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Abstract
The increased fatigue loads and decreased power output of a wind turbine
placed in the wake of another turbine is a well-known problem when building
new wind-power farms and a subject of intensive research. These problems
are caused by the velocity gradients and high turbulence levels present in the
wake of a turbine. In order to better estimate the total power output and life
time of a wind-power farm, knowledge about the development and stability of
wind-turbine wakes is crucial.

In the present thesis, the flow field around small-scale model wind turbines
has been investigated experimentally in two wind tunnels. The flow velocity
was measured with both hot-wire anemometry and particle image velocimetry.
To monitor the turbine performance, the rotational frequency, the power output
and the total drag force on the turbine were also measured. The power and
thrust coefficients for different tip-speed ratios were calculated and compared
to the blade element momentum method, with a reasonable agreement. The
same method was also used to design and manufacture new turbine blades,
which gave an estimate of the distribution of the lift and drag forces along the
blades.

The influence of the inlet conditions on the turbine and the wake properties
was studied by subjecting the turbine to both uniform inflow and different types
of boundary layer inflows. In order to study the stability and development of
the tip vortices shed from the turbine blades, a new experimental setup for
phase-locked measurements was constructed. The setup made it possible to
introduce perturbations of different frequencies and amplitudes, located in the
rear part of the nacelle. With a newly developed method, it was possible to
characterize the vortices and follow their development downstream, using only
the streamwise velocity component.

Measurements were also performed on porous discs placed in different con-
figurations. The results highlighted the importance of turbine spacings. Both
the measurements on the turbine and the discs were also used to compare
with large eddy simulations using the actuator disc method. The simulations
managed to predict the mean velocity fairly well in both cases, while larger
discrepancies were seen in the turbulence intensity.

Keywords: wind power, wind-turbine model, wind tunnel, porous disc, hot-wire
anemometry, particle image velocimetry, blade element momentum method,
large eddy simulations, actuator disc method
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Sammanfattning
De ökade lasterna och den minskade produktionen för ett vindkraftverk som
st̊ar i vaken av ett annat vindkraftverk är ett välkänt problem vid byggandet av
nya vindkraftsparker och ett omr̊ade där det bedrivs intensiv forskning. Prob-
lemen orsakas av den lägre vindhastigheten och de högre turbulensniv̊aerna
som finns i vaken jämfört med den orörda friströmmen. För att bättre kunna
uppskatta den totala produktionen och livslängden för en vindkraftspark är det
viktigt med utökad kunskap gällande utvecklingen och stabiliteten hos vakar
bakom vindkraftverk.

I den aktuella doktorsavhandlingen har strömningen runt sm̊askaliga vind-
turbinmodeller undersökts experimentellt i tv̊a olika vindtunnlar. Flödeshastig-
heten mättes med b̊ade varmtr̊adsanemometri och particle image velocimetry.
För att kontrollera turbinens driftpunkt mättes även varvtalet, produktion-
en och motst̊andet p̊a turbinmodellen. Detta gjordes för olika förh̊allanden
mellan inkommande hastighet och bladens rotationshastighet och resultaten
jämfördes sedan med beräkningar med blade element momentum metoden,
vilket gav en bra överensstämmelse. Metoden användes även för att utforma
och tillverka nya turbinblad, vilket gav en uppfattning om distributionen av
lyft- och motst̊andskrafter längs bladen.

Betydelsen av inloppsvillkoren för turbinen och vakens karaktäristik stud-
erades genom att utsätta turbinmodellen för b̊ade ett uniformt inflöde och
olika typer av gränsskikt. En ny experimentell uppställning konstruerades för
att kunna utföra fas-l̊asta mätningar och studera spetsvirvlarnas stabilitet och
utveckling. Uppställningen gjorde det möjligt att introducera störningar med
olika frekvens och amplitud i anslutningen till nacellen. Med en nyutvecklad
metod baserad p̊a enbart hastighetskomponenten i strömningsriktningen kunde
spetsvirvlarna karaktäriseras och deras utveckling följas nedströms.

Mätningar utfördes ocks̊a p̊a porösa diskar placerade i olika konfigura-
tioner. Resultaten belyste betydelsen av avst̊anden mellan turbiner. B̊ade
mätningarna p̊a turbinmodellen och diskarna jämfördes även med large eddy
simulations med hjälp av actuator disc metoden. Simuleringarna predikterade
medelhastigheten i vaken relativt bra i b̊ada fallen, medan skillnaderna var
större gällande turbulensintensiteten.
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Preface

This doctoral thesis within fluid mechanics deals with wake flow behind wind
turbines, with special emphasis on the effects of different types of boundary
layers and periodic disturbances in the form of pulsating jets. The flow case
was mainly studied experimentally in wind tunnels by using small-scale model
wind turbines and porous discs, but also computations using the blade element
momentum method and large eddy simulations have been carried out. The
thesis is divided into two parts, where the first part consists of an introduction
to the topic and a description of the measurements and the experimental setup.
The second part consists of eight papers. In chapter 5 of the first part, the
authors’ contributions to the papers are stated.

March 2014, Stockholm

Ylva Odemark
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Part I

Overview and summary





CHAPTER 1

Introduction

1.1. Background

There is an ever increasing demand for energy. The world’s resources are
limited, and the need for renewable energy sources are evident for creating a
sustainable society. Wind energy is currently a fast growing source of renewable
energy, as can be seen in Fig. 1.1, where the installed capacity as a function of
time is shown. The solid line represents an exponential fit, y = 0.1 · e0.2(x−x0),
showing an estimate of the rapid growth of the installed capacity in Sweden. y
is the installed capacity, x is the year and x0 is the first year shown (1996). In
order to reduce the cost per produced kWh, is is common to gather wind-power
plants together in wind-power farms. When building wind-power farms, the key
parameter to optimize is the total production of the farm as a whole. This is
a quite difficult problem, and it is not obvious that maximum energy should
be extracted from the first turbine, i. e. the turbine that sees the undisturbed
wind. The placement of the turbines inside farms is a complex problem with
many parameters; the wind conditions on the specific site has to be considered
(wind speed, wind directions and turbulence levels), but also the loadings on
the individual turbines, maintenance costs and the cost for building the farm.
The production losses and additional loads on turbines placed in the wake of
another turbine is a well-known problem when building new wind-power farms,
and a subject of intensive research.

The research within the aerodynamics of wind energy mainly consists of nu-
merical simulations, field measurements and wind-tunnel measurements. The
numerical simulations constitute an important tool in the design of new wind
farms. These simulations can be quite simple and fast, or more advanced, which
in general means that they require more computer resources. A simulation of
a farm where the flow is completely resolved everywhere is not possible today,
and the flow and the turbines need to be modelled in some way. In order
for a model to give reliable results for different types of cases with different
boundary conditions, it needs to model, or at least describe, the physics of the
problem in an adequate way. There is a need for these models to be validated,
which can be done with either controlled laboratory experiments or with field
measurements. To the current date there is only a limited amount of idealized,
controlled studies available for comparison with the numerical models. There is
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2 1. INTRODUCTION

a need for more measurements for comparison, which will also help to enhance
the understanding of the physics of wind-turbine wakes, which is crucial when
developing new or better models.
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Figure 1.1. Installed capacity of wind energy 1996-2012, in
the world (grey) and in Sweden (blue), together with an ex-
ponential fit, where y is the installed capacity in Sweden, x is
the year and x0 = 1996. Data from the Global Wind Energy
Council (2013) and the Swedish Energy Agency (2013).

1.2. The history of wind energy

People have been harnessing the energy of the wind for a long time. There are
records of sailing boats driven by the wind along the Nile river as early as 5000
B.C. and by 200 B.C. windmills were pumping water in China and vertical-
axis windmills were grinding grain in Persia and the Middle East. The use of
windmills reached Europe in the end of the 12th century. The industrialization
meant the beginning of the end for the water-pumping and grinding windmills,
as they were now replaced by steam engines. However, the industrialization
also facilitated the development of windmills that generated electricity, now
commonly called wind turbines. The first wind turbines generating electricity
started to appear around 1887-1890. It would however take almost 100 years
before the first wind farm was built. Although the number of wind turbines
was increasing, it was not until 1970-1980 that the interest in wind power really
grew. The oil crisis, the nuclear accidents in Harrisburg and Tjernobyl and the
general discussion about the earths limited resources pushed the development
of other energy sources forward. This was more enhanced after 1990, when
researchers started highlighting the connection between fossil fuels and the
greenhouse effect.

The first investments in wind power in Sweden were done around 1980.
Today, there are numerous wind turbines, ranging from small-scale models
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to privately owned medium size turbines to large scale facilities, see Fig. 1.2.
Sources: US Department of Energy (2013), Iowa Energy Center (2013), Wiz-
elius (2002).

(a)! (b)! (c)!

Diameter 0.23 m! Diameter     7 m ! Diameter     40 m !∼ ∼
Figure 1.2. Examples of wind turbines of different sizes. (a)
Model turbine for wind-tunnel experiments. (b) Private tur-

bine outside Örnsköldsvik, Sweden. (c) Commercial turbine
at Gotland, Sweden.



CHAPTER 2

Wakes behind wind turbines

2.1. Basic features of wakes behind wind turbines

The wake behind a wind turbine can be divided into the near wake region and
the far wake region (Vermeer et al. 2003). The near wake is strongly affected
by the rotor shape, the number of blades and blade aerodynamics (attached
or stalled flows) (Hu et al. 2012). A prominent feature of the near wake is the
helical system of tip vortices, which are shed from the blades. These vortices
have been found to significantly affect the turbulent flow structures in the wake
(Hu et al. 2012) and they also have a strong influence on the behaviour of the
wind-turbine rotor as a whole (Vermeer et al. 2003). The vortices have also
been found to be a source of noise generation (Massouh & Dobrev 2007; Wagner
et al. 1996). The far wake is the part of the wake where the actual rotor shape
is less important.

When studying a single wind-turbine wake, some of the interesting prop-
erties include the wake expansion, defined by the tip-vortex path, vortex spiral
twist angle and vortex strength. For wind-power farms, the stability of the
wakes is also very important, since the velocity deficit has a direct influence
on the power output from the subsequent turbine, and because the increased
turbulence levels in the wake cause increased loadings for the next turbine.
The yaw angle (angle between the rotor plane and the incoming wind, where
a 90 degree angle corresponds to zero yaw) also has a strong effect on the tur-
bine performance. In a wind-tunnel experiment, Krogstad & Adaramola (2012)
showed that a yaw angle larger than 10◦ decreased the power output signifi-
cantly. Similar results were also shown in a wind-tunnel study by Medici (2005),
where CP decreased by 4% for a yaw angle of 10◦ and with 21% for a yaw angle
of 20◦. Since wind turbines have grown significantly in size over the last years,
the assumption of a constant wind may no longer be valid. Hence, there is
an increasing need for simulation models to include the unsteady aerodynamic
loads and the aeroelastic response of the wind-turbine structures (Hansen et al.
2006). There are a number of different models used today, ranging from fast
and simple blade element momentum methods to computational fluid dynamics
(Sørensen 2011).

Numerical models need to be validated by experiments, both from wind
tunnels and from field measurements. The main advantage of wind-tunnel
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2.1. BASIC FEATURES OF WAKES BEHIND WIND TURBINES 5

experiments (as opposed to field measurements) is the controlled conditions.
There is the possibility to control both the temperature, the incoming velocity
profile and the turbulence intensity. A number of different parameter studies
can thus be made. It is however usually hard to model the stratification of
the atmospheric boundary layer (stable/unstable conditions). The main draw-
back with wind-tunnel measurements is the much lower Reynolds numbers as
compared to a real turbine or farm. The Reynolds number is defined as:

Re =
U∞D
ν

, (2.1)

where U∞ is the incoming free stream velocity, D is the rotor diameter and ν
is the kinematic viscosity. The Reynolds number dependence for a wind-tunnel
experiment was investigated by Chamorro et al. (2012). The results suggested
that the main flow statistics become Reynolds number independent starting
at Re ≈ 105. Many experiments are however performed at a lower Reynolds
number, often due to experimental limitations. Stronger Reynolds number
dependence was also observed in the near wake, where the flow is strongly
affected by the aerodynamics of the turbine blades.

For wind turbines, also the chord Reynolds number Rec is of importance,
which is based on the relative velocity Urel and the chord length c:

Rec =
Urelc

ν
. (2.2)

Urel is the actual incoming velocity on a section of the blade, which depends
on both the free-stream velocity and the rotation of the blade. A typical
example of a real wind turbine, with a free-stream velocity of about 10 m/s,
a rotor diameter of 100 m and a viscosity of ν=1.5 ·10−5 m2·s−1, would give
a Reynolds number of 66 ·106. For the present work, the model turbine that
was mostly used has a diameter of 0.178 m, and the free stream velocity was
varied between 6.0 and 11.5 m/s. This gives a Reynolds number between
71000 and 140000, where the actual size of the model was about 500 times
smaller than in reality. The chord Reynolds number Rec is also smaller in wind-
tunnel experiments, as compared to real turbines. For a typical wind-power
turbine in operation, Rec ∼ 105, and in the present experiments 1.4 · 104 <
Rec < 4.2 · 104. The chord Reynolds number has previously been found to
have a significant effect on the characteristics of wind-turbine performance
(Alfredsson et al. 1982) and the maximum power coefficient is also lower for
a turbine operating at lower Reynolds numbers. However, the behaviour of
the vortex structures and turbulent flow structures are less dependent of the
chord Reynolds number (Medici & Alfredsson 2006). Despite a difference in
Reynolds number, parameter studies and validations with computations can
therefore still be made. Some typical Reynolds numbers, free-stream velocities,
diameters and tip-speed ratios are summarized in Tab. 1. The tip-speed ratio
λ is defined as the speed of the tip of the blade divided by the free-stream
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velocity:

λ =
ωR

U∞
, (2.3)

where ω is the angular velocity of the blade and R is the rotor radius.

Re Rec U∞ [m/s] D [m] λ

Field 107 - 108 106 - 107 6 - 12 80 - 100 6 - 8
Exp. 105 1.4 · 104 - 4.2 · 104 6.0 - 11.5 0.178 - 0.226 3.5 - 5

Table 1. Comparison between typical Reynolds number Re,
chord Reynolds number Rec, free stream velocity U∞, tur-
bine diameter D and tip-speed ratio λ for a real wind turbine
(Field) and the present experimental models (Exp.).

Another important factor which has gained attention recently is the influ-
ence of the atmospheric boundary layer. Experiments with model wind turbines
placed in an atmospheric boundary layer flow has been performed by for exam-
ple Chamorro & Porté-Agel (2009) and Zhang et al. (2012), where it was shown
that the wake had a non-axisymmetric distribution of both the mean velocity
and the turbulence intensity. Zhang et al. (2013) also performed a comparative
wind-tunnel study between a neutral and convective boundary layer, which
showed the potential importance of taking thermal stability into account in
the wind-farm design process. Chamorro & Porté-Agel (2010) compared tur-
bulence statistics in the wake of a model turbine, with a neutral boundary-layer
inflow and stably stratified conditions. In the stable case, the stronger shear
led to a slightly greater turbulence intensity above hub height, and a larger
region of enhanced turbulence intensity.

The evolution and stability of the tip vortices have been studied both
experimentally (see e. g. Grant et al. (2000), Grant & Parkin (2000), Yang
et al. (2012), Sherry et al. (2013)) and numerically (see e. g. Okulov & Sørensen
(2007), Walther et al. (2007)). In a numerical study by Ivanell et al. (2010),
the stability was investigated by introducing a harmonic disturbance to the
flow, and disturbance growth was detected for some specific frequencies and
types of modes. However, very few attempts have been made to do the same
experimentally.

2.2. Comparison between turbines and discs

In numerical studies, turbines are often modelled as porous discs with a certain
drag distribution. Experimentally, this can be achieved by substituting a rotor
with a perforated plate. The rotor can thus be seen as a permeable disc, and
as the tip-speed ratio increases, the rotor acts more like a solid disc. Due to
viscosity, the flow around a solid disc separates at the edge of the disc, causing a
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low static pressure in the wake. In order to achieve atmospheric pressure in the
far wake, the air must gain energy from the turbulent mixing processes in the
wake. There is a stagnation point at the centre of the disc, and thus very high
pressure in front of the disc, causing a high pressure drag. The drag coefficient
for a solid plate is 1.17 at sufficiently high Reynolds numbers (Hoerner 1965).
For a rotating disc (a rotor with an axial induction factor of 1), the drag is
even higher (Burton et al. 2001). The reason is the thicker rotating boundary
layer created on the upstream surface of the disc, which causes an even lower
pressure on the downstream side.

Small-scale model turbines get a higher chord-to-radius-ratio c/R as com-
pared to a full-scale turbine. This is an effect of trying to increase the Reynolds
number and can be seen clearly when designing a turbine blade according to
the blade element momentum (BEM) method, which is done in paper 8 of the
present thesis. The longer chord gives the small models a higher solidity than
larger turbines, which together with a higher angular velocity also make them
behave more as porous (or solid) discs. A disc with high enough porosity does
not experience vortex shedding, whereas a solid disc does. The solidity of many
turbine models do indeed become large enough to give rise to vortex shedding
(see e. g. Medici & Alfredsson (2006) and Medici & Alfredsson (2008)), which
is a feature that has not yet been seen in the wakes of large-scale turbines. For
a porous disc, the shedding depends on the solidity. Cannon et al. (1993) did
visualizations of the flow behind porous discs with 50%, 60% and 85% solidity
and for a solid disc. The shedding was very clear for the disc and the 85% case.

Only one of the two turbine models used in the present study gave rise
to vortex shedding. Treating this model as a disc gives a Reynolds number
based on the turbine diameter and the free stream velocity of 104 − 105. The
shedding frequency f at U∞=6.5 m/s was 6 Hz, which gives a Strouhal number
(St = fD/U∞) of 0.16, which is in accordance with that of a disc. Miau et al.
(1997) measured the shedding frequency behind discs at Re between 103 and
105. The Strouhal number was found to be rather constant around 0.14 and
slightly increasing with Re. It was concluded that the anti-phase characteristics
of positions located 180◦ apart was preserved, but that the shedding also had
a random nature.

For the perforated plate, the interaction between the separated shear layers
is disturbed by the flow through the disc, causing a delayed formation of vortices
and an increased pressure behind the plate. This gives the perforated plate a
lower drag and a higher Strouhal number as compared to the solid disc, as
shown by Castro (1971) for perforated plates of varying porosity at Re ∼ 104.
The drag force naturally increase with an increasing solidity.

Another interesting phenomenon present in wind-turbine wakes is a highly
unsteady flow characterized by random horizontal oscillations (España et al.
(2011), Larsen et al. (2008)). This wake meandering is reported to be due to
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large turbulent structures existing in the atmospheric boundary layer (ABL),
with length scales larger than the wake width. España et al. (2011) compared
porous discs placed in an atmospheric boundary layer as well as in conditions of
homogeneous isotropic turbulence and found meandering in the first case, but
not in the latter where the size of the largest scales were considerably smaller.
The horizontal displacements of the wake were also found to be larger than the
vertical ones in the ABL case.

A comparison of the mean streamwise velocity behind a disc and two dif-
ferent small-scale turbine models is shown if Fig. 2.1 for downstream distances
of 1, 2, 4 and 6 disc/rotor diameters downstream of the disc/turbines. The
figure shows the velocity at hub height, across the disc/rotor in the spanwise
direction y. All of the data comes from wind-tunnel measurements within the
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Figure 2.1. Comparison between the mean streamwise veloc-
ity behind a disc and two different small-scale model turbines.
The data is from wind-tunnel measurements and show the ve-
locity across the spanwise direction at hub height. (a), (b),
(c) and (d) show results for 1, 2, 4 and 6 disc/rotor diameters
downstream, respectively.
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present thesis and has been scaled with the incoming velocity at hub height,
Uhub, and the disc/rotor diameter D. It should be noted that the thrust co-
efficients differed between the three cases: the thrust coefficient for the disc
was 0.87, for the first turbine 0.89 and for the second turbine 0.77. In order
to do a more correct comparison, the thrust coefficients should be matched
between the cases. Two main conclusions can however still be drawn from the
figure. Firstly, the wakes behind the two different turbine models are not very
similar. The wake behind turbine 1 is wider and recovers more quickly than
the wake behind turbine number 2. This shows the model dependency of this
type of experiment, where turbine 1 and 2 had different turbine blades but
were similar in other aspects. Secondly, the velocity deficit behind the disc is
somewhat similar to the velocity deficit behind the turbines, in particular with
turbine 1, which had approximately the same thrust coefficient as the disc. The
agreement does however not improve with downstream distance, and at six di-
ameters downstream, the velocity behind turbine 1 is much higher than for the
disc. According to commonly used theory, the wake behind a disc should match
the turbine wake far downstream. In the near wake, agreement between discs
and turbines can not be expected, since the turbine flow is highly influenced
by the rotor aerodynamics.

Another example of the difference between the wakes behind a turbine and
a disc can be seen in Fig. 2.2, where streamwise turbulence intensity profiles
in the vertical direction z are shown. Fig. 2.2a shows data behind a disc and
Fig. 2.2b shows data behind a turbine. The ground (wind-tunnel floor) is
located at z/D=-1 for the disc and z/D=-1.2 for the turbine.The downstream
development of urms differs significantly between the two cases, in particular
around the upper edge of the disc/turbine (z/D ≈ 0.5). At this location, the
disc wake shows a peak in urms at x = 1D. After this position, the turbulence
intensity decreases. For the turbine on the other hand, an increase in urms is
seen in the near wake, and the highest values of urms can be found at 4D. This
phenomenon is currently under investigation, and may be related to the vortex
induced instabilities of the turbine wake.

In summary, the use of small-scale models for wind-turbine research is far
from fully developed, and also the use of porous discs for modelling the wake
flow behind turbines requires additional investigation.
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centre of the wake (y=0). The dashed lines show the extent of
the disc/turbine rotor.



CHAPTER 3

Experimental design and setup

3.1. Wind tunnels

Two wind tunnels were used in the present thesis: the Minimum Turbulence
Level (MTL) wind tunnel located at the Royal Institute of Technology (KTH)
in Stockholm and the atmospheric wind tunnel located at the University of
Gävle. The MTL tunnel is used in papers 1, 2, 4 and 5. The Gävle wind
tunnel is used in papers 3 and 6.

3.1.1. MTL wind tunnel

This wind tunnel has a 7 m long test section with a cross sectional area of
1.2 × 0.8 m2 (width × height). It is a closed circuit tunnel with a cooling
system that can keep the temperature within ±0.05 ◦C. The tunnel is driven
by a 85 kW axial fan and can run up to 70 m/s. The height of the ceiling
can be adjusted to ensure zero pressure gradient along the test section. Due
to specially designed guiding vanes, 5 screens, a honeycomb and a contraction
ratio of 9:1, the turbulence intensity in the test section can be kept very low.
For the present experiments, which were performed with a free-stream velocity
between 6 and 11 m/s, the streamwise turbulence intensity was 0.05%. This
was based on two profiles (one horizontal and one vertical) at the beginning of
the test section. The signals were filtered using a highpass filter with a cut-off
frequency based on the free stream velocity and a characteristic length scale of
2 m (width + height of the cross section of the tunnel), (Lindgren & Johansson
2002). The inlet profiles in the vertical and horizontal directions can be seen
in Fig. 3.1, where z is the vertical coordinate, y is the spanwise coordinate,
D is the diameter of the used wind-turbine model, U is the mean streamwise
velocity and U∞ is the free-stream velocity. A sketch of the wind tunnel is
shown in Fig. 3.2.

3.1.2. Atmospheric wind tunnel at the University of Gävle

This wind tunnel has a 11 m long test section with a cross-sectional area of
3.0 × 1.5 m2 (width × height). It is a closed loop tunnel with a maximum
velocity of 22 m/s. The contraction ratio is 3:1 and the tunnel is driven by a
45 kW motor connected to two fans placed in the return circuit. The tunnel is
equipped with guiding vanes and honeycombs to improve the flow quality. The

11
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Figure 3.1. The inlet profiles in the MTL wind tunnel in the
vertical (a) and horizontal (b) directions.

Figure 3.2. Schematic sketch of the MTL wind tunnel.

streamwise turbulence intensity in the centre of the cross section was 0.6% at a
free stream velocity of 8 m/s. A sketch of the wind tunnel is shown in Fig. 3.3.
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Figure 3.3. Schematic sketch of the atmospheric wind tunnel
at the University of Gävle.

3.2. Measurement techniques

3.2.1. Hot-wire anemometry

Hot-wire anemometry is a technique for measuring fluid velocity, based on the
heat transfer from a thin, heated wire to the surrounding fluid. In this study,
Constant Temperature Anemometry (CTA) was used, where the temperature
of the wire is kept constant and the wire is one arm of a Wheatstone bridge.
When the velocity changes, the cooling of the wire and hence also its resistance
changes, causing the bridge to get out of balance. In order to get the bridge
in balance again, the current through it will change, and the changed voltage
can be measured. The relationship between velocity and voltage can be de-
scribed by different calibration functions. In this study, the modified King’s
law (Johansson & Alfredsson 1982) was used:

U = k1(E2 − E2
0)1/n + k2(E − E0)1/2 , (3.1)

where U is the fluid velocity, E is the measured voltage, E0 is the voltage
at zero velocity, and k1, k2 and n are calibration constants. In this study,
the velocity U was measured with a Prandtl tube. A typical curve with the
velocity as a function of voltage can be seen in Fig. 3.4. The hot-wire probes
used were self-manufactured and had a platinum wire with a diameter of 5
µm and a length of 1 mm. The sampling frequency was 10 kHz. One of the
hot-wire probes can be seen in Fig. 3.4. The major advantage with hot-wire
anemometry is the high resolution that can be achieved in both time and space.
The major disadvantages are that it can not sense the direction of the flow and
that it measures several velocity components, which makes it a less suitable
method if these components are of the same order of magnitude. It is also a
one point measurement technique, using a probe inserted into the flow, which
may disturb the measurements.

In paper 3, also a hot-film probe was used. This probe had a larger sensor
diameter and a different calibration procedure was used, where a polynomial
fit was made instead of the modified King’s law.
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Figure 3.4. An in-house made hot-wire probe (a) and a typ-
ical velocity versus voltage curve (b).

3.2.2. Particle image velocimetry

In particle image velocimetry (PIV), tracer particles are added to the flow
and these are then illuminated by means of a laser sheet. The displacement
of the particle images can then be determined with different post-processing
algorithms, based on the displacement corresponding to the highest particle
correlation between two images. The tracer particles are assumed to follow
the flow, so that the displacement of a number of particles correspond to the
fluid velocity in that region. The main advantages of PIV are that it is a
non-intrusive method (no probe has to be inserted into the flow) and that the
velocity in a whole field can be captured simultaneously, making it possible to
study turbulent structures in the flow. The spatial and temporal resolution is
on the other hand often lower than for hot-wire anemometry.

3.2.3. Measurements on the turbine models

The dimensionless power (CP ) and thrust coefficients (CT ) are defined accord-
ing to:

CP =
P

0.5ρU3∞Arotor
, CT =

T

0.5ρU2∞Arotor
, (3.2)

where P is the power output from the turbine, T is the thrust force, ρ is the air
density and Arotor = πD2/4 is the rotor swept area. In order to get the thrust
and power coefficients of the turbine model, the thrust T on the model, the
rotational frequency f and the current I from the generator were measured.
The thrust was measured with a strain gauge attached to the support of the
model. The deformation of the strain gauge changes its resistance, and the
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output voltage has a linear relation to the force applied, as can be seen in
the calibration curve in Fig. 3.5. The turbine was connected to a 24 V DC
generator, which in turn was connected to 23 diods. A circuit scheme can
be seen in Fig. 3.6a. The setup made it possible to apply different breaking
torques, and hence change the rotational frequency of the model and obtain
different tip-speed ratios λ. As a result, the voltage over the generator changes
when the resistance is varied. By measuring the voltage over a known resistance
(1.66 Ω) in the circuit, the current can be calculated. The power P was then
calculated as torque times angular frequency (P = M · ω), where the torque
can be obtained from the current as:

M = k3 · I + k4 . (3.3)

Here, k3 and k4 are calibration constants. The power could also be calculated by
P = I2·Rc (where Rc is the resistance), but by instead calibrating the generator
and get the torque from the current, losses in the generator and internal friction
are taken into account. In order to reduce the sampling time, a low pass filter
was applied on the signal from the generator, with a cut-off frequency of 0.3 Hz
(fcut−off = 1/(2πRrC)). Here, Rr is the resistance of the resistors and C is
the capacitance of the capacitor, as can be seen in Fig. 3.6b. The rotational
frequency was measured in one of the following two ways: 1) By means of a
laser emitter and receiver, where the receiver gave a pulse signal when the laser
was cut by the passage of a turbine blade. 2) By a photomicrosensor attached
under the nacelle, which gave a pulse at the passage of a pre-marked blade.
The main difference between the two methods was that method number 2 gave
a pulse at the passage of one specific blade, while method 1 gave a pulse at
the passage of any blade. Method 2 constituted an advantage when performing
phase-locked measurements on the tip vortices, since these turned out to differ
slightly depending on which blade they originated from.

By measuring the thrust, rotational frequency and current from the gener-
ator multiple times, it was concluded that the average variation was 0.4% for
the thrust, 1.1% for the rotational frequency and 0.7% for the current. Curves
over power and thrust coefficients as functions of tip-speed ratio can be seen
in Fig. 3.7. The levels and overall development of the curves are in agreement
with other small-scale models (Cal et al. 2010; Adaramola & Krogstad 2011;
Zhang et al. 2012). Also the optimal tip-speed ratio is in accordance with these
previous studies. Small-scale experiments typically operate at a lower tip-speed
ratio, with a lower power coefficient and a higher thrust, as compared to full
scale turbines.



16 3. EXPERIMENTAL DESIGN AND SETUP

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
T

h
ru

st
 [

N
]

Voltage [V]

Figure 3.5. Calibration curve for the strain gauge used to
measure the total thrust force T on the model.
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Figure 3.6. (a) Electrical circuit for the generator. A vari-
able number of diods (between 0 and 23) can be connected
to the circuit (here illustrated by the dashed lines), making it
possible to apply different breaking torques and therefore also
different tip-speed ratios. (b) Electrical circuit for the RC-
filter used for the signal from the generator. The resistances
were Rr=50 kΩ and the capacitance was C=10 µF.
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Figure 3.7. (a) Power and (b) thrust coefficients as functions
of tip-speed ratio for two different free stream velocities. Data
from turbine model 2.

3.2.4. Phase-locking

In paper 1 and 2, periodic disturbances were introduced into the flow and
the hot-wire measurements were phase-locked. In paper 1, the triggering was
based on three signals: the passage of one of the blades, the added disturbance
frequency and the vortex shedding around the model. The voltage outputs
from these three signals were added, and the measurements were triggered on
this sum according to:

Vtrigger level = Vblade passage + Vdisturbance + Vvortex shedding . (3.4)

The signals were added using an in-house made non-inverting adder, which was
constructed according to the circuit scheme in Fig. 3.8. For more details, see
paper 1. In paper 2, a different turbine model was used, which did not generate
any vortex shedding. In these experiments, the triggering was therefore based
on only the blade passage frequency and the disturbance frequency.

+!
－!

R1 R2 

Vout Vin,1 

Vin,3 

Vin,2 

Figure 3.8. Circuit scheme for the non-inverting adder used
for creating the triggering signal.
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3.3. Turbine models

3.3.1. Turbine model 1

Turbine model 1 was used in papers 1, 4 and 5. The same model was previously
used by Medici (2005). It is a three-bladed wind-turbine model that can be
seen in Fig. 3.9. The model diameter was 0.178 m, and the solidity was 20.9%.
The area blockage ratio (area of the rotor divided by the cross sectional area
of the MTL wind tunnel) was 0.026. The tip-speed ratio was changed by
applying different electrical loads to the generator. The rotational frequency
was changed from 200 to 3000 rpm, corresponding to a change in tip-speed
ratio from 0.3 to 4.6. The optimal pitch angle was found to be 12◦, for which
the maximum power output was reached for a tip-speed ratio around 3.

0.089 m!

0.22 m!

strain gauge!

Figure 3.9. Wind-turbine model 1. Three different supports
were tested (see Tab. 1), of which this is support 1.

The blades consisted of non-twisted cambered plates with the airfoil profile
Göttingen 417a. To check the model airfoil and compare it to the theoretical
profile, gypsum casts were made at three different radial positions along the
blade. The casts were then photographed and the profile was calculated based
on the darkness of each pixel. Photographs of a blade and the cast can be
seen in Fig. 3.10. The Göttingen 417a profile coordinates from the literature
(Selig et al. 1989) together with the measured ones are shown in Fig. 3.11.
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An interpolation was made from the three profiles to construct the full 3D
geometry of the blade, which can be seen in Fig. 3.12. The power output of
this model was fairly insensitive to the pitch angle of the blade, indicating that
the flow is probably separated on a large part of the blade.

13 mm

(a)! (b)!

13 mm!

Figure 3.10. Photographs of a model blade (a) and the gyp-
sum cast showing the profile (b). The diameter of model 1 was
0.178 m and the length of the blade was 0.077 m.
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Figure 3.11. Blade profile of the airfoil Göttingen 417a. The
figure shows the theoretical profile with data from Selig et al.
(1989), together with the experimentally measured profile.
The coordinates are scaled with the chord length c.
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Figure 3.12. Drawing of one of the blades for model 1 (profile
Göttingen 417a). The axes are in mm.

For model 1, measurements were done with three different supports, in
order to see the effects of the support height and thickness. The three supports
used are summarized in Tab. 1. Note that support 2 and 3 placed the model
approximately in the centre of the cross section of the MTL wind tunnel, which
has a height of 0.8 m. For support 3, which was thin in order to reduce the
influence of the support on the wake, the model had to be supported by two
steel wires. The mean streamwise velocity in the vertical direction can be
seen in Fig. 3.13 for the three different supports. The location is 4 diameters
downstream of the model.

Support number height [m] minimum diameter [mm] maximum diameter [mm]

1 0.22 5 10
2 0.37 9 11
3 0.37 5 5

Table 1. Heights and diameters of the three different sup-
ports that were tested.
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Figure 3.13. Vertical profiles of mean streamwise velocity
for the three different supports at four rotor diameters down-
stream of the model, x/D=4. Here, z=0 corresponds to hub
height for support 2 and 3.

3.3.2. Turbine model 2

Turbine model 2 was used in papers 2, 3, 5 and 7. It had the same generator
as model 1, with support number 2. The difference was that new blades were
constructed using the Blade Element Momentum (BEM) method. These blades
had the airfoil profile SD7003, with a pitch angle of 3.3◦ and a total twist
from root to tip of 31◦. The twist is here defined as being zero at the tip.
A photograph of one of the blades can be seen in Fig. 3.14. The design and
manufacturing of these blades are described in detail in paper 8. For this model,
the rotational frequency was changed from 1000 to 4300 rpm, corresponding
to a change in tip-speed ratio from 1.8 to 7.8. The diameter of model 2 was
0.226 m.
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Figure 3.14. Photograph showing one of the blades for model
2 with airfoil profile SD7003. The diameter of the model was
0.226 m, and the length of the blade was 0.101 m.



CHAPTER 4

Summary

The increased fatigue loads and decreased power output from turbines placed in
the wakes of other turbines are two important aspects to consider when build-
ing new wind-power farms. In order to develop numerical models which can
estimate the total power output of a farm, knowledge about the development
of wakes behind individual turbines is crucial.

In the present thesis, the wakes behind wind turbines were studied both ex-
perimentally in wind tunnels with small-scale models and numerically with the
blade element momentum (BEM) method and with large eddy simulations. For
the experimental part, both turbine models with rotating blades and porous
discs were used, and the flow field was measured with both hot-wire anemom-
etry and particle image velocimetry. Also the turbine performance was char-
acterized, by measuring the rotational frequency, the power output and the
thrust force.

The major results and contributions to the field are summarized below.

• In order to get a realistic flow field and a good turbine performance,
turbine blades were designed and manufactured using the blade ele-
ment momentum method. By designing the blades according to this
method, the distributions of the lift and drag forces along the radius
are known. This makes it possible to compare experimental data to
for example the actuator line model, which requires this information as
input to the simulations. The turbine performance was characterized
in a wind-tunnel experiment and compared to BEM predictions, with
a reasonable agreement. The BEM method requires 2D lift and drag
data for the specific airfoil as input. The agreement between BEM and
experiments could possibly be improved in the future by increasing the
chord Reynolds number in the experiment, which would make the tab-
ulated 2D lift and drag data more reliable.

• A new experimental setup for phase-locked hot-wire measurements was
designed, constructed and successfully tested. The aim of the setup was
to be able to introduce a periodic disturbance with variable frequency
and amplitude, and see the eventual influence on the stability and de-
velopment of the tip vortices. This has previously been studied mainly

23
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numerically, due to the challenges and requirements of the experimen-
tal setup. The measurements were phase-locked on the summation of
three signals: the passage of a pre-marked blade, the disturbance fre-
quency and any possible vortex shedding around the model. This was
a requirement to perform truly phase-locked measurements. The dist-
urbances were in the form of two pulsed jets, which could be controlled
individually, so that both varicose and symmetric disturbances could
be applied. Even though the disturbances were introduced in the na-
celle region, a clear effect on the tip vortices could be seen. The results
from this setup indicated that the amplitude of the disturbance had
a larger impact on the vortex development than the frequency of the
disturbance. More experiments are however needed in order to verify
the findings. A new methodology was also developed, which was able
to show the development of the vortices as well as signs of the vortex
pairing process, using only the streamwise velocity component.

• The influence and dependence of the specific turbine model used was
investigated by comparing two wind-turbine models with different tur-
bine blades. The first model blades were non-twisted, cambered plates
with the airfoil profile Göttingen 417a. The blades for model 2 was
designed according to the blade element momentum method, with the
airfoil SD7003 and a total twist from root to tip of 31◦. The models
were in all other aspects similar, and the experiments were performed
in the same wind tunnel. The results showed that small-scale model
wind-turbine experiments can be heavily model dependent. Both the
mean velocity, the turbulence intensity and the development and recov-
ery of the wake differed between the two experiments. Clear signs of
vortex shedding were found around model number 1, but not for model
number 2. This vortex shedding will have a significant impact on the
development of the wake and its presence should be taken into account
when comparing with other experiments and/or numerical models.

• A wind-tunnel experiment on a small-scale turbine model was per-
formed, where the turbine was subjected to two different types of bound-
ary layer inflow. For the case with the higher turbulence level on the
inlet, the increased mixing caused a faster recovery of the wake and
the tip vortices were also found to decay faster. The overall levels of
streamwise and vertical turbulence intensity remained however about
the same after the turbine as at the inlet. For the case with the lower
inlet turbulence, the turbulence levels were significantly higher in the
wake than at the inlet. The turbine seems to act more like a turbu-
lence generator in this case, instead of just redistributing energy. This
work focused on the near wake, which is known to be turbine model
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dependent. Several wind-tunnel experiments with different models and
at different Reynolds numbers are required in order to draw general
conclusions and possibly scale the experimental results to full scale.

• A wind-farm site is often characterized by the velocity at one or a few
measurement locations. For the present turbine model, it was shown
that the power output depended on the specific shape of the profile. In
order to notice the differences, which were in the order of a few percent,
the whole profile across the rotor disc needed to be measured. Also the
fluctuations of the thrust and the rotational speed were found to depend
on the shape of the incoming velocity profile.

• By comparing experimental data for different turbine models and porous
discs, it was concluded that both the near and far wakes differed sig-
nificantly, even though the thrust coefficients were similar. Great care
should thus be taken when modelling wind-turbine wake flows by only
specifying the total thrust. In this study, a reasonable agreement was
found between experimental data and large eddy simulations using the
actuator-disc concept, in particular in terms of mean velocity. The
details of the cases (experimental results from turbines/discs and simu-
lations) can however differ substantially.



CHAPTER 5

Papers and the authors’ contributions

Paper 1
Phase-locked hot-wire measurements on the breakdown of wind-turbine
tip vortices
Y. Odemark (YO), J. H. M. Fransson (JF) & J-Å. Dahlberg (JD)

A new experimental setup was developed in order to be able to introduce
periodic disturbances to the flow behind a small-scale model wind turbine. Ve-
locity measurements with hot-wire anemometry was performed in the wake of
the model, which were phase-locked based on the blade passage, the introduced
disturbance and the vortex shedding around the model. The wake development
and the sensitivity of the tip vortices to the introduced disturbances were then
investigated.

The measurements and evaluation were done by YO under the supervi-
sion of JF. The manuscript was written by YO and JF jointly. The turbine
model including the calibration of the generator was made by JD. The origi-
nal idea behind the experiment was by JF. Dr. Bengt Fallenius, Markus Pas-
tuhoff, Dr. Shahab Shahinfar and Dr. Ramis Örlü is gratefully acknowledged for
help with the wind tunnel, measurement equipment and hot-wire anemometry.
Fonden Erik Petersohns Minne is acknowledged for financing the participation
in the Annual Meeting of the APS Division of Fluid Dynamics. The Linné Flow
Centre is acknowledged for financing the participation in Svenska Mekanikda-
garna.

Parts of this work have been presented at:

Wake evolution and trailing vortex instabilities
Y. Odemark & J. H. M. Fransson
64th Annual Meeting of the APS Division of Fluid Dynamics
November 20-22, 2011, Baltimore, USA

26
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An experimental study on wake evolution and trailing vortex instabilities
Y. Odemark & J. H. M. Fransson
Wake Conference
June 8-9, 2011, Visby, Sweden

An experimental study on tip vortex instabilities and breakdown
Y. Odemark & J. H. M. Fransson
Svenska Mekanikdagarna
June 13-15, 2011, Göteborg, Sweden

Tip vortex breakdown and wake flow interaction
Y. Odemark & J. H. M. Fransson
Wind power research in focus
November 24-25, 2010, Göteborg, Sweden

Paper 2
The stability and development of tip and root vortices behind a model wind tur-
bine
Y. Odemark (YO) & J. H. M. Fransson (JF)
Published in Experiments in Fluids (2013) 54:1591

A new methodology was developed, which enabled the characterization of the
tip vortices shed from the blades of a model wind turbine. With this method-
ology, it was also possible to follow the vortex pairing process. The methods
were also used to investigate the sensitivity of the tip vortices to a periodic
disturbance, introduced in the rear part of the nacelle. The amplitude and
frequency of the disturbance was varied, and the effects on both the tip and
root vortices were studied.

The measurements were performed by YO. The evaluation was done by
YO with input from JF and the manuscript was written by YO and JF jointly.
Dr. Antonio Segalini is acknowledged for valuable input to the manuscript.
Styffes stiftelse is acknowledged for financial contribution to the participation
in the International Congress of Theoretical and Applied Mechanics (ICTAM).

Parts of this work have been presented at:

An experimental study on the stability of the tip vortices behind a small-scale
model wind turbine
Y. Odemark & J. H. M. Fransson
23rd International Congress of Theoretical and Applied Mechanics
(ICTAM)
August 19-24, 2012, Beijing, China
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Paper 3
Effects of the inflow conditions on the performance and near wake structure of
a model wind turbine
Y. Odemark (YO), M. Khan (MK) & J. H. M. Fransson (JF)

Velocity measurements with particle image velocimetry was performed in the
near wake behind a small-scale model wind turbine, placed in a wind tun-
nel. Two different inlet conditions were applied: a freely developing boundary
layer, causing an almost uniform inflow with fairly low turbulence, and a thicker
boundary layer with higher turbulence and stronger shear across the rotor disc
area. The thicker boundary layer was created by triangular spires and rough-
ness elements in the beginning of the test section, and was adjusted to simulate
an atmospheric boundary layer. A comparison between the two cases was made
in terms of axial and vertical velocity and turbulence levels as well as vortex
statistics in the wake.

The measurements were performed by YO and MK. The data evaluation
was done by YO and the manuscript was written by YO with input from JF
and MK. Leif Claesson is acknowledged for the help with the wind tunnel and
the setup of the atmospheric boundary layer. Dr. Bengt Fallenius is acknowl-
edged for assistance with the analysis of the vortex statistics.

Paper 4
The effects of a model forest canopy on the outputs of a wind turbine model
Y. Odemark (YO) & A. Segalini (AS)

A wind tunnel study was performed, were a wind turbine model was placed at
different heights above a model forest, which consisted of cylindrical pins. The
influence of the hub height on the power output and variations in thrust and
rotational frequency were investigated.

The measurements, data evaluation and writing were done jointly by the
authors.

Parts of this work have been presented at:

A wind tunnel study on the effects of forest turbulence on wind turbine out-
puts
Y. Odemark & A. Segalini
The Science of Making Torque from Wind
October 9-11, 2012, Oldenburg, Germany
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Paper 5
Wind tunnel experiments on small-scale model wind turbines - A comparative
study using different airfoils
Y. Odemark (YO)

Two experiments were performed using the same setup and wind turbine model,
but with two different types of turbine blades. The first set of blades were
non-twisted cambered plates with the airfoil profile Göttingen 417a, while the
second set was designed using the blade element momentum method and the
airfoil profile SD7003. A comparison was made between the power and thrust
coefficients and the sensitivity to a change in pitch or Reynolds number. Also
the wake development was compared, in terms of mean streamwise velocity and
turbulence intensity.

Parts of this work have been presented at:

Wakes behind wind turbines - Development and stability
Y. Odemark & J. H. M. Fransson
STandUP for Energy Wind Power Seminar
May 20, 2012, Stockholm, Sweden

Optimizing the distance between two wind turbines
Y. Odemark
KTH Energy Dialogue
November 22, 2012, Stockholm, Sweden

Paper 6
On the wake flow interaction between two perforated discs with varying mutual
distance
Y. Odemark (YO), M. Khan (MK) & J. H. M. Fransson

Measurements with Particle Image Velocimetry (PIV) was performed for the
flow around two perforated discs, which were placed in three different config-
urations: 4 disc diameters apart in the spanwise direction, 4 disc diameters
apart in the streamwise direction and 5 disc diameters apart in the streamwise
direction. A PIV database was created which at a later stage will be used
for comparison with pressure measurements as well as validation of numerical
simulations.

The measurements were done by MK and YO. The evaluation of the data
was done by YO and the manuscript was written by YO with input from JF
and MK.
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Paper 7
Large eddy simulations of the wake flow behind a model wind turbine and porous
discs
Y. Odemark (YO)

A numerical study was performed using large eddy simulations with the ac-
tuator disc method. Simulations were performed for two different cases which
were then compared to wind tunnel measurements. The first case consisted
of modelling the flow around a small-scale wind-turbine model and the second
case of modelling the flow around two porous discs, positioned four disc di-
ameters apart in the streamwise direction. In both cases, the measured thrust
coefficients from the experiments were used as input for the actuator disc model.

This study was conducted during a research visit to the University of Min-
nesota. Fonden Erik Petersohns Minne is gratefully acknowledged for the fi-
nancial contribution to this visit. Dr. Xiaolei Yang and Prof. Fotis Sotiropoulos
at the University of Minnesota are gratefully acknowledged for assistance with
the computations.

Paper 8
The design of turbine blades for a small-scale model wind turbine using the
BEM method
Y. Odemark (YO)

The report describes the theory and designing process for a small-scale wind
turbine model blade, using the blade element momentum (BEM) method. By
designing a blade according to this method, the lift and drag distributions
along the radius are known. This is an advantage when comparing to certain
numerical models, which often require this information as boundary conditions
to the computations. For the final design, wind tunnel measurements of power
and thrust were also compared to BEM calculations. Dr. Robert Mikkelsen
at the Technical University of Denmark (DTU) is acknowledged for help with
the BEM code and the manufacturing of the blades, which was done in the
workshop at DTU.
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