
Fcentrifuga l [kgms� 2] Centrifugal force (also Fc)
FL [kgms� 2] Lift force (also L)
FT [kgms� 2] Thrust force (also T)
Ftip=root [ - ] Prandtl tip/root loss correciton factor
Fwind [kgms� 2] Wind force exerted on rotor blade(s)
F0 [kgms� 2] Internal clamping force on blade at root
I [m4] Area moment of inertia
L [kgms� 2] Lift force (also FL )
l [m] Characteristic length
M [kgm2s� 2] Blade moment
m [kg] Blade (section) mass
M 0 [kgm2s� 2] Internal clamping moment at blade root
_m [kgs� 1] Mass 
ow

M (w) [kgm2s� 2] Momentum equation
M p [kgm2s� 2] Pitching moment
Ma [ - ] Mach number
N [ - ] Blade element section number
P [kgm2s3] Power generated by the wind turbine rotor
p [kgm� 1s� 2] Static pressure
Pwind [kgm2s� 3] Power in the wind
p1� 4 [kgm� 1s� 2] Static pressure at locations 1-4
Q [kgm2s� 2] Rotor torque
r [m] Local radius
R [m] Blade radius
Re [ - ] Reynolds number
T [kgms� 2] Thrust force (also FT )
t foot [m] Blade foot component thickness
t I [m] Airfoil thickness aproximation
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TSR [ - ] Tip speed ratio (TSR = 
 R
Uwind

)(also � )
Urel [ms� 1] Wind velocity relative to the blade at the rotor
Urel 1 [ms� 1] Wind velocity relative to the blade in the free stream
Urot [ms� 1] Axial velocity in the rotor
Uwind [ms� 1] Free stream wind velocity
U1� 4 [ms� 1] Absolute wind velocities at locations 1-4
~v [ms� 1] Wind velocity vector
w [ms� 1] Rotor velocity in plane of rotation
wUDL [kgs� 2] Divided gravitational load on the blade
y [m] Distance from neutral axis to bending location

� [ - ] Angle of attack (AoA)
� [ - ] Blade twist angle
� Betz [ - ] Betz optimal twist angle
� pitch [ - ] Blade pitch angle
� Schmitz [ - ] Schmitz optimal twist angle
� [ - ] Tip speed ratio (also TSR)
� r [ - ] Local tip speed ratio at radius r
� [kgm1s1] Dynamic 
uid viscosity
� [kgm� 3] Fluid density
� [kgm� 1s� 2] Bending stress
� [kgm� 1s� 2] Shear stress
' [ - ] Angle of relative wind with the rotor plane at the rotor
' Betz [ - ] Betz optimal angle of relative wind
' Schmitz [ - ] Schmitz optimal angle of relative wind
' 1 [ - ] Angle of relative wind with the rotor plane in the free stream

 [ s� 1] Angular velocity
! [s� 1] Wake rotation angular velocity

Page x of 124



Chapter 1

Introduction

1.1 Background

Wind energy and therefore wind turbines are becoming increasingly important as a source of energy. According
to the BP Statistical Review of World Energy, it is the largest and the fastest growing branch of renewable
energy in the world, as can be seen in Figure 1.1. In 2018 ca 1300 TWh of energy was produced, around 5% of
global electricity produced [1]. It is expected that by 2030, 25% of total electricity will be renewable and by 2040,
this will most likely increase to 45%. Wind energy will play a signi�cant role in the development. More and
more wind farms are installed and wind turbine technology is advancing at a rapid pace. Average wind turbine
size is increasing and the average turbine output is increasing as well. An indication of wind turbine size can be
seen in Figure 1.2 An average onshore wind turbine puts out 2 - 5MW at peak performance with some of the
newest o�-shore wind turbines producing 12MW , like the Haliade X prototype in the port of Rotterdam, which
has a rotor diameter of 220m, the largest in the world. At the moment, only 4% of wind energy is produced in
o�-shore facilities due to technological and �nancial constraints, however this is expected to increase drastically
in the coming years[2].

Figure 1.1: Energy production in TWh of di�erent sources of renewable energy over the years [1].

At the University of Twente the design of wind turbines and farms, as well as the science of wind energy
conversion systems are taught in the master course "Wind energy". During this course students are introduced
to wind energy conversion systems, like wind turbines. The course also includes a practical in a wind tunnel,
where 
ow over a wing is examined in order to create an understanding of the aerodynamic workings of airfoil
shapes.

However, the course and the practical do not include the study of a physical wind turbine. It is suggested

1
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Figure 1.2: Indication of wind turbine sizes [3].

that in order to create an understanding of not only the aerodynamic properties of a single wing, but the entire
workings of a wind turbine, another practical should be added that does include the study of a physical wind
turbine in wind tunnel tests. The wind turbine should be a small scale wind turbine that is of suitable size for
the UT (University of Twente) aeroacoustic wind tunnel. It should also operate in wind conditions set by this
wind tunnel. In order for students to have an interactive and educational experience during the use of this wind
turbine, it is necessary that performance statistics, force (torque/RPM/thrust etc.) measurements and other
information can be measured and documented by the user. This, in turn can be compared to theory to add an
empirical and physical aspect to the learning goals of the wind energy course. The wind turbine can also be
applied for further research at the UT.

This research focuses on the design of a rotor for such a small wind turbine. In order to make the wind
turbine interesting for research and teaching, blades are designed that �t various operating conditions. For
instance, it should be possible to replace the blades with new ones or change pitch angles and observe the e�ects
on the wind turbine performance. To create such a wind turbine rotor an aerodynamic analysis is done and
blades are designed. The rotor (and the rest of the turbine) will be build and tested for this research, therefore
the research includes building plans like material selections and production method design. The �nal product of
the research includes an operating wind turbine rotor, test results of the wind turbine and �nally a report on the
wind turbine design process. All of these can contribute to the wind energy course and practical.

1.2 Existing Technology

To �nd if it is necessary to develop a wind turbine for the aforementioned goals, existing small scale wind turbines
are considered for the use in lecture practicals and research. such wind turbines can be found in (online) stores
and their suitability for wind energy course practicals is considered. Wind turbine testing and research is already
done and wind turbines for this goal already exist. Currently used research turbines are considered for use in the
UT wind tunnel.

A restricting factor for the design of the wind turbine is its size. The turbine is required to �t inside the
operational area of the UT aeroacoustic wind turbine, which is 700� 900 mm2. Buying an existing turbine,
as well as using an existing design is considered. Research into buying a small wind turbine indicates that the
required size of the wind turbine makes for a very small number of suitable wind turbines. Wind turbines de�ned
as 'small' generally have a rotor diameter of over 1 meter and are mounted on boats or houses. These wind
turbines are too large and generally very expensive (> 1000e ). Smaller wind turbines (miniature wind turbines)
are scarcely available and of much lower quality. Their applications are generally orientated towards charging
batteries or simply as a toy. A typical example of such a wind turbine is the 'Texenergy In�nite Air' [ 4] wind
turbine in Figure 1.3a, which has a diameter of only 280mm. This wind turbine, like others available in this
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size, is of poor quality, is not able to adjust pitch or regulate rotation speeds and is therefore not suited for
the research goal. Furthermore, if such a turbine should be used, sensors for RPM, thrust, torque etc. have to
be mounted on the exterior of the wind turbine, as there is no space inside the nacelle, which is another big
disadvantage, because sensors would be vulnerable to exterior in
uence.

Independent designers also have created wind turbines of relevant size and are shared for free on the internet.
Good examples of these are the wind turbines available on Thingiverse[5], a website sharing 3D printable designs.
These designs only require a 3D printer and some basic components like nuts, bolts and bearings. An example of
such a design is the 'MKIII 50 Watt 3d printable Wind Turbine' [ 6] in Figure 1.3b. Which is a 3D-printable
wind turbine with a diameter of ca. 400 mm. This is a design that features a passive variable pitch (PVP)
system that automatically optimises pitch angle. This design is more interesting, however, it does not include
(space for) any sensors. Furthermore, the PVP system is not ideal for research situations, where pitch has to be
regulated manually. The fully 3D-printed design also makes the wind turbine rickety, due to printing mistakes
and the printed plastic not being very sti�.

(a) 'Texenergy In�nite Air' wind turbine [4] (b) 'MKIII 50 Watt 3d printable Wind Turbine' [6]

Figure 1.3

Wind tunnel testing on small/scaled down wind turbines is already done. However, generally these tests
are still performed with bigger turbines and in bigger wind tunnels than the UT wind tunnel. An example
are the tests done by Botasso et al.[7] Where a scaled down model based on the Vestas V90 was tested in
a large wind tunnel. The model was scaled down to 1=45 of its original size, resulting in a 2m rotor diam-
eter. This size insured enough space for a large number and variety of sensors. Still allowing two turbines
to be placed in front of each other, while still avoiding excessive blockage. Such a large design allows for
many sensors, including sensors that can track rotor blade location and pitch angle. A large size is also help-
ful when trying to reach higher(> 100:000) Reynolds numbers in the 
ow while limiting the required RPM to do so.

Another example of a wind turbine used is the BeRT (Berlin Research Turbine) developed at the Technical
University of Berlin, shown in Figure 1.4. This wind turbine developed for wind tunnel testing includes an active
load control system and a variety of high-end sensors that can measure surface pressures, in
ow angle, blade
tip acceleration, blade root bending moments, angular 
ap position and angular rotor position. This turbine
has a diameter of 3m and is therefore considered too large for application in the UT wind tunnel, however
the sensors on this wind turbine are very elaborate and are able to measure both turbine performance, as well
as aerodymanic properties. Although in an ideal case the wind turbine for the UT wind tunnel is also able
to measure these properties, it is likely that due to its small size, the sensors will not �t or will in
uence the
turbine performance properties. The wind turbine design for this thesis will mostly focus on mapping turbine
performance properties, rather than aerodynamic 
ow properties at the rotor. However the BeRT is considered
to be a good example of an ideal case end result, if its properties and measuring capabilities could be transferred
to a smaller wind turbine for the UT wind tunnel. Finally, the BeRT was developed and optimised using QBlade
a free software used to design wind turbine rotors, this software will also be applied in the research in this thesis.

Although the existing technologies are in some ways a good �t for the UT wind tunnel, they do not meet
the needs for use in the UT wind energy practicals. The option of buying a commercially available turbine or
3D-printing an existing designing would result in a turbine that would �t the UT wind tunnel, but would not

Page 3 of 124



CHAPTER 1. INTRODUCTION

Figure 1.4: The Berlin Research Turbine 'BeRT'.

include (space for) sensors that map the turbine performance. Furthermore, a turbine of which the optimal
performance properties and the blade and rotor geometry is unknown means that rotor performance is hard to
predict. These predictions are an interesting part of the wind energy course and would be an integral part of the
wind energy practical. Furthermore existing wind tunnel experiments generally include a much larger turbine
with very high-end and expensive sensors that can give more information, but is considered too elaborate for the
practical's teaching goal. This means that the design of a new turbine is considered necessary. This thesis aims
to create a design that fully meets the requirements for the UT wind energy course and to create a wind turbine
that �ts the UT aeroacoustic wind tunnel perfectly.
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Chapter 2

Starting Points for Wind Turbine
Design

2.1 Research Goal

The problem as stated in the introduction is to design a small scale wind turbine rotor. The wind turbine
design assignment is divided into two parts: The design of the rotor and the nacelle. The rotor design includes
the design of the rotor blades and the hub, how these �t together and how they are attached to the nacelle.
The design of the nacelle includes the design of the drive train, the generator, measurement systems/sensors
and structural connection of the nacelle to the operating environment. The design of the nacelle is done by
R.F.O. van Wijk, as a master thesis at the University of Twente. The assignments are performed in tandem
and good communication during the execution of both assignments is maintained. The design process of
the nacelle is not considered in the report and the nacelle design is not considered as a factor during the
aerodynamic analysis of the blade performance. Furthermore, the nacelle design is expected and assumed to ful-
�l the requirements that are set in relation to measurement capability and structural integrity of the wind turbine.

The goal of this thesis is to design, build and test a small wind turbine rotor that is part of a small wind
turbine that can be used in the University of Twente aeroacoustic wind tunnel. The wind turbine is designed for
use in the Wind Energy course practical as well as for research at the UT involving wind turbines.

2.2 The Aeroacoustic Wind Tunnel

The wind turbine is to be operated in the UT aeroacoustic wind tunnel. To create an e�ective wind turbine
design for this wind tunnel, its properties are considered.

The aeroacoustic wind tunnel is known as a 'silent' wind tunnel, because its walls are designed to absorb
almost all noise produced by the air
ow. The anechoic chamber in which the 
ow is present and where experi-
ments are done, has dimensions of 6m � 6 m � 4 m. Inside, a table is mounted that allows the mounting of
test setups. The table top is 1:435 m from the 
oor and can be rotated 360°. Directly above the table top,
the air from the wind tunnel 
ows. Above the table a 'ceiling' can be mounted at the point where the 
ow
stops (in case of the biggest nozzle). The 
ow area of the wind tunnel is 700mm � 900 mm when the biggest
nozzle is mounted, and 351mm � 450 mm when a smaller nozzle is mounted. The smaller nozzle is mounted in
case higher 
ow velocities are required. A render of the table with the wind turbine setup can be seen in Figure 2.1

The aeroacoustic wind tunnel can reach 
ow velocities of 240km=h. A schematic view is displayed in
Figure 2.2 and the most important parts are mentioned. The wind tunnel is driven by an 130kW electrical
motor driving two large radial turbines (1). To prevent the heating of air, the air is cooled in a water-cooled
heat exchanger (2). The 
ow is directed trough a settling chamber (5) and some anti-turbulence grids (6),
producing a laminar air
ow. The 
ow exits the nozzle (7) and enters a closed test section (8), after which it 
ows
into the anechoic chamber (9) where the table is mounted. The 
ow exits at (10) and a closed system is formed [8].
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