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Abstract

Interactions of wind turbine wakes with downstream turbines can reduce a wind farm’s
power production and increase loads on the individual turbines. For the purpose of
wind farm optimization, different aerodynamic approaches to modify the performance
and wake flow of one or two model wind turbines have been tested in a number of wind
tunnel experiments.

In a first set of measurements, different modifications of the rotor design to limit wake
effects are studied. Herein, the effect of the blade number on the wake development
is studied by comparing the wake properties behind 2- and 3-bladed model wind
turbines. Also, the influence of the rotational direction is investigated by comparing
the performance of an aligned two-turbine array with co- and counter-rotating rotors.
Moreover, the effect of winglets on the performance and vortex interaction in the wake
is assessed. For this purpose, a new rotor with aerodynamically optimized winglets has
been designed. The performance of the rotor is compared to a reference rotor without
winglets and effects on the vortex interaction and velocity recovery in the wake are
investigated.

The second set of measurements investigated the control of the model wind turbines
by intentional yaw misalignment. Therefore, the wake flow behind a yawed turbine
exposed to different inflow conditions is measured, while also the power and loads on
a two-turbine array are analyzed for varying separation distances, lateral offsets and
yaw angles. Selected test cases are furthermore provided for validation purposes of
CFD codes. In a Blind test experiment, performance and wake data are compared to
computational results from external groups.

All the experiments have been carried out in the closed-loop wind tunnel at NTNU
in Trondheim. The wakes were investigated for uniformly distributed and sheared
inflow velocity profiles with different turbulence intensities ranging from 0.23% to
10.0%. During the project different rotor designs from 2- to 3-bladed rotors, all with
a diameter of D = 0.9 m, are investigated. The velocities in the wake are measured
using a 2-component laser Doppler velocimetry system or a Cobra probe, which is used
to extract phase-averaged information from the wake flow.
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The potential of the blade number and opposite rotational directions in turbine
array are found not to have a significant potential for the optimization of a wind farm.
While not affecting the mean velocity distribution, the blade number is observed to
influence to turbulence peak levels in the wake. An opposite rotation of the downstream
turbine is assessed only to be effective for very small turbine separation distances,
where the energy contained in the wake swirl of the upstream turbine can be extracted.
The design of aerodynamically optimized winglets could rise the power coefficient CP

of a single rotor by 8.9%, whereas the thrust coefficient CT only increased by 7.4%.
Winglets are furthermore found to accelerate the tip vortex interaction in the wake,
leading to a local shear layer enlargement and earlier wake recovery. In a wind farm,
rotors with winglets extract more energy and leave a similar amount of kinetic energy
in the wake for potential downstream turbines. Yaw control is found to have the
largest potential for the optimization of wind farms. The total power of an aligned
two-turbine array is assessed to increase up to 11% by deflecting the upstream turbine’s
wake laterally though an intentional yaw misalignment. However, yaw moments on
yawed turbines and turbines operating in a partial wake are observed to increase,
showing the importance of considering loads for yaw control. Finally, the comparison
of experimental data to numerical predictions in the Blind test confirmed the strength
of codes based on Large-Eddy Simulations (LES) in predicting mean velocity and
turbulent kinetic energy levels in the wake precisely.
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Chapter 1

Introduction

This section introduces the topic of wind energy and rotor wake interactions and
explains the motivation for the PhD thesis. The important contribution of wind energy
development to achieve the climate goals and to limit global warming is explained.
Furthermore, the historic development of wind energy, which resulted in large turbines,
which are clustered in wind farms onshore and offshore is summarized to show the success
of previous research. Next, wind farm interactions, which affect the overall efficiency and
increased turbine loading are explained to show the potential for wind farm optimization.
Thereafter the turbine wake, which causes these interactions and is characterized by
low velocities and increased turbulence is introduced. Then the measures, wind farm
layout, rotor design and turbine control, which can be optimized to limit such wake
effects are presented. The motivation is concluded with an introduction of the wake
investigation techniques, wind tunnel tests, numerical simulations and measurements
of full-scale wind turbines, which all have some limitations, but complement each other
to provide accurate wake data. After the motivation, the objectives of the PhD thesis
are explained. The main goal of the PhD thesis is to enhance the current knowledge
of the physics of rotor wake interactions to improve wind farm efficiency. Finally, the
thesis structure will be presented and the different papers are classified and connected.

1.1 Motivation

The consequences of the climate change are one of the major topics human kind is likely
to face in future. Herein, the largest single source of global greenhouse gas emissions is
the utilization of fossil fuels for the generation of electricity and heat (IPCC, 2014).
Although the energy sector is already a major contributor to global warming, the world
wide energy demand is expected to further increase in the next decades (IEA, 2017).
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Introduction

The political will to limit global warming has resulted in the Paris Agreement that was
adopted in 2015. The agreement has the goal of saving the climate and limiting the
increase in global average temperature below 2 °C compared to pre-industrial levels
(UNFCCC, 2015). To achieve this two-degree goal the transition from fossil fuels to
renewable energy sources is of major importance (IEA, 2016).

1.1.1 Historic summary of wind turbine development

Within the renewable energies, wind energy, with its vast potential plays a fundamental
role in the energy transition. Wind energy has also a long history, which will be
presented in the following overview that is adopted from Hau (2013) and Manwell et al.
(2010). The first historical source goes back to the 7th century and tells of vertical axis
wind mills that were used in Persia for milling grain. But also in China wind mills were
already used for the irrigation of rice fields. The horizontal axis wind turbine, which is
the common type today, is assumed to be invented in Europe in the 12th century. It
was used all over Europe up into the 20th century mainly for milling, but with further
development also for sawing wood and machining metal. The power generation with
wind turbines began already in the end of the 19th century. The Danish professor
Paul La Cour built a wind turbine driving a dynamo as early as 1891, this concept
was further developed and utilized until the middle of the 20th century. Furthermore,
La Cour is assumed to be the first researcher to carry out wind tunnel experiments
on wind turbines in a self constructed facility. Until the 17th century, wind turbine
development was no result of systematic research, but then physical and mathematical
thinking became more established and scientists drafted the first works on wind mills.
In the 1920’s the aerodynamicist Albert Betz formulated the modern physical principles
of wind energy conversion, he published his research in 1926 and provided basis for the
aerodynamically design of wind turbine blades (Betz, 1926).

In the first part of the 20th century different turbine concepts were developed in
Europe and the United States ranging from small turbines that where produced in a
large quantity to experimental turbines with big rotors. The rotors had different number
of blades ranging from 2-bladed to multiple bladed rotors and were manufactured
from various materials like fabric, aluminum, stainless steel laminated wood and even
glass-fiber composites. However, the low price of fossil fuels lead to decreasing interest
in further development of windmills for energy generation. Consequently, most of the
turbines where decommissioned in the 1960’s as they where economically unprofitable.

However, the oil crisis in the 1970’s changed the perspective on energy generation,
as the price for fossil fuels increased and western countries wanted to become more
independent from oil exports. Consequently, renewable energy sources became inter-

2



1.1 Motivation

esting for electricity generation again. Therefore, the US government and European
governments, especially Denmark, Sweden and Germany initialized various research
programs to further develop wind power. In the 1980’s, the focus was set primarily on
large experimental turbines, which were mostly developed by well known industrial
companies. The turbines were tested intensively the first years and were even kept
running into the 1990’s. Even though the large turbines were not very successful and
thus the research focus on them came too early, they provided the technical foundation
for modern wind turbine technology. Simultaneously, an interest in clustering wind
turbines arose and as a result the first wind farms were built in California in the
beginning of the 1980’s. A large number of turbines in these wind farms were imported
from Denmark, where companies started to build small 3-bladed turbines, after the
energy crisis. These turbines were economically sustainable and were manufactured in
a large number. Together with the first law supporting renewable energies in Germany,
wind power became more and more important.

In the following decades, those turbines were further developed from a diameter of
15 m and a rated power of 50 kW to turbines with a diameter of up to 180 m and a rated
power of up to 9.5 MW, which are actually used today (Windpowermonthly, 2017).
Wind turbines are also not only installed on land but also more and more offshore.
Between 2011 and 2017 the globally installed offshore capacity increased from around
4.000 MW to 18.000 MW (GWEC, 2017). The offshore wind marked is expected to
further grow and with the successful development of floating wind turbines, high wind
locations in deep water can be utilized for wind farm installations in the future. The
successful history of wind energy for generating electricity and the importance of wind
power can be seen in the globally installed wind power capacity, which is distributed
to 90 countries and increased from 24.000 MW in 2001 to around 540.000 MW in 2017.
Today, wind power is effectively competing with traditional energy sources and thus a
further increase of installed capacity of over 800.000 MW globally is expected until
2021 (GWEC, 2017).

1.1.2 Wind turbine interactions

Most wind turbines today are installed in wind farms as the installation and maintenance
costs are lower compared to a single turbine operation. However, the turbines cannot
be arranged randomly and too close to each other. This is because the flow downstream
of a wind turbine is characterized by a reduced mean flow velocity and an increased
turbulence level. This flow field, behind the wind turbine, is called the wind turbine
wake.
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Experimental and numerical studies show that the velocity deficit in the wake is
only minor after a separation distance of 10D (D is the rotor diameter) (Ammara
et al., 2002). The higher turbulence however, is still present at a distance of 15D
downstream of the rotor (Højstrup, 1999). In most wind farms, the typical spacing
for turbines is between 4 - 8D, as the installation costs would be too high for larger
separation distances (Barthelmie et al., 2006). Consequently, the turbines are usually
installed close enough that they interact with each other and the wake of the upstream
turbine influences the downstream turbine’s power production. Barthelmie et al. (2009)
reported average losses of 10 - 20% between the first and second turbine row in a
offshore installation and a maximum power drop of up to 35% in the extreme case
when the turbines are aligned with the wind direction. In another study, Thomsen
and Sørensen (1999) investigated fatigue loads in an offshore wind farm and found
an increase of 5 - 15% for the whole wind farm compared to the free flow situation.
Furthermore, Sanderse (2009) stated an increase of up to 80% in fatigue loading for
turbines that were aligned with the wind direction. Because of this influence on wind
farm performance and the large potential of wind farm optimization, the European
Academy of Wind Energy (EAWE) listed wake investigations as one of the research
challenges in their long-term wind energy research agenda (van Kuik et al., 2016).

1.1.3 An introduction into the wind turbine wake

The wake of a wind turbine is schematically depictured in Figure 1.1. It can be mainly
divided into two different sections, the near wake and the far wake (S. Lissaman, 1979).
The complex near wake region is characterized by pressure equalization of the low
pressure, resulting from extracting energy by the rotor and the ambient air. As a result,
the wake widens and the center line velocity decreases until it reaches its minimum
(when the pressure in the wake is similar to the ambient pressure) at around 1 - 2D
downstream (Ainslie, 1988). From there, fluid mixing dominates the wake flow, the
high turbulence in the boundary layer that is caused by blade tip vortices, mixes with
the higher velocity in the ambient flow, generating a shear layer that expands outwards
and inwards until it reaches the center line at around 2 - 5D. This point is defined as
the end of the near wake (Crespo et al., 1999).

After the transition region where the wake velocity is further increasing and the tip
vortices decay due to interaction with the ambient turbulence, the far wake begins at
around 5D. In the far wake the wake is fully developed and the velocity deficit in the
center decays with a rate that is dependent on the ambient turbulence (Ainslie, 1988).
In a hypothetical case with an uniform inflow, the velocity and turbulence profiles in
the far wake are axissymmetric and distributed self similar (Crespo et al., 1999).
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Shear layer

Transition Far wake

Wind

region2 − 5D > 5D
Near wake

Figure 1.1: Schematic wake flow, adapted from (Hau, 2013; S. Lissaman, 1979).

1.1.4 Wind farm optimization approaches

Research on wind turbine wakes already started in the 1970’s and since then several
studies, investigating the wind turbine wake and its implication have been conducted.
Detailed reviews about these studies and the wind turbine wake research can be found
from Vermeer et al. (2003) and Sanderse (2009).

Understanding wakes and their structure in detail is important for the optimization
of wind farms. Wake effects have to be considered when planning the arrangement of
wind turbines and the operation of a wind farm can be optimized by taking turbine
interactions into account. There are different approaches for optimizing the performance
of a wind farm. These are mainly the wind farm layout, the turbine/rotor design
and the wind farm control during operation. For the optimization of wind farms not
every single turbine is optimized but the whole arrangement has to be as effective as
possible. Thus, a single turbine might operate at a less efficient state and not extract
the maximum energy from the wind, leaving more energy for downstream turbines, so
that the whole farm can be more efficient.

The wind farm layout is offering a large potential for increasing overall perfor-
mance. In a complex terrain it is determined mainly by the site’s topography and the
wind regime. Flat terrain and especially offshore sites offer better possibilities for a
customized farm layout. Based on the layout, the wake impact on the downstream
turbines could be improved using different approaches. Firstly, the separation distances
among the turbines could be increased until the wake effects decayed before reaching
the downstream turbine. The demand for land however would be very high and also
installation and infrastructure would increase costs dramatically. Secondly, the turbine
configuration can be varied by different approaches like an aligned array or structured
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and unstructured grids. Consequently, many factors have to be taken into account
finding the most efficient layout. Therefore, several studies optimizing the wind farm
layout have been conducted. An initial optimization study on wind farm layout was
conducted by Mosetti et al. (1994). The authors used the Jensen wake model to
simulate a wind farm and optimized it for maximum energy and minimum installation
cost. Since then, many studies using different approaches to optimize wind turbine
arrays have been conducted. An overview of these approaches is given in the review by
Shakoor et al. (2016).

The rotor design is another possibility to optimize a wind farm in the design process.
Usually wind turbine rotors are designed to extract as much energy from the wind
as possible. However, if they could be designed to leave more energy in the flow, the
overall performance of a wind farm could benefit from that, because more energy would
be available for downstream turbines operating in the wake. An example for such a
rotor concept is the low-induction rotor, which is working at non optimal induction
and thus has a lower efficiency. Such a rotor is mainly designed for load reduction but
is also reducing wake effects (Quinn et al., 2016). Designing a rotor with the focus on
limiting wake losses was not yet considered a lot within wind farm optimization. The
overall performance of a wind farm could also be increased by a rotor design with an
improved efficiency that has no implications on the velocity deficit in the wake. Thus,
the energy content in the wake of such a rotor is similar to the energy content of a
wake forming behind rotor without improved efficiency.

The wind farm control offers large potential for the optimization of wind farms.
There are mainly two approaches for wind farm control optimization, the induction
based and the wake redirection control (Raach et al., 2016). A preliminary study on
this topic was conducted by (Steinbuch et al., 1988) who showed that by applying
control strategies the interactions between turbines can be limited and thus the energy
output is maximized. A survey summarizing literature on wake farm control can be
found in Knudsen et al. (2014). In a recent study Bartl and Sætran (2016) investigated
the induction based control methods tip speed variation and pitch angle variation and
showed that both techniques only have minor potential for wind farm optimization.
Wake redirection is considered to have a bigger potential for control optimization.
Fleming et al. (2015, 2014) tested the three redirection strategies yaw angle variation,
tilt variation and individual pitch control. They showed good wake redirection with
performance increase and load reduction for yaw and tilt variation, whereas individual
pitch control resulted only in little wake redirection but an increase in blade loading.
This was confirmed by Gebraad et al. (2014) who used the FLORIS model to evaluate
yaw control for a small wind farm and also found a performance increase and load
reduction.
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In a study investigating different approaches for wind farm optimization, Fleming
et al. (2016b) combined wind farm layout and wind farm control and showed that the
best improvement was reached by applying a coupled control and layout optimization.
This suggests, that all approaches have to be taken into account and combined to further
optimize the wind farm performance. Consequently, further studies investigating wind
farm layout, rotor design and wind farm control are needed.

1.1.5 Wake investigation techniques

There are mainly three techniques to investigate wind turbine wake investigations,
full-scale measurements, computational fluid mechanics (CFD) simulations and wind
tunnel experiments.

Full-scale experiments are widely conducted for the investigation of single turbines
and wind farms. However, the measurements of full-scale wake data are rather complex,
because substantial measurement equipment is needed. Nevertheless, many studies
present velocity profiles measured with met masts (Barthelmie et al., 2007; Hansen et al.,
2012). The installation of such met masts is expensive and thus the costs are rather
high. In the last few years the development of the remote sensing technique LiDAR
(laser detection and ranging) has made significant progress and LiDAR instruments
have been used in several studies for wake measurements behind full-scale turbines
(Kumer et al., 2015; Trujillo et al., 2016). LiDAR instruments can also be installed on
the nacelle of a wind turbine to track the wake (Raach et al., 2017). However, the costs
of full-scale experiments could be decreased by new full-scale measurement techniques.
Such a technique was developed by Reuder et al. (2016), who equipped a drone with
velocity measurement technique and used it to fly into the wake to directly measure
flow properties. Notwithstanding, the biggest drawback of full-scale measurements are
the uncontrollable boundary conditions. The inflow and the flow regime cannot be
controlled and are constantly changing, which makes it hard to measure at defined
boundary conditions and get reliable wake data. Consequently, other wake investigation
techniques are needed to draw reliable conclusions on the wind turbine wake.

A ’somewhat’ cheaper technique for wake investigations are numerical CFD sim-
ulations. This technique was developed intensively in the last decades and several
different models were established. A state-of-the-art review on the calculation of wind
turbine wake aerodynamics is presented by Sanderse et al. (2011). With computer
simulations it is possible to extract detailed information of the wind turbine wake
and multiple wake properties. Even though this technique is already very advanced,
there are some limitations to it. Because direct numerical simulations still require
too much computational capacity, small turbulent structures cannot be simulated and
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numerical models are depended on different turbulence models resolving turbulence in
the flow. Furthermore, boundary conditions have to be defined and the grid has to be
generated. Consequently, CFD simulations are depended on various input parameters,
which influence the results and thus make them unreliable. As a consequence numerical
models have to be validated against reliable data obtained by measurements.

Experimental wind tunnel tests under controlled boundary conditions are good
techniques to deliver reliable results for CFD validation. In the last decades several
experimental studies on the wind turbine wake have been conducted. These scaled
model experiments helped to better understand the wake of wind turbines and to
investigate different design and operation parameters and their influence on the wake
development. The wake of single turbines was investigated in detail using different
measurement technique (e.g. Chamorro and Porté-Agel 2009; Medici and Alfredsson
2006). Furthermore, numerous experiments of multiple aligned turbine arrays were
conducted for a better comprehension of wake interactions see amongst others (Schottler
et al., 2017; Schreiber et al., 2017). Moreover, whole wind farms consisting of multiple
turbine rows were investigated in the wind tunnel to better understand wind farm
behavior see for example Corten et al. (2004). Even though wind tunnel experiments
provide actual measurement results, there are limitations to such measurements. One
disadvantage is the influence of the wind tunnel walls, which can block the flow and
limit it from expanding freely. This effect gets stronger with an increasing blockage
ratio, which is defined as the ratio of the wind turbine rotor and the cross-section
of the wind tunnel. The biggest limitation of wind tunnel experiments is achieving
scaling similarity. While it is no problem to match the tip speed ratio of a full-scale
turbine it is very hard to achieve Reynolds number similarity between wind tunnel
tests and full-scale applications. Only few studies, which used advanced pressurized
wind tunnels, were able to achieve model Reynolds numbers, which are similar to those
occurring at full-scale turbines see for example (Miller et al., 2016). Nevertheless, as
pictured in Figure 1.2 low Reynolds number wind tunnel experiments provide precise
measurement data, which can be used for the validation and calibration of numerical
CFD simulations. The validated CFD codes in turn can then be used to predict what
is happening in full-scale applications. Consequently, experimental wind tunnel studies
are not only important to understand the wake structure but also to provide reference
data for the validation of CFD codes.

1.2 Objective

The existing literature on wind turbine wakes indicates that a lot of studies including
experimental models in wind tunnel tests, numerical simulations and measurements of
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Figure 1.2: The importance of wind tunnel experiments and the connection between
the three wake measurement techniques.

full-scale wind turbines have already been carried out to understand the characteristics
and the behavior of wind turbine wakes. Nevertheless, there is still need for further
investigation to fully understand the wake of wind turbines and thus the interaction
between wind turbines.

For this PhD thesis, experimental studies were carried out to investigate the
performance characteristics and the wake structures of single model wind turbines and
multiple turbine arrays under various operating conditions and for different parameters
that could have an effect on the wind turbine wake. The knowledge gained from
this study will provide better understanding of the overall flow structure around wind
turbines and the physics of rotor wake interactions and therefore help in proper planning
and designing of wind farms. In addition, the generated data is used as reference for
the validation of CFD codes and thus helps to improve numerical tools that are used
for the simulation of wind farms.

In Paper I, Paper II and Paper III the focus is on rotor design and how it affects
the wake development. Thus, these papers give insight on the potential of adopting
the rotor design in order to improve the overall performance of a wind farm. Paper I
focuses on how the rotor blade number is influencing the wake structure of a single
wind turbine. The study should show if it could be beneficial to consider other concepts
than the common three bladed turbine rotor to better account for losses due to turbine
interactions. Paper II investigates the potential of opposite rotating rotors. Detailed
measurements of the wake structure as well as the overall performance of an aligned
turbine array are considered to show if different rotational directions in a wind farm
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could have the potential to improve the wind farm efficiency. In Paper III the wake of
a rotor with winglets and thus an improved efficiency is compared to that of a base
line rotor. The study shall give information if a rotor, that is equipped with winglets,
is changing the wake structure, and thus improving or deteriorating the performance
of a wind farm.

The rotor design and winglet optimization for the winglet wake experiment in
Paper III are presented in Paper IV. The goal of the study is not only the design of
a rotor for the wake investigations, but also the analysis of the potential of adding
winglets at the blade tips for power optimization of a single wind turbine and providing
basic design instructions for further winglet concepts. Furthermore, a detailed analysis
of the blade flow shall show the difference of a winglet and a baseline rotor and explain
why a winglet rotor can be beneficial. Together with Paper III it is investigated if
winglets can not only improve the efficiency of a single turbine but also a complete
wind farm.

Optimizing the wind farm control by redirecting the wake with intentional yaw
misalignment is the topic of Paper V and Paper VI. These studies shall help to evaluate
the potential of yaw control strategies for the optimization of wind farms. Thereby, the
focus of Paper V is on the wake structure behind yawed turbines. The paper provides
detailed information about the wake structure and how it is affected by varying inflow
conditions. Consequently, it provides information that is needed for the development of
advanced wind farm control algorithms. Paper VI is focusing on the power production
and loads of a turbine operating in the wake of a yawed turbine at various inflow
conditions and array configurations. Together with Paper V this study completes the
link between detailed wake flow characteristics and the performance and loads of a
turbine operated in the wake.

Paper VII compares detailed experimental measurement results of complex wakes
behind yawed wind turbines to numerical predictions, obtained by various CFD simu-
lations of the same wake flow. The comparison and the analysis of discrepancies of the
CFD results should help code developers to see how well their simulations perform and
thus provide information for further development of CFD solvers. Furthermore, the
data is published and made available to CFD developers as validation reference for
CFD codes.

1.3 Thesis outline

After the introduction given in this chapter, chapter 2 describes the methods applied
in the PhD thesis. Firstly, the experimental facilities and the model wind turbines
that were used to study rotor wake interactions are specified. After that the different
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rotor designs that were developed are introduced. The blade element momentum
(BEM) code that was used for the rotor evaluation and design will be described and
the 3D printing production technique, that was applied for the rotor concepts will
be introduced and evaluated by comparing performance and wake measurements of
aluminum and 3D printed rotors. At the end of chapter 2 the employed measurement
technique and the method determining the measurement uncertainty will be explained.

In chapter 3 the results are summarized and the outcome of the articles are linked
and brought in an overall perspective. A schematic summary and connection of all
papers is presented in Figure 1.3. All articles can be assigned to the overall topic of
the project, rotor-wake interactions. However, they are divided into the subtopics wind
farm optimization and reference data for CFD validation. Whereat the major part is
on the optimization of wind farms, which is again divided into the two categories rotor
design and control strategies. Within the topic of rotor design the three topics, which
are, comparison 2-3-bladed rotors (Paper I ), counter rotating wind turbine rotors
(Paper II ) and winglet rotors (Paper III and Paper IV ) are discussed. Within control
strategies the focus is on intentional yaw misalignment (Paper V and Paper VI ). The
topic reference data for CFD validation is represented by Paper VII, which is based on
the wind turbine wakes in yaw measurement campaign. This article is complementing
the studies for wind farm optimization by comparing the experimental results to
numerical CFD predictions and providing detailed data that can be used by CFD
developers for the validation of their numerical wake simulation codes. The motivation
for all investigated topics will be summarized, before the literature will be briefly
reviewed. Furthermore, the major results of each study will be summarized and a
conclusion on their potential for wind farm optimization will be given.

The introductory chapters of the PhD thesis will be completed by the conclusions,
in which the potential for wind farm optimization of the different approaches will be
analyzed. Furthermore, recommendations for future research work on the promising
methods for wind farm optimization will be given.

After the introductory chapters, all the papers that are part of the PhD project
will be provided. The seven articles are ordered regarding the research topics and will
not be assorted in a chronological order.
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Figure 1.3: Summary and connection of all papers in the thesis.
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Chapter 2

Methodology

This chapter introduces the methodologies applied in the PhD study. First the wind
tunnel is described and different inflow conditions with varying velocity distribution
and turbulence levels are introduced. Then the three model wind turbines used for
the experiments are presented. Next the focus is on the design of the different model
rotors. The blade element momentum (BEM) method, which was used for the design
of the blades and the numerical investigation of the rotors, will be briefly summarized.
Furthermore, the different rotor concepts, used in the various experiments will be
presented. Because the new rotors were manufactured with the 3D printing technique,
it will be analyzed whether 3D printed rotors are applicable in wind tunnel tests. Then
the measurement technique, which was used to measure the power, force and wake
properties is introduced. The chapter is concluded with a description of the method
that was used to quantify the measurement uncertainty and presentation of typical
measurement uncertainties occurring during the project.

2.1 Wind tunnel

All the experimental studies were conducted in the closed-loop wind tunnel in the
Fluid Mechanics Laboratory at the Norwegian University of Science and Technology
(NTNU). The test section of the wind tunnel has a length of 11.15 m and a width of
2.71 m, it is depicted in Figure 2.1. The roof of the wind tunnel was adjusted for zero
pressure gradient and thus the height increased from 1.80 m at the inlet to 1.85 m at
the outlet. The tunnel is driven by a radial fan with a power of 220 kW, at the end of
the test section. The test section inlet is formed as a contraction nozzle with static
pressure taps all around the circumference of the nozzle inlet and outlet cross-section
measuring the pressure difference Δp. Applying the continuity equation and Bernoulli’s
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law, Δp can be used for calculating the inlet velocity of the wind tunnel with:

U∞ =

√√√√ 2Δp

ρ
(

1 − A2
out

A2
in

) , (2.1)

where ρ is the air density, Ain the area of the nozzle inlet and Aout the area of the nozzle
outlet. The advantage of this measurement technique is, that no device is blocking the
flow and thus the inlet velocity U∞ can be obtained without disturbing the flow. In all
experiments conducted for the seven papers the inlet velocity of the wind tunnel was
adjusted to U∞ = 10.0 m/s.

Figure 2.1: Test section of the wind tunnel with dimensions and coordinate system,
looking in flow direction.

2.1.1 Inflow conditions

During the experiments three different inflow conditions were investigated: low-
turbulence uniform, high-turbulence uniform and high-turbulence shear. The higher
turbulence was generated by passive grids at the test section inlet. Figure 4 shows
the grid setting at the inlet and the normalized velocity U∗

∞ = ū/Uref
and turbulence

intensity TI = u′
/Uref

at the turbine position, which is 2D behind the grid. Where
Uref is the reference velocity at hub height, ū is the time averaged velocity and u′ the
turbulent velocity component.

Low-turbulence inflow

The low-turbulence inflow was applied in most studies and was therefore investigated
in all Papers except Paper VII. As pictured in Figure 4a there was no grid installed at
the inlet of the test sections resulting in a flow with only marginal turbulence intensity
of TI = 0.23%. TI and U∞ are uniformly distributed in the empty wind tunnel
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Figure 2.2: Different inlet configurations and resulting U∞* and TI in [%] at the
turbine position for (a) low-turbulence uniform, (b) high-turbulence uniform and (c)
high-turbulence shear inflow.

and the mean velocity over the rotor swept area is found to deviate by ±0.8% for
U∞ = 10.0 m/s.

High-turbulence inflow

The high-turbulence inflow was used in Paper IV, Paper V, Paper VI and Paper VII.
In order to get a uniform high-turbulent flow the inlet was equipped with a turbulence
grid as shown in Figure 4b. The grid is fabricated from evenly spaced wooden bars with
a clearance of 0.24 m resulting in a solidity of 35%. The grid generates a turbulence
intensity of TI = 10.0% at the turbine position (0D). However, because the turbulence
is only generated at the inlet it decays with increasing distance resulting in TI = 5.5%
3D and TI = 4.1% 6D behind the turbine position, detailed measurements of U∞ and
TI are presented in Paper V. The grid structure can still be observed in the flow at the
turbine position, resulting in a spatial variation of U∞ over the rotor area of ±2.5% at
the turbine position. However this variation is found to be only ±1.0%, 3D behind the
turbine.

High-turbulence shear inflow

The third inflow condition is a high-turbulence shear flow that was used in Paper V
and Paper VII. The grid generating the turbulent shear flow is shown in Figure 4c.
It has a solidity of 38% and is also made of wooden bars that are distributed evenly
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in horizontal direction with a clearance of 0.24 m. In vertical direction however, the
distance between the bars is increasing from 0.016 m at the wind tunnel floor to 0.30 m
at the ceiling. This arrangement is resulting in a velocity shear in which the normalized
velocity is 1.0 at hub height, see Figure 4c. The shear profile can be described with
the power law:

ū

Uref
=

(
y

yref

)α

. (2.2)

Equation (2.2) describes the mean wind speed ū as a function of height y provided
that Uref is known at a reference height yref. The power law coefficient α determines
the strength of the shear. The described grid was designed to obtain a α of 0.11, which
corresponds to a neutral atmospheric boundary layer (Wharton and Lundquist, 2012).
The turbulence intensity at the turbine position is TI = 10.0% at hub height and with
increasing distance it decays similar to that of the high-turbulence grid, the detailed
streamwise evolution is shown in Paper V.

2.1.2 Wind tunnel blockage

As already mentioned in Chapter 1, a limitation in wind tunnel experiments is the
blockage effect. The model wind turbines are an obstacle in the flow, consequently part
of the flow is evading the rotor and expanding around the turbine. If the cross-section
fraction that is blocked by the wind turbine rotor is too large, the expansion is limited
by the wind tunnel boundaries and the flow hitting the turbine is influenced, resulting
in higher velocities at the turbine. The model rotors used in the study have a blockage
ratio of approximately 13% in the NTNU wind tunnel. Sarlak et al. (2016) showed
in their study that a blockage ratio of this size has already an influence on the power
and thrust measurements of the turbine. There exist different methods correcting for
the wind tunnel blockage, see for example (Chen and Liou, 2011; Ryi et al., 2015).
Nevertheless, they are also based on different assumptions. Consequently, analyzing
the results of wind tunnel experiments it has to be kept in mind that the power and
forces of a turbine could be higher in comparison with the free flow condition.

2.2 Model wind turbines

The three model turbines Turbine 1 (T1), Turbine 2 (T2) and Laterally Angled Rotating
System 1 (LARS1), which were used in the wind tunnel experiments, are shown in
Figure 1. Detailed technical drawings of the model turbines are attached in Appendix A.
The turbines were already used for various studies at NTNU. Krogstad and Lund

16



2.2 Model wind turbines

(2012) designed the standard NTNU rotor and measured power and thrust for the
single turbine T2. This study was extended by Adaramola and Krogstad (2011) who
investigated the performance of an aligned turbine array with turbines T1 and T2 at
various separation distances, yaw angles and blade pitch angles. The first wind turbine
wake measurements at NTNU were conducted by Krogstad and Adaramola (2012) who
investigated the near wake of the single turbine T2 at different tip speed ratios and
yaw angles. Moreover, measurements of the wake formed behind a turbine array of T1
and T2 were conducted by Bartl et al. (2012) and Schümann et al. (2013). A recent
study by Pierella and Sætran (2017) examined the influence of the tower structure on
the wake development behind the single turbine T2 and an aligned array with T1 and
T2. Furthermore, an elaborated analysis, providing detailed information about the
wake behind single turbine T2 was performed by Eriksen and Krogstad (2017a,b).

Figure 2.3: Model wind turbines (a) T2, (b) T1 and (c) LARS1, all equipped with the
standard 3-bladed NTNU rotor.

The turbines T1 and T2 are driven by an asynchronous motor that is located at the
base of the turbine tower and controlled by a frequency converter. This configuration
enables an adjustment of the turbines rotational speed, independent from the flow
regime in the wind tunnel. Consequently, the turbines can be operated at a wide range
of tip speed ratios even though they operate in stall. Model turbine T2 was the most
common turbine in the PhD study and was used in all papers except Paper V. On
the contrary T1 was only used as a downstream turbine in Paper II. Model turbine
LARS1 was designed for the yaw experiments and is employed in Paper V, Paper VI
and Paper VII. It has a slimmer tower and a smaller nacelle as turbines T1 and T2 to
limit blockage of the wake flow when the turbine is yawed. It is driven by a servo motor
that is installed inside the turbine nacelle. The motor is also frequency-controlled
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enabling operation at a constant rotational speed. The three turbines have a similar
hub structure so that all different rotors can be installed on all turbines. During the
yaw experiments another model wind turbine, from ForWind in Oldenburg (Germany)
was used. The turbine is somewhat smaller than the NTNU turbines. A detailed
description is presented in (Schottler et al., 2016a). Wake measurements behind this
turbine are part of Paper VII.

2.3 Model rotor design

For the PhD work the existing rotors at NTNU were used in addition to a new set of
model rotors, which were designed in the course of this study. The two parameters
that have to be determined in the blade design are the span-wise chord length c and
twist angle θ distribution. The determination of these parameters is based on different
approaches for the diverse blade designs. The classical blade element momentum
(BEM) theory was applied to evaluate the rotor designs. Furthermore, it was used
in the rotor design process together with another technique, which is based on the
modification of existing rotor designs. In the following sub-chapters, the BEM method
is explained, the different rotors are described and their design and production process
are discussed.

2.3.1 Blade element momentum method

For the evaluation of the different rotors and the blade design, a classical BEM code
was developed, which is described below based on (Hansen, 2015). Furthermore, non-
dimensional numbers, which are important for the evaluation of wind turbine rotors
will be explained.

The available energy for a wind turbine is defined by the kinetic energy of the wind.
It is given by:

Pavl =
1
2

ρARU3
∞, (2.3)

where AR is the rotor swept area However, the turbine cannot extract all the available
power from the wind. The power coefficient CP is a dimensionless number, which
describes the aerodynamic efficiency of a wind turbine and thus, the amount of energy
it is extracting from the flow:

CP =
P

0.5ρARU3∞
. (2.4)
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P denotes the power extracted by the rotor. The maximum aerodynamic efficiency
of a wind turbine according to Betz is CP,Betz = 16

27 . Similar to the power coefficient
another dimensionless number, the thrust coefficient CT can be calculated with:

CT =
T

0.5ρARU2∞
, (2.5)

where T is the thrust force acting on the rotor. CT is not directly related to the
aerodynamic efficiency. However, it is an indication on how much the flow is affected
by the wind turbine. Another important non-dimensional parameter is the tip speed
ratio λ, which is defined as the ratio of the blade tip speed and the inflow velocity,

λ =
ωR

U∞
, (2.6)

where ω is the rotational speed and R is the rotor radius.

Flow around wind turbine

The stream tube, pictured in Figure 2.4 is a common one-dimensional approach to
describe the flow around a wind turbine. It can be seen, that the velocity is already
decreasing before hitting the turbine. This reduction in velocity can be described by
a rotor induced axial velocity component acting in opposite flow direction, which is
defined by the axial induction factor a. With the axial induction factor, the axial
velocity u1 at the rotor plane can be expressed with the known inflow velocity U∞,
which becomes important when calculating the aerodynamics at the rotor blades:

u1 = (1 − a)U∞. (2.7)

Considering the three-dimensionality of the flow, the rotating rotor blades cause
wake rotation behind the wind turbine, which induces additional tangential velocity.
This additional tangential velocity component in the wake can be specified with the
tangential induction factor a’. Similar to the axial velocity, the tangential velocity at
the rotor plane can be calculated by:

ut = (1 + a′)ωr. (2.8)

where r is the radial position of the blade element. Opposite to the axially induced
velocity the tangentially induced velocity is added to the rotational component as the
flow is accelerated in tangential direction.
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Figure 2.4: Schematic stream tube describing the one-dimensional flow passing a wind
turbine, with the corresponding pressure and velocity distribution.

Rotor evaluation with BEM method

In the blade element momentum method, the stream tube, presented in Figure 2.4 is
divided into several rings. As a result the flow regime at each blade element can be
analyzed (see Figure 2.5) and the steady-state power and thrust of the rotor can be
calculated. The BEM method is a two-dimensional approach, consequently the span
wise velocity component is not considered and thus each element is independent and
there is no lateral transfer between the elements, which depicts a limitation of the
method.

The flow regime on a blade element and the resulting forces are pictured in Figure 2.5.
It can be seen that the velocity acting on the blade element Vrel is the resulting velocity
from the axial and tangential velocity component, which stem from the wind speed
and the rotor rotation respectively. The flow angle ϕ is defined as the angle included
between Vrel and the rotor plane, it can be calculated along with the induction factors
by applying:

ϕ = tan−1
(

(1 − a)U∞
(1 + a′)ωr

)
. (2.9)

The flow angle is split into the twist angle of the blade θ and the angle of attack αa,
resulting in:

αa = ϕ − θ. (2.10)
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Figure 2.5: Blade element with velocity triangle at the rotor plane and the resulting
force R, with components for lift L and drag D and the load coefficients in axial and
tangential direction.

The lift and drag coefficients CL and CD, which are non-dimensional coefficients
representing the lift and drag force acting on the blade element, can be found in
look up tables, simulated or obtained through experiments. In this study CL and CD

were calculated using the program XFOIL (Drela, 1989). With this two dimensionless
parameters the axial and tangential load coefficients Ca and Ct can be calculated
according to:

Ca = CL cos ϕ + CD sin ϕ, (2.11)

and

Ct = CL sin ϕ − CD cos ϕ. (2.12)

The evaluation process with the BEM code is iterative as the induction factors are
unknown in the beginning. So, in the BEM analysis initial values for the induction
factors a and a’ need to be guessed, as they are necessary to calculate the flow angle.
After the load coefficients are obtained, the actual induction factors can be calculated
according to:

a =
1

4F sin2ϕ
σsCa

+ 1
, (2.13)
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and

a′ =
1

4F sin ϕ cos ϕ
σsCt

− 1
. (2.14)

F denotes the Prandtl’s tip loss factor, which corrects the induction factors for a finite
blade number and the spanwise flow, limiting the loads at the tip, consequently, its
effect is increasing with increasing radial position r. σs is the solidity, which is defined
as the fraction of the annular area that is covered by the blades. Furthermore, in the
BEM code values of a > 0.2 need to be corrected according to Glauert to account for
the fact that the thrust forces can be bigger as the static pressure in the flow. If the
initial induction factors and the actual induction factors are within a defined tolerance
level, the iteration is stopped and the thrust and torque of each blade element are
calculated with:

T(r) =
1
2

ρB
U2

∞(1 − a)2

sin2ϕ
cCtΔr, (2.15)

and

M(r) =
1
2

ρB
U∞(1 − a)ωr(1 + a′)

sin ϕ cos ϕ
cCtrΔr, (2.16)

where, c is the chord length of the blade element B is the number of rotor blades and
Δr is the blade element length in radial direction. The total power of the rotor P is
the sum of the shaft torques from all annual sections:

P =
∑

M(r)ωr. (2.17)

Similar to the torque the thrust force acting on the rotors is the sum of the thrust
forces of all blade elements:

P =
∑

T(r). (2.18)

BEM for blade design

For the blade design the chord length and twist angle were determined for each blade
element. Therefore, the axial induction factor was optimized according to:

16a3 − 24a2 + a(9 − 3x2) − 1 + λ2
loc

= 0, (2.19)
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where λloc = ωr
U∞

is the local tip speed ratio. The corresponding tangential induction
factor is dependent on the axial induction factor and could thus be calculated by:

a′ =
1 − 3a

4a − 1
. (2.20)

The flow angle was obtained by solving Equation (2.9) and together with the optimum
angle of attack of the used airfoil αa,opt the twist angle was calculated according to:

θ = ϕ − αa,opt. (2.21)

The chord length for each blade element could then be obtained by:

c =
8πaλlocsin2θR

(1 − a)BCaλ
. (2.22)

The results for the separate blade elements together with the radial position resulted
in the chord length and twist angle distribution of the new blade.

2.3.2 Rotors

In order to investigate the influence of the rotor design on the wake development, several
rotors were tested in the wind tunnel experiments. The chord and twist distribution
of these rotors is presented in Figure 2.6 and the key parameters are summarized in
Table 2.1.
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Figure 2.6: Span-wise (a) chord length c and (b) twist angle θ distribution for the
rotors used in the PhD study (r is the radial position).

The existing rotors at NTNU were milled from an aluminum alloy. Such rotors
are very precise and sturdy and are suited very well for wind tunnel experiments.
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Table 2.1: Key parameters of the rotors used in the PhD study, (tip speed ratio (λ)
clock-wise (CW) and counter-clock-wise (CCW) rotation).

Rotor Number
blades

opt.
λ

CP CT Rotational
direction

Airfoil Material Papers

Standard
NTNU

3 6 0.46 0.90 CCW S826 Aluminum II, V,
VI,
VII

Printed
NTNU

3 6 0.48 1.00 CW S826 VeroGray I, II

2-bladed
same solidity

2 6 0.45 0.98 CW S826 VeroGray I

2-bladed
same aspect

2 7 0.45 1.03 CW S826 VeroGray I

Adjustable
wing tips

2 6 0.47-
0.52

0.97-
1.08

CCW R-opt VeroGray III,
IV

However, this production technique is very costly and could therefore not be considered
as production method for the various model rotors. Therefore, another technique
was selected and the rotors were produced using a considerably more reasonable
manufacturing option of rapid prototyping using a 3D printer. The printer used for the
blade fabrication is a Objet Eden 500V that works based on the Multi-Jet Modeling
technique. This technique enables the production of very detailed parts with a high
accuracy and smooth surfaces. Accordingly the fabricated blades are of high quality
and their appearance is similar to the milled aluminum blades. Nevertheless, they were
manufactured from a material called VeroGray, which has worse performance than
aluminum regarding tensile strength and modulus of elasticity (Ver, 2016). Accordingly,
they act different in the wind tunnel test. Therefore, their applicability in wind tunnel
tests was verified and evaluated in 2.3.3.

Standard NTNU rotor

The standard NTNU rotor (see Figure 1) was used in most studies of the PhD study
and it additionally served as reference for all the other rotor designs. The blades for
the rotor were designed using BEM theory, the design and the rotor are described in
detail in (Krogstad and Lund, 2012). The rotor has a diameter of D = 0.984 m and
has three blades, which are fabricated from aluminum. Therefore, it is well suited for
wind tunnel experiments as the blades do not deflect and thus have a defined geometry
even when operated under heavy load. The rotor is based on the NREL S826 airfoil
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from root to tip. The shape of the airfoil is pictured in Figure 2.7 and its polars for
Re = 1.0·105 are presented in Figure 2.8. A detailed description of the airfoil can be
found in (Somers, 2005).
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Figure 2.7: Airfoil shapes used for the model rotors.

The airfoil was originally developed as tip airfoil for full-scale wind turbines,
hence it was designed for Reynolds numbers of Re ≈ 1.0·106. This is approximately
one magnitude higher as the chord based Reynolds number at the blade tip in the
experiments, which is approximately Rec,tip = 1.1·105 at the optimal tip speed ratio of
the rotor (λ = 6) and the inlet velocity of U∞ = 10.0 m/s. However, Krogstad and
Lund (2012) performed a Re dependence test and found a performance independence
for U∞ > 9.0 m/s. Consequently, the airfoil performs already decently at lower Re.
The airfoil polars for Re = 1.0·105 generated by XFoil are presented in Figure 2.8 .
This rotor was used in the experiments for Paper II Paper V Paper VI and Paper VII.
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Figure 2.8: Predicted airfoil polars at Re = 1.0·105 using XFOIL.
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2-bladed rotors

For Paper I the effect of the blade number on the wake development was investigated.
Accordingly new 2-bladed rotors were designed, they can be seen in Figure 2.9. The
goal of the design was to obtain 2-bladed rotors that have similar performance as the
3-bladed reference rotor, which is the standard NTNU rotor. To get rotors with similar
CP and CT, the chord and twist distribution of the blades from the standard NTNU
rotor were modified. To find designs with matching CP and CT, the newly designed
blades were evaluated with a BEM code .

Figure 2.9: Model rotors for the experiment comparing the effect of the blade number
on the wake development, mounted on model turbine T2 (taken from Paper I ).

For the 2-bladed rotors, two design approaches, which have the same aspect ratio
and same solidity were considered. For the rotor with the same blade aspect ratio the
chord length distribution is similar to the 3-bladed rotor and the twist distribution was
modified until the maximum CP’s of the 2-bladed rotors match that of the 3-bladed
reference rotor. This results in a rotor blade that has twist angles that are 70% of those
of the reference blades (see Figure 2.6). The 2-bladed rotor with the same solidity as
the 3-bladed rotor, has blades with chord lengths that are 1.5 times greater as those of
the reference blade. Moreover, the BEM analysis yielded in a slightly modified twist
distribution that is 95% of those of the reference blade (see Figure 2.6). The three
rotors that were manufactured with the 3D printing technology and tested in the study
are shown in Figure 2.9. Because they all rotate in clockwise direction, the printed
3-bladed rotor together with the standard NTNU rotor were also used for the counter
rotation experiment investigated for Paper II.
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2.3 Model rotor design

Rotor with adjustable wing tips

In Paper III and Paper IV, the effect of winglets on the rotor performance and the wake
are investigated. Therefore, a new rotor with exchangeable wingtips was developed. As
it can be seen in Figure 2.10, the last 0.05 m of the blade tip can be changed. In this
way different tip winglet shapes can be investigated with the model rotor. The rotor
has two blades because the chord length and thus the thickness of the profile could
be designed bigger than for a 3-bladed rotor. This thicker profile was needed because
of constructional constraints, as the wing tip needs to be attached to the blade with
a threaded rod that runs through the whole blade. Furthermore, the stability of the
blade could be increased by thicker profiles and thus the deflection of the blade tips
under operation would be limited. This was considered to be very important, since
the experimental measurement results were used for validation of a CFD code for the
winglet optimization.

Figure 2.10: Model wind turbine rotor with exchangeable blade tips.

To further increase the stability of the blade in the tip region a new airfoil named
R-opt was designed. As it can be seen in Figure 2.7, the R-opt profile is thicker than
the S826 in the trailing edge region to limit torsion of the blade. The airfoil was
optimized for Re = 1.0·105 and therefore has a better performance at this Reynolds
number as the S826 airfoil (see Figure 2.8).

2.3.3 3D printed blades for wind tunnel tests

The milled NTNU rotors and the 3D printed rotors used in the PhD study are fabricated
from different materials with diverse properties, see Table 2.2. Therefore, they perform
slightly different in the wind tunnel tests. While the Aluminum rotor is stiff and not
deforming at all, the 3D printed blades deflect with increasing aerodynamic forces. To
quantify this effect and to see if the 3D printed blades are applicable in the wind tunnel
test, the performance and rotor forces of two identical 3-bladed rotors, one milled from
Aluminum and one 3D printed in VeroGray were investigated and compared.

The power coefficient CP over a range of λ is pictured in Figure 2.11a. It can be
seen that the two curves slightly diverge and the printed rotor has a somewhat better
performance. However, the differences up to λ = 7.0 are only insignificant and are
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Table 2.2: Relevant mechanical properties of blade materials Aluminum and VeroGray.

Material Tensile strength Modulus of Elasticity Density
[N/mm2] [N/mm2] [kg/m3]

Aluminum ∼250 70,000 2.7
VeroGray 60 3,000 1.17

within the measurement uncertainty. However, when λ > 7.0 the discrepancy of the
graphs is increasing, resulting in a higher run-off tip speed ratio for the 3D printed
rotor.

A similar trend can be observed for the thrust coefficient CT, shown in Figure 2.11b.
Whereas the graphs for CT are almost identical until λ = 7.0, they start diverging
from there increasingly. While the forces on the Aluminum rotor are getting bigger
with increasing λ, the forces on the 3D printed rotor are not increasing as strongly and
even start to decrease from λ = 10.0.
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Figure 2.11: (a) CP and (b) CT for the 3-bladed rotor milled from Aluminum and 3D
printed in VeroGray.

The difference in performance can be explained by the blade deformation of the 3D
printed rotor, which is pictured for λ = 6.0 and λ = 10.0 in Figure 2.12. The blade
deformation was determined with an optical method. The blade tip was illuminated by
a stroboscopic flash light that was synchronized with the rotational speed of the turbine.
Using this method the airfoil shape could be frozen and pictures of the deformed blade
were recorded with a camera on a fixed tripod. An computational evaluation of the
images resulted in the values for the deflection and twist of the blade at the tip. At the
optimal tip speed ratio of λ = 6.0, the blade tip is clearly deflected backwards. However,
the blade is just shifted backwards, which is expected to have no decisive influence on
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the rotor performance, as CP and CT are alike at λ = 6.0. A different deformation can
be observed at λ = 10.0, where the printed blades are not only deflected backward but
also slightly twisted in clock-wise direction. This additional twist angle changes the flow
regime over the blade and thus, has a significant influence on the rotor performance,
which is due to the strongly decreasing CL/CD for low αa (see Figure 2.8a). The effect
can be seen in the distinct differences in CP and CT between the Aluminum and 3D
printed rotor at λ = 10.0.

Figure 2.12: Deformation of the blade tip of the 3D printed 3-bladed rotor for
U∞ = 10.0 m/s at (a) λ = 6 and (b) λ = 10. With the blade deflection in x-
and y-direction given in cm.

The significant differences between the two rotors are caused by a twist of the
blade tip that occurs at tip speed ratios, which are beyond the optimum tip speed
ratio. Therefore, it can be concluded that the printed rotors are well suited for wake
investigations carried out at the optimum tip speed ratio of the rotor. However,
measurement results at high tip speed ratios have to be treated with special caution.
This also applies for results that should be used as reference data for CFD validation.
For such experiments Aluminum rotors are favored as they do not deform and have
defined geometrical properties, also at high tip speed ratios.

2.3.4 Scaling effects

The scaling of the model rotors is another limitation of wind tunnel tests. Whereas the
model turbines are operated to match tip speed ratios of full scale turbines, it is almost
impossible to match the chord based Reynolds number at the tip, which is calculated
by:

Re =
Vrelc

ν
, (2.23)
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where ν is the kinematic viscosity of air. The viscosity and and the relative velocity Vrel

in the model-scale and in full-scale are identical, but the chord length c is significantly
different resulting in model Reynolds numbers which are around one magnitude lower
as those appearing on full-scale turbines.

Even though, the the Reynolds number cannot be matched, the polars of the used
airfoil should be stable in the operational range of the rotor. This is important because
the Reynolds number is not a constant value, but can change along the blade in the
course of one rotation. Consequently, if the airfoil polars are not stable for the occurring
Re, the axial and tangential blade forces can alter for parts of the blade where extreme
Reynolds numbers occur.

As discussed in section 2.3.2, the NTNU rotor was tested for Reynolds number
dependence and was found to be independent for the boundary conditions tested in
the Phd study. Also the new airfoil R-opt, which was developed for the rotor with
the exchangeable tips, was optimized to operate stable at low Reynolds numbers.
Nevertheless, it should be kept in mind that the wind tunnel experiments are affected
by scaling effects and do not represent the full-scale exactly.

2.4 Measurement technique

In the experiments carried out in this study, different measurement techniques were
used to study turbine power, forces acting on the turbine and various wake properties.
Most of the measurement devices provided analog signals, which were transformed
to digital signals and conditioned using DAQ (data acquisition) system devices from
National Instruments. Before transforming the analog signals to digital signals, they
were amplified by in-house amplifiers in order to be able to use the whole measurement
range from -10 V to +10 V of the 16-bit DAQ systems and thus limit discretization
errors. The digital voltage signals were analyzed and recorded using a computer with
a LabView routine. The transformation of the voltage data to the desired variables
and the evaluation of this properties was conducted with MATLAB.

2.4.1 Power measurement technique

The hub of the model wind turbines T1 and T2 is equipped with measurement technique
to determine the rotor power. In Figure 2.13, the hub of T2 and a sketch of its cross-
section are pictured. It can be seen that the hub is equipped with a torque transducer
to measure the shaft torque M and an optical RPM sensor to determine the rotational
speed of the rotor. With these two parameters the rotor power can be calculated
according to P = M · ω.
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Figure 2.13: Picture of the turbine hub of T2 and a sketch of its cross-section showing
the setting with the installed measurement technique (blue) inside the hub.

The Hottinger 2 N torque transducer is located to the rotor as close as possible. With
this setting only the roller bearings are located between the rotor and the transducer
and thus the shaft friction losses are limited. Furthermore, flexible couplings before
and after the transducer secure this highly sensitive measuring device from load peaks.
The transducer was calibrated prior to all the measurements by applying a range of
reference weights at the blade tips (see Figure 2.14). The calibration process resulted
in a linear relation between the rotor torque and the voltage signal. Furthermore, the
calibration factor was observed to be stable throughout all experiments and only varied
insignificantly.

Figure 2.14: Calibration process of torque transducer.

The optical RPM sensor provides a signal amplitude at a fixed rotor position for
every revolution of the turbine rotor. With the time span between the signals the
rotational velocity of the rotor can be calculated. Furthermore, the RPM signal was
synchronized with the other measured signals to determine the rotor position were the
other measurands were obtained. Due to this arrangement, the data could be analyzed
in relation to the rotor position to get phase-locked information. Such phase-locked
data was generated and investigated in the wake experiments of the winglet rotor for
Paper III.
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2.4.2 Force measurement technique

For the force measurements the model turbines were installed on a aerodynamic balance,
which is located under the wind tunnel floor. With the six-component force balance
from the Carl Schenck AG, it is possible to measure all force components acting on
the model turbines and calculate the aerodynamic moments with the accompanying
lever arms. For the experiments, only the three horizontal load cells were used and
in most experiments, only the component in flow direction was considered to obtain
the thrust force acting on the turbine and rotor assembly. All three components were
recorded in the experiments for Paper VI and Paper VII in which - in addition to the
thrust force - the yaw moments were analyzed. In some studies the solely rotor thrust
was of interest. Therefore, the thrust force acting on the turbine rig without the rotor
was measured separately and subtracted from the total thrust. All load cells were
calibrated separately prior to every measurement by applying defined reference weights
on the load cells. Similar to the torque transducer, a linear relation between the force
and voltage was obtain in the measurement range. Furthermore, the aerodynamic
balance served as a rotating table for the turbine models. This enabled a control of
the yaw angle from outside the wind tunnel.

2.4.3 Wake measurement technique

For measuring the wake flow mainly two measurement techniques were used. In
the experiments for Paper I, Paper II, Paper V, Paper VI and Paper VII, the wake
properties were measured with a LDV (Laser-Doppler velocimetry) system. Only in
Paper III, where phase-locked data was acquired, a Cobra probe was used for the
velocity measurements. This technique was chosen because it could be synchronized
with the other measurement devices and the data could be obtained at a defined rotor
position with a fixed sampling frequency. The measurement devices were mounted on
a traverse system in the wind tunnel that was controlled from outside with a LabView
routine. With this setting, the wake measurement devices could be traversed in the
wake flow.

Laser Doppler velocimetry

The most applied velocity measurement technique in the PhD study was LDV. All the
measurements were conducted using a 2-component Dantec FiberFlow LDV system,
which is shown in Figure 2.15. With the LDV technique, it is possible to measure flow
velocities with a high temporal resolution and thus get not only time-averaged mean
velocities, but also time-independed flow information.
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LDV is an optical measurement technique, which is non-intrusive and does not need
calibration. Furthermore, the velocities do not need to be transferred from voltages
but are provided directly and in real time. Therefore, the voltage signals are processed
by so called burst spectrum analyzer (BSA) and analyzed by the accompanying BSA
flow software. The laser beam is generated by a air-cooled Argon-ion laser with up
to 300 mW per wavelength. In the transmitter, the laser beam is split into two
beams by a bragg cell and each of these beams is separated into the two colors green
(λLDV = 514.5 nm) and blue (λLDV = 488 nm). With the four manipulators, the lasers
are adjusted so that the maximum amount of light is linked to the fibers directing the
beams into the probe, from where they are transmitted and the back scattered light is
received.

Figure 2.15: Picture of the turbine hub and sketch of the setting with the installed
measurement technique (blue) insight the hub.

The measurement principle of the LDV system is briefly sketched in Figure 2.15. It
can be seen that with the LDV technique, the velocity of the airflow is not measured
directly, but the velocity of particles moving in the flow. The measurement volume is
formed by two laser beams of similar intensity, which are transmitted from the LDV
probe, where they are focused to intersect and form a fringe pattern with the known
interval Δx. When a particle is passing through the fringe pattern it scatters light
back to a receiver in the probe. This back scattered light contains a frequency shift
entailed by the Doppler frequency fD of the moving particle, which is proportional to
the velocity of the particle passing through the fringe pattern. This optical signal is
converted to a voltage signal, which is filtered and amplified and then transformed to
the frequency domain by a Fast Fourier Transformation (FFT) in order to determine
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fD. As the distance traveled by the particle is given by Δx and the time of this travel
is contained in fD the velocity of the particle can be calculated by u = Δx · fD.

The LDV probe was installed on the wind tunnel traverse and adjusted by leveling
the reflections on the wind tunnel wall or floor and aligning them with the probe. The
LDV system was adjusted to only take samples into account that were recorded by
the lasers in both measurement directions. In the experiments 5.0·105 samples were
recorded for every measurement point. The acquisition data rate was adjusted by
controlling the particles in the flow. Throughout the measurements the acquisition data
rate was between 1 500 Hz and 2 500 Hz what resulted in a measurement time between
20 s and 35 s. The particles with a size between 0.5 μm and 2.0 μm were created with
a thermal smoke generator that was located at the end of the test section. In that way
the particles traveled through the whole wind tunnel where they distributed evenly
before entering the test section.

Cobra probe

For the investigation of the wake flow of the rotor equipped with winglets in Paper III
a Series 100 Cobra probe from TFI (TurbulentFlow Instrumentation) was used. This
measurement technique was selected, because with this device it is possible to synchro-
nize the turbine rotation and the velocity measurements and allocate measurants to an
exact turbine position to obtain phase-locked wake data.

The Cobra probe, which is shown in Figure 2.16, is a 4-hole Pitot tube in which
the pressure transducers are located directly in the probe body. The short tubing
between the pressure tabs together with a linearisation process, correcting for pressure
fluctuations in the tubing, enables the Cobra probe to measure not only time-averaged
mean velocities but also time-varying turbulent velocity components (Hooper and
Musgrove, 1997).

The Cobra probe does not require extensive calibration, as the probe head has a
defined geometry (see Figure 2.16) and the calibration process is performed by the
manufacturer who provides calibration tables for the individual probes. The pressure
regime at the probe head, which is determined by the four pressure values measured
at the tabs, can be assigned to the three velocity components u, v and w as well as
the static pressure at the tip of the device by applying the calibration tables. Detailed
information of the calibration process and the transformation from the pressures to
the velocities is provided by Shepherd (1981)

In the PhD study, the four voltage signals provided by the Cobra probe were
evaluated by a MATLAB routine with implemented interfaces of the manufacturer TFI
providing the calibration tables. The analysis resulted in the time-varying velocities
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Figure 2.16: Series 100 Cobra probe, with detailed probe head geometry and the flow
axis system.

of the three components, which were used to calculate the other flow properties like
the time-averaged velocities, the flow angles and the turbulent kinetic energy (TKI).
In order to obtain accurate results, the flow angles must be within 45°. Therefore, all
measurements in which one of the flow angles was bigger than 45° were excluded from
the analysis.

The Series 100 Cobra probes used for the study have a frequency response of 600 Hz.
In order to obtain phase-locked data one rotor revolution was divided in 120 section,
each of 3°. With a rotational speed of 1 280 RPM this resulted in a required frequency
response of at least 2 560 Hz in order to get information for every rotor position
per revolution. In order to sample the data with a frequency response of 2 560 Hz,
the usable frequency range was extended by changing the transfer function cut-off
amplitude for the linearization process. With this measure the response of the probe
was extended to over 3 000 Hz. Nevertheless, the disadvantage of this method is, that
signals with frequencies >1 000 Hz need to be amplified, because such signals appear
too weak at the transducers. Consequently, also noise is amplified, which increases the
measurement error. In order to avoid aliasing, the data acquisition rate was 10 240 Hz
resulting in an over-sampling ratio of 4.

For the experiments, two Cobra probes were used simultaneously, to reduce the time
for the measurements. Therefore they were installed in a support, carrying them with
a defined distance of separation. One of the biggest challenges is to install the probes
straight in the wind tunnel. In order to achieve this, the velocities were measured
with the LDV probe and the Cobra probe at the same position. The direction of the
Cobra probes was adjusted until the measurement devices measured the same velocity
components, resulting in identical flow angles. The procedure is pictured in Figure 2.17.
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Figure 2.17: Simultaneous measurements with LDV and Cobra probe for adjustment
of Cobra probe head.

2.5 Measurement uncertainty

Experimental measurements are not perfect. They are always afflicted with some
deviation between the true value and the measured value. This error has various
sources and can typically be divided into the two categories systematic and random
errors, see Figure 2.18.

Figure 2.18: Explanation of systematic and random error.

Systematic errors can be described as repeatable and consistent, meaning that they
are not changing during the experiment. Random errors are caused by unpredictable
changes in the experiment, which are not known and thus can not be repeated. Usually,
the real error of a measurement is unknown and cannot be determined. A method to
evaluate how accurate an experiment was and to quantify the error, is to calculate the
uncertainty of a measurement. The measurement uncertainty is an estimated range, in
which the error will be arranged based on a confidence interval.

Measurements of all individual parameters are afflicted with uncertainties that
propagate to a total uncertainty of the final result. For example, the measured quantities
temperature Temp, ambient pressure pamb, inlet velocity U∞, rotational speed of the
rotor ω and shaft torque M are needed to calculate CP (Equation (2.4)) and each
parameter features an inaccuracy that will affect the total uncertainty of the final
result for CP.
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2.5 Measurement uncertainty

To obtain the total uncertainties of the investigated parameters in this work
the procedure described by Wheeler and Ganji (2010) was applied. Therefore, the
measurement process was outlined in the beginning and the relation between the final
result and all depended parameters was defined. For all the parameters possible error
sources containing errors due to calibration, data acquisition, data reduction methods
and other sources were listed. For each individual source, the errors were determined.
The systematic errors were estimated based on manufacturers specifications or from
previous studies and observations. For the random errors the standard deviation of the
measured parameters was calculated. To get the standard deviation of the turbulence
properties the standard deviation was calculated based on the technique described in
(Benedict and Gould, 1996). With all the individual error terms the total systematic
uncertainty was calculated using a root of the sum of the squares:

BR =

{
n∑

i=1

(
Bi

∂R

∂xi

)2
}1/2

, (2.24)

where Bi is the systematic error of the individual parameter and and ∂R
∂xi

is the
derivative of the overall parameter with respect to the individual parameter. The
random uncertainty for every measurement point is calculated with:

PR = ±t
σ√
n

, (2.25)

where t is the value of the Student’s t, σ is the standard deviation and n is the number
of measurements. The resulting individual error terms are combined to the total
uncertainty by the root of the sum of the squares, similar to that of the systematic
uncertainty. The total uncertainty is calculated by a combination of both uncertainties:

�R =
√

B2
R + P 2

R. (2.26)

In this study, all uncertainties were estimated based on an 95%-confidence level.
The analysis of the uncertainties for the different investigated quantities suggested that
systematic errors had the largest contribution to the total uncertainty. Nevertheless,
also random uncertainties were distinguished, which could be seen in higher levels of
uncertainty in turbulent flows.

Typical uncertainties for mean velocities measured with the LDV system were
around 1% whereas the turbulence from these measurements featured slightly higher
uncertainties around 2%. The measurements with the Cobra probe featured higher
uncertainties, which were typically up to 5% for the velocity and 8% for the turbulence.
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Typical uncertainties of the power coefficient CP were found to be approximately 3%
around the optimum tip speed ratio of the rotor. Outside this region the results were
affected by less inaccuracy. For the thrust coefficient CT, the uncertainty was observed
to rise with increasing tip speed ratios reaching uncertainties of up to around 2%.
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Chapter 3

Summary of main results

This chapter summarizes the main results of the PhD study and the main findings of
the papers will be presented. The contribution to the field of wind farm optimization
will be discussed in beginning. Within this field, the study comparing the wake of 2-
and 3-balded wind turbine rotors will be presented. Afterwards, the main findings of
the project analyzing counter rotating wind turbine rotors will be shown. The third
rotor modification concept that will be presented examines the effect of winglets on
wind turbine blades, in which the design of the winglets and their influence on the
wake development will be discussed. The wind farm optimization will be finalized by
presenting the results of the wind turbine wakes in yaw project, where the potential of
intentional yaw misalignment for wind farm control optimization will be shown. The
summary of the main results will be completed by presenting the findings of the Blind
test comparison, where reference data was provided for CFD validation.

3.1 Wind farm optimization

For the main part of the PhD thesis rotor-wake interactions were investigated to
evaluate different methods, which were deemed to have the potential to optimize the
power output of wind farms. Firstly the approach of modifying the rotor design to
limit wake effects was studied. Within this technique the effect of the blade number on
the wake development was studied by comparing wake properties of 2- and 3-bladed
model wind turbines in Paper I. Furthermore, the influence of the rotational direction
of the wind turbine rotors in a wind farm was investigated in Paper II by comparing
the performance of an aligned turbine array with co- and counter-rotating rotors. The
third rotor design modification that was studied, was a rotor equipped with winglets.
For this study, a new rotor was designed and winglets for this rotor were optimized
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before comparing the performance of the rotor with and without winglets in Paper IV.
The winglet rotor’s effect on the wake was investigated in Paper III, where wakes of
rotors with and without winglets were compared. The second approach for wind farm
optimization that was considered in the project was improving the turbine control
by intentional yaw misalignment. In order to apply yaw control it is important to
know how the wake flow of a yawed turbine. To provide more information about the
wake structure Paper V investigates the influence of different inflow conditions on the
wake shape and development. The power and loads of a turbine array in various yaw
configurations are discussed in Paper VI.

3.1.1 Comparison of 2- and 3-bladed rotors

The costs of a wind turbine can be reduced if 2-bladed rotors instead of common
3-bladed rotors are used. However, using 2-bladed rotors is accompanied by several
disadvantages like higher noise emissions, distracting visual effects and unfavorable
dynamic behavior (Hau, 2013). Those disadvantages are deemed to be the reason why
the research effort on the wake development of 2-bladed rotors was limited and only
few studies on this topic exist.

In an experimental study, Newman et al. (2015) investigated wake effects in scaled
down wind farms consisting of 12 small model wind turbines with 2- and 3-bladed
rotors with similar CP. They found large differences of mean streamwise velocities in
the near wake of the array, where the wake of the 2-bladed rotors showed higher mean
velocities. However, in the far wake the differences between the two rotor concepts for
the mean velocities where only insignificant. Furthermore, the streamwise Reynolds
stresses were observed to be higher in the wake of the 3-bladed turbines leading to
higher fatigue loading on the downstream turbines.

Analytical wake models suggest that the blade number does not have an influence
on the velocity in the wake as they do not take the blade number into account (Polster
et al., 2017). The main parameter determining the wake flow in the models is the thrust
coefficient CT, which was similar for the tested rotors in the study. However, there
might be differences in the wake flow as already suggested in the study by Newman
et al. (2015). Especially the turbulence intensity is expected to be different in the
wake behind the 2- and 3-bladed rotors, as the stronger tip vortices of the rotors with
only two blades are deemed to increase the turbulence levels behind the rotor edge.
Therefore, the wake of 2- and 3- bladed turbines were compared in Paper I.

The differences of the wake properties between the 2- and 3-blade rotors from the
line wakes of Paper I are summarized in Table 3.1. The available power in the wake
(Pava = 0.5ρARU3

∞). was calculated in order to compare the velocities in the wake. It
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can be seen that the differences in the available power and thus the mean streamwise
velocities are only minor. This is confirmed by similar wake recovery rates for all
three rotor concepts. Furthermore, full wake scans of the mean streamwise velocity
at 5D reveal no major differences and thus verify these observations. Comparing the
turbulence in the wake there also is no indication of big differences between the wakes
of the three rotors. Nevertheless, it can be seen that the turbulence levels in the
wake behind the 2-bladed rotors are higher than those of the 3-bladed rotor at all
investigated distances, whereas the differences become smaller with increasing distance.
The major discrepancies in TI occur mainly behind the tip region and are caused by
the stronger tip vortices of the 2-bladed rotors, which decay with increasing distance.

Table 3.1: Summary of differences in available power (Pava) and turbulence intensity
(TI ) in the wake behind the 3-bladed rotor (Rotor1), the 2-bladed rotor with the same
aspect ratio (Rotor2) and the 2-bladed rotor with the same solidity (Rotor3).

Rotor1 - Rotor2 Rotor1 - Rotor3

3D Pava 1,3% 0.2%
TI -0.5% -1.9%

5D Pava 1,0% -3.0%
TI -0.5% -1.2%

7D Pava 1,1% -3.2%
TI -0.2% -0.2%

It can be concluded from the study that the wakes of 2- and 3-bladed rotors are
similar. The differences in mean streamwise velocity are minor and the turbulence
intensity is only varying for the blade number at small distances and is equalized
at typical separation distances of wind turbines. As a result, using turbines with
2-bladed instead of 3-bladed rotors does not improve the power output of a wind farm.
Nevertheless, 2-bladed rotors do not have a negative influence on wake interactions and
can therefore be used in wind farms to decrease installation costs, without affecting
the overall power.

A weakness of the study is displayed by the circumstance, that the CP’s of the
2- and 3-bladed rotors do not match at the tip speed ratios where the turbines were
operated. The 2.7% higher CP of the 3-bladed rotor makes it difficult to draw reliable
conclusions about the overall performance of a wind farm. To solve this problem, new
2-bladed rotors with higher CP’s that exactly match that of the 3-bladed rotor need
to be designed and the wake of these rotors need to be compared to the 3-bladed
rotor. Furthermore, an experiment investigating the overall performance of an aligned
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2-turbine array would be necessary to draw a reliable conclusion about the different
energy content in the wake of 2- and 3-bladed turbines.

3.1.2 Counter rotating wind turbine rotors

From Figure 3.1 can be seen, that the wake behind a clockwise rotating wind turbine
is rotating counter-clockwise and thus opposite to the turbine rotor. Consequently,
the inflow of a downstream turbine operating in the wake of an upstream turbine
contains a tangential velocity component in opposite direction to the rotor rotation.
This additional velocity component is changing the velocities at the rotor plane, which
could affect the performance of the rotor. It might have a positive effect on the rotor
performance if this additional velocity component is orientated in opposite direction
and thus in the direction of the rotor rotation. Consequently, it might be beneficial
to use a mirrored rotor design for the upstream turbine to get an array with counter
rotating turbines. However, only little attention has been paid to this topic and only
few studies, which investigate the effect of alternating rotational direction in a wind
farm, exist.

An experimental study on this topic was conducted by Yuan et al. (2013, 2014),
who investigated an aligned tandem turbine array with co- and counter rotating rotors.
They showed that the counter-rotating array was more efficient as the co-rotating
array in extracting power. The performance increase was found to be up to 20%
at a separation distance of 0.7D, but decreased with increasing distance and was
found to be negligible from 6.5D on. Nevertheless, the study showed the potential
of counter-rotating turbines for the optimization of wind farms. Therefore, the effect
of the rotational direction on the wake of a wind turbine rotor was investigated in
Paper II.

In the study for Paper II the wake was analyzed with special focus on the tangential
velocity component. Furthermore, the performance of a two-turbine array with co- and
counter-rotating rotors was compared. In addition to the experiments, a BEM code
was used to study the effect of the additional tangential velocity component on the
blade loads and the performance of the aligned turbine array.

The BEM analysis of the flow around the blade showed that the additional tangential
component in the inflow changes the flow angle. As a result, the angle of attack on
the downstream rotor decreased in the co-rotating array, whereas it increased in the
counter-rotating array. The performance comparison of the tandem turbine arrays
showed no big differences between the co- and counter-rotating array. However, the
counter-rotating array had a slightly better performance at all investigated turbine
separation distances. At 2.00D the combined CP was 1.2% higher, at 3.50D and
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Figure 3.1: Contour plots of normalized streamwise mean velocity, with arrows repre-
senting the resultant of the vertical and horizontal velocity component, in the wake (a)
2.00D, (b) 3.50D and (c) 5.15D behind the clock-wise rotating 3-bladed rotor mounted
on turbine T2, the black lines represent the turbine rotor, nacelle and tower, locking in
flow direction.

5.15D the difference was 2.0% and 0.6%, respectively. This was confirmed by the
BEM calculations, which were generally between 5% and 7% lower as the experimental
results, but showed the same trends.

However, as the performance improvement stems from a increased flow angle,
the same effect could be generated by changing the pitch angle of the blade. This
observation is confirmed by Bartl and Sætran (2016), who investigated the CP of the
same rotor for a variation of pitch angles and found a higher CP if the twist angle was
greater than the one applied in the study for the counter rotating wind turbine rotors.

From this observation and the small differences in CP of the co- and counter-
rotating turbine array can be concluded, that the optimization potential of alternating
rotational directions in a wind farm is insignificant.

3.1.3 Winglet rotor

Most modern airplanes are equipped with winglets to improve their efficiency (Fig-
ure 3.2). The additional winglets reduce the fuel consumption by around 4-5% for
transport airplanes (Freitag and Schulze, 2009). Winglets improve the performance of
a wing by reducing the induced drag, which is generated at the blade tip where the
pressure difference between the pressure and suction side of the blade is equalized and
a vortex is formed. The resulting span wise flow from the pressure to the suction side
influences the lift and drag at the tip and further inwards and the lift of the wing is
reduced (see Figure 3.3). A winglet reduces this span wise flow and consequently helps
to limit the reduction of lift.
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Figure 3.2: Winglet on the wing tip of a transport airplane.

From the performance enhancement achieved in aviation it can be concluded, that
winglets might also have the potential to improve the performance of a wind turbine.
Consequently, several studies investigating the effect of winglets on wind turbine rotors
have been conducted.

Figure 3.3: Pressure equalization at the blade tip and the resulting tip vortex and lift
distribution.

Johansen and Sørensen (2006) designed six winglet shapes, and analyzed them with
the EllipSys3D solver. They showed that winglets can improve the performance, but
also worsen it if not properly designed. Their best design increased CP by around 1.0%,
which was accompanied by an increase in CT of 1.6%. In a further study, they used
the same CFD solver to perform a parameter study changing the height, curvature
radius, sweep angle and twist angle of a winglet (Johansen and Sørensen, 2007). They
designed and investigated 10 winglet concepts and their results show that the winglet
height has the biggest influence on the CP and CT. Whereupon a winglet with a
height of 4% of the rotor radius had the highest CP and CT increase of 2.6% and
3.6%, respectively. Gaunaa and Johansen (2007) also used the EllipSys3D solver to
investigate winglets, which they designed with a self-developed free wake lifting line
code. They showed that downwind winglets are more effective than upwind winglets.
Maniaci and Maughmer (2012) designed downwind winglets with the height of 8%
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rotor radius for a model-scale wind turbine (D = 3.3 m). Results of wind tunnel
experiments with this rotor showed an increase in CP of 9% and confirmed the large
influence of winglet height on the performance. The same rotor was used by (Gertz
et al., 2012, 2014) who tested different winglet designs and found performance increases
between 5% and 8%. The wake formed behind a rotor with downwind winglets was
experimentally studied by (Tobin et al., 2015). They found an increased velocity deficit
in the wake of the winglet rotor. However, they predicted that this deficit could be
evened by the higher CP of the winglet rotor and increase the total CP of a turbine
array. Furthermore, they found similar tip vortex strength for the winglet and baseline
rotor. In his PhD thesis Ostovan (2017) investigated the performance of an aligned
turbine array operating with and without down-facing winglets and found an increase
in overall efficiency if winglets were installed on the upstream turbine. Furthermore,
he measured the tip vortices in the very near wake and estimated an induced drag
reduction of around 15%.

All these studies show that additional winglets on wind turbine rotors have the
potential to increase the performance of a single turbine and turbine array. To further
investigate this promising technique, in Paper IV a new rotor was designed and winglets
for this rotor were optimized for an increased CP. Furthermore, the growth in CT was
limited in the optimization to reduce wake effects. In Paper III the wake behind this
new rotor was investigated experimentally and compared to the baseline rotor without
winglets.

During the optimization process the six design parameters span, sweep, angle of
attack, radius, root chord and tip chord were varied and over 100 different designs were
investigated numerically. The optimal winglet for the rotor in the design framework was
found to have a span of 10.8% of the rotor radius. According to the CFD simulations
the winglet increased the rotor power by 7.8% and the thrust by 6.3%. This was
confirmed by the experiments, which showed an increase of CP and CT of 8.9% and
7.4%, respectively. The same increase in CP was achieved by increasing the blade
radius by 3.6%. Analyzing the rotor blade flow showed that the winglet improves the
rotor performance mainly by increasing the lift in the tip region of the blade. In this
region the induced drag is reduced because the pressure difference is shifted from the
blade tip to the winglet.

The experimental wake study showed that up to 4.0D downstream the differences in
mean streamwise velocity between the winglet and baseline rotor are small, suggesting
a minor effect of blade tip extensions on the combined efficiency of a wind farm. The
investigation of total kinetic energy, revealed slightly higher initial energy peaks in the
tip region, when winglets were attached to the rotor tips. Starting from a dwonstream
distance of approximately 2.0D, the shear layer behind the tip region was observed to be
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significantly broader for the wingletted configuration. An analysis of the out-of-plane
vorticity showed that the tip vortices of the wingletet rotor were breaking around 1.0D
earlier as those of the rotor without winglets. Furthermore, higher absolute vorticity
was found when winglets where mounted on the rotor.

The winglet study showed that it is possible to design winglets, which increase the
wind turbine performance with a moderate growth of rotor thrust. Furthermore, it
confirmed the findings from literature that winglets can help to improve not only the
performance of a single turbine but also those of a turbine array consisting of multiple
turbines.

However, the investigation of the blade extension showed, that a by 3.6% increased
rotor radius has the same effect on the CP as the winglet with a span of 10.8% of the
radius. In conclusion, winglets make most sense if the rotor diameter is limited, which
can be the case for offshore applications, where the costs of the tower can be reduced
if its height is limited. Nevertheless, winglets are deemed to be a good possibility to
optimize a wind farm by a modified rotor design.

3.1.4 Yaw wake control

Usually a wind turbine is aligned with the flow to extract most energy possible from
the wind. However, if the rotor is not perpendicular to the wind direction, the velocity
experienced by the rotor decreases with the cosine of the yaw angle γ (see Figure 3.4).
As a result, the power of the rotor reduces. Moreover, the thrust force of the rotor
T contains a streamwise and lateral force component. The resulting lateral force
component introduced by the yawed rotor Fz deflects the wake sideways. As a result,
the wake trajectory can be controlled by intentionally yawing the rotor. Even though
such a yaw misalignment would decrease the turbine performance. The overall efficiency
of a wind farm could be increased if the wake is directed away from a downstream
turbine leaving more energy in its inflow. Such wake redirection is considered to be a
promising technique to improve wind farm control (Gebraad et al., 2016).

Figure 3.4: Sketch of forces induced by a yawed wind turbine and the resulting lateral
wake deflection.
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Among wake redirection techniques, yaw misalignment is deemed to have the
largest potential for increasing the farm efficiency (Fleming et al., 2014). Therefore,
several studies investigating the wake development behind a yawed turbine have been
conducted. In an experimental study Medici and Alfredsson (2006) analyzed the wake
behind a small yawed model turbine of D = 0.18 m. They investigated a yaw range
from γ = 0◦ – 20◦ and found a distinct deflection of the wake, caused by a clear
cross-stream flow component. Krogstad and Adaramola (2012) used a larger turbine
of D = 0.9 m, on which they showed that the power output decreased proportional
to cos3γ. They furthermore investigated the near wake and found a dependency of
the wake deflection and structure on the turbine’s tip speed ratio. Bastankhah and
Porté-Agel (2016) performed an extensive experimental particle image velocimetry
(PIV) study on the wake of a yawed model wind turbine of D = 0.15 m. Their results
confirm the wake’s dependency on factors like wake rotation and tip speed ratio. A
combined experimental and numerical study was performed by Howland et al. (2016)
who investigated the wake behind a small drag disc of D = 0.03 m. They show that
the yawed non-rotating disc has a realistic wake deflection. In their analysis of the
wake shape, they found an asymmetric so-called curled wake shape, which is created by
a counter-rotating vortex pair. In another experimental study, Schottler et al. (2016b)
investigated the performance of an aligned turbine array and showed an asymmetric
power output depending on the upstream turbines yaw angle. This asymmetric behavior
was also observed by Fleming et al. (2014), who performed a numerical study based on
Large-eddy simulations (LES) and found a slightly different wake deflection depending
on the yaw direction. Gebraad et al. (2016) performed another CFD study using the
SOWFA solver and confirmed the large potential of intentional yaw misalignment for
wind farm control optimization. The influence of atmospheric stability on the wake
of yawed turbines was numerically investigated by Vollmer et al. (2016). They show
that the wake shape and skew is highly depended on the atmospheric stability. In a
recent CFD LES study Wang et al. (2017) showed the importance of including tower
and nacelle in the simulations. Moreover, also full-scale experiments investigating the
effect of yaw were carried out. Trujillo et al. (2016) used LiDAR to track the near
wake behind a 5 MW offshore wind turbine for a yaw range from γ = -10.5◦ – 10.5◦. In
another full-scale study Fleming et al. (2016a) applied a yaw wake-steering open-loop
controller to a wind turbine array. Their study showed that the power output of two
turbines was improved by yaw based wake steering. Jiménez et al. (2010) used the
experimental results from Medici and Alfredsson (2006) to verify LES simulations
around a yawed actuator disc. From the numerical results they derived an analytical
momentum conservation based wake model for predictions of the velocity deficit and
wake trajectory of a yawed wind turbine. Bastankhah and Porté-Agel (2016) used
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the results of their extensive experimental and numerical studies to develop another
analytical model for the far wake of a yawed wind turbine, which also accounts for
inflow turbulence.

Despite the large potential of yaw control for wind farm optimization found in the
literature, the existing studies point out the need for detailed wake measurements of
yawed turbines. In order to provide such data a collaborative project on wind turbine
wakes in yaw was initialized between NBMU, NTNU and ForWind in Oldenburg. The
wakes behind two yawed wind turbine models of different design, were investigated
extensively under various inflow conditions in the NTNU wind tunnel. The experimental
results of the project are the basis of Paper V, which investigates the influence of
inflow turbulence and shear on the wake structure and Paper VII, which compared
the experimental results to numerical predictions. Furthermore, the measurements
were used for the additional Papers X and XI, where the wake of the two model
turbines was compared. The detailed data sets from the wind turbine wakes in yaw
project are published by Schottler, Bartl, and Mühle (2018). Additional to the wake
experiments, a two-turbine array was investigated at various differing yaw and lateral
offset configurations. With the results of this experiment the potential of power and
load optimization of yawed wind turbines was discussed in Paper VI. Furthermore,
the far wake of a smaller yawed turbine rotor of D = 0.45 m was experimentally
investigated and analyzed in the additional Paper XIV.

The analysis in Paper V revealed minor asymmetries in the wake between positively
and negatively yawed rotors, which stem from tower wake interactions. The asymmetries
were found to be larger for the lower inflow turbulence. The inflow turbulence also
influenced the shape of the wake, which had a clear kidney shape for all inflow conditions,
whereas it was more distinct at larger downstream distances. Moreover, the wake
deflection was observed to be slightly different for the two investigated levels of inflow
turbulence. Furthermore, the moderate shear in the inflow was found to have little
influence on the wake properties. The study shows, that the turbulent kinetic energy
in the wake is deflected to the same degree as the mean streamwise velocity profiles,
while its expansion is slightly wider. Furthermore, it was shown that the levels of peak
turbulence decreased similarly to the rotor thrust if a yaw angle is applied.

The power and load optimization study in Paper VI showed that the combined
power of a two-turbine array could be increased by intentional yaw misalignment of
the upstream turbine. The largest improvements for a yaw angle of γ = 30°were
found at a separation distance of 6D. For this arrangement, the total performance
increased up to 11% for the low-turbulence and 8% for the high turbulence inflow. This
discrepancy confirms the strong influence of inflow turbulence on power gains if yaw
control is applied. Furthermore, the power gains were found to be asymmetric due to
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the different wake shape and deflection for positive and negative yaw angles. Although,
the total power could be increased by yawing the upstream turbine, the yaw moments
for the upstream and downstream turbine both increased. By applying a lateral offset
of 0.5D most of the wake could be steered away from the downstream turbine, which
resulted in an increased total power and reduced yaw moments. Furthermore, it was
demonstrated that yawing the downstream turbine opposite to the upstream turbine
mitigated the yaw moments and increased the total power.

The wind turbine wakes in yaw project resulted in more publications, which are not
included in the thesis. The main findings of these articles are described below. In the
additional Paper X the available power method, which was used for the quantification
of the wake deflection in wind turbine wakes in yaw study is established. Two-point
statistics of the wake properties are investigated in the additional Paper XI. The results
reveal a ring of strongly intermittent flow around the mean velocity deficit, in the wake
of the yawed turbine, resulting in a wider wake expansion as if only considering the mean
velocity. The findings show the importance of considering non-Gaussian distributions
of velocity increments for wind farm control optimization. In the additional Paper XIV
the focus is on the far wake trajectory. The results of this paper show that the wake
deflection has an asymptotic behavior and the skew angle is almost zero in the far
wake.

The study on wind turbine wakes in yaw confirmed that intentional yaw misalign-
ment is an effective method to laterally deflect the wake and thus has large potential
for the power optimization of wind farms. However, the rotor blades of a yawed rotor
experience unsteady flow conditions in the course of one rotation which resulted in
increased loads on the yawed turbine. The same applies for turbines operating in a
partial wake of a yawed turbine. Consequently, loads have to be taken into account
when optimizing the wind farm control. A possibility for load reduction is yaw control of
the downstream turbine. By yawing the downstream turbine opposite to the upstream
turbine not only the loads can be reduced, but also the power can be increased.

3.2 Reference data for CFD validation

CFD simulations are a good technique to study rotor-wake interactions of wind turbines.
However, as mentioned in Section 1.1.5, CFD codes and the applied turbulence models
need to be validated with actual measurement data in order to determine their accuracy.
To help with the validation and the further development of CFD codes, selected results
of the experiments with the yawed turbines were compared to computational results
in Paper VII. Furthermore, the data sets were published so that they can be used as
reference data for the validation of new CFD simulations.
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3.2.1 Blind test comparison

In the Blind test series, which was initiated by NTNU in 2011, experimental data of
turbine performance and wake flow is compared to numerical predictions. In each Blind
test, specific test cases for turbine arrangement and operation in the wind tunnel are
defined and the turbine performance and wake properties are measured according to
the description of these test cases. All the information, which is needed to reconstruct
the test cases in a CFD domain, including boundary conditions as well as turbine and
wind tunnel geometry, are published in detail and institutions, which develop or work
with CFD simulations are invited to predict the test cases without knowing the results.
The blindly submitted numerical predictions are compared to the experimental results
to analyze the accuracy of the simulations and to identify sources for deviations among
the different techniques.

The first Blind test focused on a single turbine and modelers were asked to pre-
dict its performance as well as the mean streamwise velocity and turbulent kinetic
energy in the wake for distances from 1D to 5D behind the turbine. The Blind test
attracted eight different research groups who submitted simulations of various types
ranging from Reynolds-Averaged-Navier-Stokes (RANS) simulations to Large-eddy
simulations. The simulation results deviated significantly from the experimental results
as reported by Krogstad and Eriksen (2013). Whereas the spread in performance
around the experimental results were considerable, the predictions of wake turbulence
were scattered by several orders of magnitude. In the next Blind test a second turbine,
operating in the wake of the first turbine, was added to increase the test complexity.
The participants were asked to simulate the performance of both turbines with the
focus on the downstream turbine operating in the wake. Furthermore, the modelers
were asked to simulate the wake formed behind the downstream turbine. For this Blind
test nine predictions were submitted. The results reported by Pierella et al. (2014)
show a large spread in the performance of the downstream turbine and the predictions
of the wake properties varied significantly for the different simulations. In the third
Blind test the complexity was again increased by applying a lateral offset of half a rotor
diameter to the same turbine array as in Blind test 2. The results reported in Krogstad
et al. (2015) show an improvement in the performance predictions, which contained
only a small scatter around the experimental result. However, the simulations of the
asymmetric wake still contained large uncertainties in predicting turbulence. The
fourth Blind test focused on the influence of different inflow conditions. Therefore,
the wake behind a single turbine was investigated up to 9D behind the upstream
turbine for low-turbulent, high-turbulent and turbulent shear inflow. Furthermore, the
performance of an aligned turbine array was investigated. The five research groups,
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which submitted numerical results for this Blind test, managed to predict the perfor-
mance of the upstream turbine fairly well. However, the more complicated predictions
of the downstream turbine’s performance still contained a significant scatter. The
results presented by Bartl and Sætran (2017) show that the mean wake properties were
generally predicted well. Nevertheless, the turbulence predictions still showed a large
discrepancy between experimental and numerical results.

In the fifth Blind test, which is presented in Paper VII the performance and the
wake flow of two different single yawed turbines and a turbine array with a yawed
upstream turbine were compared in three test cases. In the first test case the modelers
were asked to predict power, thrust and yaw moments of the yawed NTNU turbine
LARS1 and the wake flow at 3D and 6D behind the turbine. For the second test case
the non-yawed NTNU turbine T2 was placed 3D behind the yawed turbine and the
power, thrust and yaw moments of the downstream turbine as well as the wake flow
3D behind the turbine were investigated. The third test case was similar to the first
test case. Only the NTNU turbine was replaced by the ForWind turbine, which has
a somewhat smaller rotor diameter and a different rotor design. The modelers were
asked to provide predictions for the streamwise and vertical velocity component as well
as the turbulent kinetic energy, at the defined downstream distances in full wake planes.
The numerical and experimental results were compared visually and also by applying
different statistical methods to get quantitative information about the deviations.

The Blind test attracted four institutions who submitted results for the three
test cases. The predictions for the power, thrust and yaw moments show significant
deviations from the experimental results. The scatter was larger than observed in
previous Blind tests, suggesting that the simulations had problems with the increased
complexity of unsteady blade loading due to the yawed turbine operation. The
comparison of the wake flow generally showed very good agreement between the
experimental data and the numerical predictions. The general features such as the wake
shape and deflection were predicted well by all the simulations. Also the streamwise
velocity in the wake was predicted fairly accurate by all simulations. Even though it
is difficult to predict the flow in vertical direction because of its low magnitude, the
complex patterns of the vertical velocity component were accurately predicted by all
simulations in general. The same applies for the turbulent kinetic energy in the wake
behind the single turbine and the two-turbine array. Whereas previous Blind tests
showed that it is difficult to predict the wake turbulence, all simulations managed to
predict the turbulent kinetic energy accurately.

The results of this Blind test comparison confirmed the continuous improvement in
performance and wake flow predictions from Blind test 1 to Blind test 5. Furthermore,
they showed that the different simulation techniques were able to perform accurate
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Summary of main results

predictions, also for complex setups featuring highly unsteady flow in yawed and partial
wake operation.
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Chapter 4

Conclusions

The present PhD thesis investigated rotor-wake interactions and analyzed the potential
of different concepts for the optimization of wind farms. For this purpose, performance
and loads of model wind turbines as well as their wake characteristics were measured
in a number of experimental wind tunnel studies. In the scope of the thesis, the wake
flows behind rotors of different number of blades, different rotational direction and
additional winglets on the wing tips were investigated to investigate how the different
rotor designs could affect the wake characteristics and effects on turbines operated
in the wake. In the second part of the thesis, the wake behind a yawed turbine was
investigated for different inflow conditions and yaw angles. The potential of intentional
yaw misalignment for wind farm control optimization was thereafter analyzed for a
setup of two aligned and laterally offset turbines. The wake flow data was furthermore
used as reference data in a blind test experiment, to which numerical predictions were
compared and deficits in the CFD codes identified. The comparison of wakes behind a
2- and 3-bladed rotor of the same thrust loading showed a minor difference in the mean
streamwise velocity development. The peak levels of rotor-generated turbulence were,
however, observed to be lower for a three-bladed rotor in the near wake. In general, it
could be concluded, that the blade number of similar rotor designs did not noticeably
affect the wake flow and thus would not have any significantly influence the overall
wind farm power.

An investigation of a counter-rotating array of two turbines showed only a small
potential for power optimization. A slightly improved combined performance was
attributed to higher angles of attack on the counter-rotating downstream turbine.
Therefore, similar performance increases could be potentially obtained by downstream
turbine pitch control.
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Conclusions

An attachment of optimized winglets on the blade tips of a two-bladed rotor could
raise the power coefficient CP by 8.9%, while the thrust coefficient CT was observed to
increase only moderately by 7.4% at the same time. Moreover, an analysis of the wake
behind a wingletted rotor showed a significant influence on the tip region, while the
energy content in the wake was almost identical for the two rotor concepts. The total
kinetic energy was found to be initially higher in the tip region, when winglets were
attached to the rotor tips. An analysis of the phase-averaged vorticity in the tip region
disclosed an earlier interaction of the tip vortices behind the wingletted rotor. The
vortex pairing caused an earlier expansion of the shear layer in the tip region, leading
to a slightly faster wake recovery.

The second part of this thesis, confirmed that intentional yaw misalignment of a
turbine laterally deflects the wake downstream of the rotor due to a lateral component
of the thrust vector. Furthermore, it was shown that the level of inflow turbulence
affected the curled shape and also the overall deflection of the wake. Moreover, the
wake shape was found to be significantly asymmetric for positive and negative yaw
angles of the upstream rotor. By steering the wake away from a downstream turbine
the performance of a turbine array could be increased by up to 11%. However, the
yaw moments acting on the yawed turbine and the downstream turbine operating in
a partial wake were observed to increase, which emphasized the importance of also
considering loads when applying yaw control for the power optimization of wind farms.
A possibility to reduce loads with yaw control was demonstrated to be an opposite
yawing of the downstream turbine operated in a partial wake. This strategy was
found to decrease loads on the downstream turbine while the total power output was
slightly increased. In conclusion, the study showed a large potential of intentional yaw
misalignment for optimizing wind farm control.

A comparison of numerical predictions to experimental reference data in the Blind
test confirmed the ability of Large-Eddy based CFD codes to predict mean velocities
and turbulent kinetic energy levels in the wake accurately.

Future work

As highlighted above, yaw control was seen to be a very promising method for the
power optimization of wind farms. For this reason, it is recommended that further
research should focus on this topic. As accurate numerical predictions were obtained in
the Blind test experiment, further quantities could be extracted from these simulations.
An investigation of the detailed rotor loads acting on a turbine in different yaw
configurations is recommended. Furthermore, the loads acting on a downstream
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turbine operated in a partial wake are deemed to be crucial to be assessed for a holistic
optimization of a yaw-controlled wind farm.

Furthermore, the effects of winglets on the individual blade loads could be inves-
tigated in more detail. It is expected that the loads in the blade tip region rise and
consequently increase the blade root bending moments. This is of importance for an
optimization process of a rotor, in which a trade-off between power gains and increased
structural loads must be achieved.
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Appendix A

Technical drawings
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Appendix A

Figure A.1: Technical drawing of NTNU model wind turbine T1.
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Figure A.2: Technical drawing of NTNU model wind turbine T2.
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Appendix A

Figure A.3: Technical drawing of NTNU model wind turbine LARS1.
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