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Abstract
Wind tunnel studies of the wake behind model wind turbines with one, two
and three blades have been made in order to get a better understanding of
wake development as well as the possibility to predict the power output from
downstream turbines working in the wake of an upstream one. Both twocomponent hot-wire anemometry and particle image velocimetry (PIV) have
been used to map the flow field downstream as well as upstream the turbine.
All three velocity components were measured both for the turbine rotor normal
to the oncoming flow as well as with the turbine inclined to the free stream
direction (the yaw angle was varied from 0 to 30 degrees). The measurements
showed, as expected, a wake rotation in the opposite direction to that of the
turbine. A yawed turbine is found to clearly deflect the wake flow to the side
showing the potential of controlling the wake position by yawing the turbine.
The power output of a yawed turbine was found to depend strongly on the rotor.
The possibility to use active wake control by yawing an upstream turbine was
evaluated and was shown to have a potential to increase the power output
significantly for certain configurations.
An unexpected feature of the flow was that spectra from the time signals
showed the appearance of a low frequency fluctuation both in the wake and in
the flow outside. This fluctuation was found both with and without free stream
turbulence and also with a yawed turbine. The non-dimensional frequency
(Strouhal number) was independent of the freestream velocity and turbulence
level but increases with the yaw angle. However the low frequency fluctuations
were only observed when the tip speed ratio was high. Porous discs have been
used to compare the meandering frequencies and the cause in wind turbines
seems to be related to the blade rotational frequency. It is hypothesized that
the observed meandering of wakes in field measurements is due to this shedding.

Descriptors: Wind Energy, Power Optimisation, Active Control, Yaw, Vortex
Shedding, Wake Meandering
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Preface
The first part of this thesis consists of an introduction to utilising wind energy for electricity power production, its principles and a description of wake
stability, a review of relevant work, a description of the techniques and equipment used in the experiments and a short summary of the results. The second
part consists of seven research papers that describe the results in detail. The
contents of the papers have not been changed as compared to the published versions, except for some typographical errors, but they have been adapted to the
present thesis format. The papers still to be submitted for journal publication
present the most recent results.
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”Venimmo al pie’ d’un nobile castello,
sette volte cerchiato d’alte mura,
difeso intorno d’un bel fiumicello.
Dante, Inf., IV, 106-108.
(At foot of a magnificent castle we arrived,
seven times with lofty walls begirt,
and around defended by a pleasant stream.)”
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CHAPTER 1

Introduction

The footnote in my Divina Commedia explained Dante’s words, quote: The
castle is the human philosophy, i.e. the Knowledge, and its seven walls are
metaphysics, physics, mathematics, ethics, economy, dialectic and politics. It
is interesting that except the first one, all are needed to build a wind farm
and I hope that Dante is not too upset about my comparison. Convincing the
public is today’s real challenge, since the technical problems are easier to solve
and sometimes they can be just a matter of convenience and investment. R&D
can provide many answers and luckily even more questions, since every single
component must be of the top quality to have a good wind turbine. This thesis
deals with only some of the technical aspects, but the first chapter is meant as
an introduction for the reader who is unfamiliar with the wide world of wind
energy.
In principle, it is easy to install a wind farm: ask where the wind blows,
check for some signs like trees bending predominantly in one direction, install
a tower with 3-4 anemometers at different heights and a vane to measure the
wind direction and measure for at least one year to be sure of capturing the
seasonal winds. With these data it is possible to calculate if the wind is strong
and constant enough, and if so buy a wind turbine and install it. An on-shore
wind turbine costs about 900 euros/kW rated power, but since it can be a
good investment the issue is nowadays mainly political. Which are the mostly
mentioned problems of wind turbines? A wind turbine is seen as a bird-killer
and a source of stress for the animals and people leaving nearby. Anyone who
has visited the wind farms on Gotland must have seen ducks flying happily few
meters from the 80 m diameter wind turbines, not a slaughter of birds under
the rotor. It will be shown in paper 4 how the flow is affected far upstream
of a wind turbine, and the above mentioned ducks can definitely sense this. Of
course some areas should be off-limits (e.g. the migration routes and national
parks), but this would leave enough resources to develop wind energy to a
considerably higher level than today. Noise can be a serious issue and for
some old wind turbines it was a problem, but the technology has remarkably
improved and new solutions are under development.
The visual impact is usually the main approach to oppose wind farms.
Wind turbine manufacturers have during the years developed more slender
1
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machines and they have paid more attention to the design, but more can be
done. Of course at the end it all comes down to convenience and the world
situation in the last years has contributed to increase the attention towards
other energy sources, since oil prices are constantly rising and pollution too.
Europe imports 50% of its energy needs and the oil is located primary in
politically unstable regions, while nuclear power is hardly an option not only
for the public opinion aversion, but also for the limited uranium reserves. The
energy demands coming from China will surely affect the West, and it looks
like green policy is not their primary worry (see Hassan (2005)). Acceptance
comes after knowledge and it is possible to notice an increased attention about
renewable energy (Lemonick et al. (2005), Parfit (2005)). The use of renewable
energy sources goes together with energy saving policies, and of course with
the traditional sources. Renewable energy resources can compete with the
traditional and wind energy, although it is not the only answer, can have a
leading role.

1.1. World energy resources
When it comes to the statistics of the actual use of energy supplies, there exist
small discrepancies between different studies due to differences in the definitions and methods used to evaluate the resources. Here the general definitions
used by the International Energy Agency (IEA, www.iea.org) will be adopted.
It states that renewable energy sources include hydro, geothermal, solar photovoltaics, solar thermal, tide, wave, ocean, wind, solid biomass, gases from
biomass, liquid biofuels, and renewable municipal solid waste. In general energy
independence is probably a dream for most countries, but energy production
is not. A look at the 2003 fuel shares of the world energy production in figure 1.1(a) as from IEA (2005a), shows the strong dependency from few energy
sources. Crude oil supplies more than one third of the total 1.23 · 105 TWh1 .
Five countries in Europe are among the first ten importers of oil in the world.
If the picture is restricted to the electricity production (figure 1.1(b)), coal is
the most commonly used source. Italy has the first position among the importers of electricity (not such a privileged leadership) with 51 TWh in 2003.
Accordingly to the Statistiska Centralbyrån SCB (statistics Sweden), Sweden
has produced 155.6 TWh of electricity from October 2004 to September 2005,
with approximately 91% equally divided between nuclear and water power.
The use and production of energy is strictly connected, after the industrial revolution, to the emissions of CO2 . Only in 2003 the total emission of
carbon dioxide was 24983 Mt (million tonnes), equal to the amount emitted
in 1000 years by Mount Etna in Sicily. The fuel shares for 2003 is shown in
figure 1.2.

1 This

value is usually given in toe= tonne of oil equivalent and corresponds to 10579 Mtoe,
1 Mtoe = 11.63 TWh.
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Figure 1.1. Source: IEA (2005a), data from 2003.
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Figure 1.2. Fuel shares of the world CO2 emissions in percentage, the total being 24983 Mt.

1.2. Up-to-date wind energy facts
The rated power from a turbine (i.e. the maximum obtainable power) is only
obtained if the wind speed is higher than a characteristic value, typically around
12 m/s at hub-height. A wind turbine runs below the rated power for approximately 75% of its production time. There is also an upper wind speed above
which the turbine is shut down in order to avoid damages to the turbine. The
installed capacity of wind energy (for a wind turbine park, country or the
world) is the sum of the rated power of all considered turbines. Having the
above analysis in mind, in order to understand if wind energy has a potential
to develop even further, it is essential to understand the world wind resources.
Data have been collected during many years in the 30 OECD (Organisation for
Economic Co-operation and Development) countries, which includes Sweden
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COUNTRY
China
Denmark
Germany
Greece
Italy
Japan
Netherlands
New Zealand
Spain
Sweden
UK
USA
Rest of the world
Total

Installed capacity
in 2004 [MW]
198
3
2020
43
357
434
167
132
2061
38
253
359
2397
8462

Total by end
of 2004 [MW]
764
3118 (13%)
16629
468
1265
940
1072
168
8263
442 (5%)
900 (14%)
6740
7095
47864 (1.2%)

Table 1.1. Installed capacity, data from IEA (2005b). Between parenthesis is the off-shore share.

since 1961, and in other areas of the world. The methodology, see for example Grubb & Meyer (1993), is to calculate the available land with an annual
average wind speed higher than a chosen threshold value (in the cited case,
above 5.1 m/s at a height of 10 m from the ground level). The energy output
calculated from the velocity distribution is reduced by 90% when constraints
such as high-populated areas, human activities, noise, visual impact, etc. are
considered. According to this report, the energy available in the wind in the
world is 53000 TWh per year. Furthermore, no off-shore sites were considered by Grubb & Meyer (1993) whereas, today, great attention is focussed also
on this area. For instance, the amount of energy which can be produced by
off-shore sites in Europe is estimated in the order of 2000 TWh per year.
The statistics for some of the IEA (International Energy Agency) Wind
members are shown in table 1.1. It is evident that wind in Europe is mainly
a 3-countries business, with Germany and Spain leading the growth. Denmark
is focussing more on re-powering old wind turbines and on the off-shore development. The European Union target has been set to 75 GW of installed
power by 2010, of which 10 GW will be off-shore, and an additional 100 GW is
the aim by 2020. In addition, the Kyoto protocol and the premium for green
energy production have pushed for higher private investment in renewable energies. The price for electricity production is rapidly approaching that from
other sources thanks to more efficient wind turbines and lower costs. The installation cost depends strongly on the location and size of the project, but a
wind turbine alone is between 600 and 900 euros/kW, increasing between 800
and 1100 euros/kW for the complete installation. As an example, Japan has
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slightly higher costs because of the complex terrain and service can become expensive during the typhoon season. The investment is roughly divided between
the turbine (75%) and the infrastructures necessary to build the power plant.
Off-shore costs are higher because of the more challenging environment.
Wind turbines are designed for a 20 years life (or more) and have proven
to be very efficient. Some parts (e.g. the brake pads) must be replaced every
two-three years, but more important and costly components such as the gearbox might need to be replaced once in a lifetime. The overall wind turbine
availability exceeds 98%.

1.3. A view for the future
Regarding my idea for future developments, I hope there will be two main
approaches: medium wind turbines with a rated power below 1 MW and larger
ones of the order of several MW. The installation of even a single wind turbine
in areas where there is none can help to accept more projects. Countries such
as Italy or Japan have a large percentage of complex terrain (mountains or
hills), and therefore smaller wind turbines are easier to transport and install.
It must be remembered that good infrastructures in a mountain area may not
be enough: a 750 kW wind turbine blade is approximately 23 m long. Although
more costly, the transport of this kind of blade by an helicopter can still be an
option. If the size of the turbines will only increase and these turbines will be
off the market, this method will be unrealistic. On the other hand, the bigger,
the better philosophy may be more difficult to accomplish both socially and
politically, but its pay-back is highly rewarding in terms of produced energy,
so that even the few projects which see and end justify today’s efforts in this
direction. The Danish approach has proven to be the most reliable and efficient:
local communities have a share and participate in the wind farm projects. It
is harder to be against wind energy if it helps with the bills.
The development of renewable sources is strictly connected to an energy
saving policy. A very interesting example in this direction is the zero emission
building headquarters of the RES, Renewable Energy Systems, outside London. A wind turbine and several solar panels provide electricity, which is fed
into the network if not used, and a crop field fuels the boiler. Other passive
design solutions minimise the energy losses and all the building environment
is controlled by a computer system (see http : //www.beauf ortcourt.com for
more information). A further insight into future developments of wind energy is the Aero-train project (http : //www.if s.tohoku.ac.jp/kohama − lab)
currently under development at the Kohama Laboratory, Tohoku University,
Japan. The high-speed zero emission train will receive its energy by a cluster
of wind turbines, as well as solar panels and fuel cells. The train concept is
based on the ground effect between its wings and the U-shaped duct and an
unmanned version has successfully been tested. As can be seen in figure 1.3,
the wind turbines will most likely be closely spaced together and as a consequence the interaction between wakes and turbines can be crucial. In paper 2
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an Active Wake Control will be introduced and it is a common goal of the author and of the aero-train researchers to test the method in the Sunrise-Beach
facility in Hyuga, Japan.
Future research on wind energy must rely both on experimental as well as
numerical studies. In a wind tunnel it is impossible to match the Reynolds
number of a real wind turbine, but the flow characteristics are all reproduced:
power and drag behaviour, rotation of the wake and tip-vortices. The numerical
simulations on the other hand can be used for a wide range of applications in
a more efficient and economic way, but they always need experimental data to
be validated.

Figure 1.3. Zero emission high speed train, courtesy of Dr. Shuya Yoshioka.

1.4. Objectives of the thesis
Wind turbines in a park are often placed in parallel lines, with the distance
between the lines of the order of 5 to 9 diameters. The orientation is best
when, for the prevailing wind direction, the interaction between the wake from
an upstream wind turbine and a downstream one is minimised. The reason
is not only that the power extracted is reduced by the velocity defect in the
wake, but also the fatigue loads on the structures can become much higher.
One objective of the thesis is to give a better understanding of the physical
behaviour of both the flow approaching a wind turbine and the behaviour of
the wake flow.
Another objective is to investigate the possibility of using the already existing yaw control on turbines in order to deflect the wake away from the downstream turbine. With this, loads on the shadowed turbine can be decreased
and power production may be improved. The aim is to understand to what
extent the side force created by the yawed turbine affects the wake and how
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the structure of the 3-dimensional wake is changed. An interesting observation
is that the turbine model wake meanders in a similar way as a bluff body, such
as observed for example in field measurements in the Alsvik wind farm, on the
island of Gotland. This kind of motion may prove to be very important in wind
parks, where interactions between several wakes can take place.
To reach the objectives we have used small wind turbine models and measured the velocity field related to the flow behind the turbines in a wind tunnel.
We have used both hot-wire anemometry and PIV techniques and made extensive measurements for a number of configurations of the wind turbines.
Chapter 2 of the thesis gives some fundamentals of wind turbines, both from
a historical and modern perspective, whereas chapter 3 gives some basic results
for power extraction related to the flow in the wake. Chapter 4 describes the
experimental techniques and the turbines used in the present study. Chapter 5
is a summary of the papers which are appended to the present thesis.

CHAPTER 2

Wind turbines design
2.1. Historical development
The need of mechanical energy has pushed for new ideas or improvements to use
the natural resources. Before the industrial revolution, water and wind were the
most used energy sources1 . This supremacy decreased with the implementation
of coal or oil driven machinery, which have the important characteristic of being
independent from the local conditions (provided that there is access to the fuel).
Nevertheless, technology has never stopped improving the efficiency of water
and wind mills and their studies have always been connected by the similar
design. In fact, the first windmills may have been a direct application of a
water mill, just using a different fluid. Going back in time is always difficult,
since the historical sources are not so accurate. Some windmills may possibly
be traced back to 2000 years ago in China or to Heron of Alexandria, but this
is highly controversial. The first well-documented windmills were developed
in the region between modern Iran and Afghanistan around the 10th century.
The axis of the rotor was vertical and the torque was generated exclusively by
the drag on the sails (Fig. 2.1).

Figure 2.1. Vertical-axis Persian wind mill from the 10th
century, top view. The rotor was about 6 m high and 4 m in
diameter.
The grinding stone was directly below the rotor, or the mill was on top of a
well and used to pump water. Although cultural, economical and less friendly
(wars) exchanges allowed a prolonged contact with the East, the vertical-axis
mill never made it to Western Europe. Instead, another type of mill was developed in the 12th century: the horizontal-axis. The revolutionary idea behind
1 Most

of the information presented in this section is adopted from Schepherd (1990).
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Figure 2.2. Sketch of a 12th century tower mill (from Schepherd (1990)). Only the cap on top of the brick tower rotates
to face the wind.
its success was the use of the much larger lift instead of the drag to create the
torque at the shaft, but it can be argued that not much was known at the time
about fluid-mechanics. The most evident change is that the direction of the
shaft has turned parallel to the wind. The typical configuration had 4-sails
that were inclined with respect to the wind and were most likely thought to be
moved by the flow directly impinging on them. It must be remembered that
the Newtonian theory was used in many fields (subsonic as well as supersonic)
up to the 20th century. The first documented case of a horizontal-axis windmill dates back to 1137 in Northwest Europe, although the mills are reported
more as a social than a technical event and few information is given. More is
known about the post-mill dated 1270, an example of which can be seen also
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in the Skansen museum, Stockholm. The post-mill was usually a wooden tower
standing on a main post and the entire block was turned accordingly to the
wind direction. New engineering problems had to be solved, but many were
successfully managed by the Dutch tower-mill shown in figure 2.2. This windmill is the natural development of the older post-mill and it is first recorded
in the beginning of the 15th century in the Turkish town of Gallipoli. Some
interesting features can be observed in both the post-mill and the Dutch-mill:
the shaft is not perpendicular to the tower, but slightly inclined as for the
modern wind turbines. This leaves a good clearance between the tower and
the sails. The torque was transmitted to the vertical shaft by a large wheel
with pegs. This wheel was large in order to increase the breaking torque of a
band around its circumference, since the speed of the millstones was controlled
by the miller setting the friction between the band and the wheel. A bearing
at the end of the horizontal shaft sustained all the axial drag. The Dutch-mill
cap was movable and the platform at the mid-height was used both to activate
the brake and to operate the sails. The largest recorded mill of this kind had
a tower of 37 m and a rotor of 30 m.
A lot more could be said about the mill development, but it is not in the
scope of this thesis. In the end it can be mentioned that many improvements
have regarded the sails, the materials used in the construction and the control
methods; the latter are described in the next section. Modern windmills are
mainly used to produce electricity and they are called wind turbines, but the
physical principle has not changed over the years. What is considerably different is the size and the efficiency as compared to wind mills only few decades
ago. Off-shore wind turbines have increased up to 120 m in diameter and 5 MW
of nominal power. The size of the on-shore wind turbines is generally smaller
because of the road constraints for transportation.

2.2. Background
When the air flows around a streamlined body such as a wing profile, the
pressure field is modified and therefore a force is generated. The component
perpendicular to the flow direction is called lift, the component parallel and in
the opposite direction to the inflow is the drag. The angle of attack between
the blades and the direction of the relative wind is not only the result of the
wind direction since the blade itself is moving. What happens can be clearly
seen in figure 2.3 on one of the wind turbine models used for the experiments.
The azimuthal velocity must be added to the wind speed, from left.
Some confusion as regarding the drag can arise. The force that is acting
on the entire wind turbine in the same direction of the wind, is called drag as
well. The application point of this force is the centre of the rotor, if the turbine
is aligned with the uniform flow and the tower is neglected. Since the wind
turbine studies are traditionally connected with the propeller area, this force
is sometimes also called thrust.

2.2. BACKGROUND
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Figure 2.3. The angle between the plane of the rotor and the
local wind direction is decreasing as moving towards the tip,
hence the stall starts from the root. The turbine rotates clockwise.
For good performance of a wing of a wind turbine blade, flow separation
on the blade surface should be avoided. This is the reason why wind turbines
have twisted blades: the angle of attack is optimised from tip to root, for the
most frequent operational condition, by making the blade to turn out of the
plane of rotation when moving towards the root. However the so-called stall
control, one of the main aerodynamic controls on wind turbines, makes the stall
to occur gradually from the root as the wind speed increases. The reason is to
avoid high loads and also high power production which can cause problems to
the electrical components of the wind turbine. This is a passive type of control,
since the angle of attack on the blades increases with increasing wind speed.
A second important aerodynamic control present on wind turbines is the
yaw control. It will be shown how the power is proportional to the cube of the
wind speed normal to the rotor plane. To maximize the power output the wind
turbine is turned towards the wind by means of electrical motors, which move
the entire nacelle (i.e. the top part of the wind turbine including the shaft,
the gearbox if present, the generator and the other systems) around the tower.
Both the yaw control and the twist of the blades were well known in the past,
when windmills produced not electrical but only mechanical energy. The third
mostly used control is the pitch control. In this active control, the entire blade
is turned, to optimise the angle of attack with respect to the wind. If the power
output from the generator becomes too high, the system decreases the angle
of attack of the blades, in order to obtain less power. This mechanism is the
opposite of the active stall control, where the blades are instead turned out of
the wind to increase the stall, thereby ”wasting” the excess energy in the wind.
All the wind turbines have a cut-in wind speed, after which the windgenerated torque is greater than the friction in the system and the rotor starts

12
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to rotate and produce electricity. The cut-off speed is instead the higher limit
for the working conditions, above which the loads produced are considered
dangerous for the machine. The range of velocities is typically somewhere
between 3 m/s and 30 m/s, but depends on the type of wind turbine considered.
When the conditions exceed the highest velocity limit, the turbine is stopped
first by means of aerodynamic controls, e.g. pitching the blade and causing an
extended stall, and then the brakes act on the shaft. Tip ailerons are also used
in some models as aerodynamic breaks, or the entire tip itself is tilted.
Some wind turbines run at constant rotational speed, giving a constant frequency of the current produced. Small fluctuations in the frequency are allowed
and adjusted with an electronic converter. The reason is that the turbines are
connected to an electrical grid with a specific frequency of the current (50 Hz
in Europe), which has to be matched by the production plant. Two main concepts are presently on the market: the most common is connecting the shaft
with an high speed generator through a gearbox which increases the rotational
frequency. Without the gearbox the stator is a large multi-layer ring, where the
lower rotational frequency of the rotor is balanced by a greater number of poles
in the stator. In this way the frequency of the produced current is increased
and the machine can be directly connected to the electrical system. The maximum power of wind turbines has increased from 0.4 MW of a decade ago to the
5 MW machines, manufactured by e.g. Enercon and General Electrics. One
example of a modern wind turbine is the Enercon E66 shown in figure 2.4. It
has a rated power of 2 MW and a diameter of 70 m.

Figure 2.4. Enercon E66. Courtesy of Enercon GmbH.
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For a given power output, the choice is then between a large, low speed
rotor such as for the Enercon wind turbine, or a smaller, high speed rotor,
although hybrid system have been developed. Ultimately, both have some
inconvenience. The weight of the nacelle is of the order of 3-400 tons for the
gearless machine, and only about a fifth when the gearbox is present. On the
other hand, the gearbox has to stand the large torque from the blades and the
fluctuations of the wind speed and direction, which may cause it to break. Also
the initial cost is generally in favour of a high speed generator, however the
absence of moving parts is a pro-factor for the low speed generator.
In the nacelle a small fixed crane can also be placed to considerably speed
up the process of changing internal parts of the wind turbine. When it comes
to assembling the machine, some interesting solutions can be seen. On-shore
the process is usually easier: the machine is put together in situ connecting
elements of the tower, of the nacelle and of the service parts (shaft, generator,
active power controls, etc.). On the ground, in case of a three-bladed turbine,
two blades are connected together and then lifted in front of the nacelle. At
the end also the third blade is raised and bolted to the shaft. Off-shore the
environment is more challenging. First, the basement of the tower must be
built. In a second stage, special-purpose ships with a crane are used and
equipped with a number of poles that descend on the sea bottom and anchor
the ship. The turbine is put together on-shore and then loaded on the ship, for
example in only three pieces: the tower, the nacelle with two blades mounted,
and a third single blade. The final assembling process of these parts can take
place at sea in typical eight hours, if the weather conditions are good.

2.3. Torque at the shaft
Most of the wind turbines have a horizontal axis rotor because of their higher
energy production with respect to the vertical axis. The advantage of the horizontal axis is that, except for the velocity changes in the atmospheric boundary
layer, the blades operate at a nearly constant angle of attack. The lift on the
profile is always favourable to the rotation. The vertical axis wind turbine has
instead a cyclical change in the sign of the angle between the wind speed and
the azimuthal velocity, hence the total torque is reduced. Consider a symmetrical wing profile: with the chord parallel to the wind direction only the
drag acts on the blade and therefore the torque at this position is opposing the
rotation. For both the vertical and horizontal axis wind turbine, the running
condition is the balance between the load (breaking torque) on the shaft given
by the generator and the driving torque Q created by the rotor. This is related
to the mechanical power P by:
P = ΩQ

(2.1)

The torque of one of the turbines used in this study is shown in figure 2.5
as a function of the rotational speed Ω, with the load depending only on the
generator. At a constant wind speed, the rotor accelerates until it reaches
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Figure 2.5. Rotor torque as a function of the rotational speed
for the wind turbine model 2 (see Chapter 4). ◦: U∞ =5 m/s,
: U∞ =8 m/s, 4: U∞ =11 m/s. The dashed line is for a
heavy load from the generator, the solid line for a light load.
the rotational speed that balances the load from the generator. If the rotor
moves from the equilibrium point, the load restores the original Ω. Suppose
that the rotor speed increases, then the breaking torque from the generator is
higher (figure 2.5) and slows down the rotor. A steep Q-Ω curve can lead to
an unstable equilibrium, i.e. a fluctuating Ω, since there is not a well defined
crossing between the torque from the rotor and the load from the generator.
The production of current is directly proportional to the torque on the shaft
since a DC generator has been used and the variation of the internal losses
can be neglected. Curves for different wind speed collapse if the following
coefficients are introduced:
P
1
3
2 ρAd U∞

=

ΩR
Q
·
⇔ CP = λCQ
2
U∞ 12 ρAd RU∞

(2.2)

where U∞ is the wind speed, R is the rotor radius and Ad is the area swept by
the blades. The tip-speed ratio λ is defined as tip-speed/wind speed.
A high solidity (σ=blade area/Ad ) turbine means a lower λ, therefore from
Eq. 2.2 at constant CP the torque coefficient is higher. This type of turbine is
preferred for water pumps. On the other hand, the starting torque is higher
and high σ turbines may need the application of a torque by e.g. an electrical
motor to start rotating. Many wind turbines for electrical generation have a
control on the loading in order to change the rotational speed and to keep
an optimum tip-speed ratio (as close as possible to CPmax ) for a wide range of
wind speeds. The optimum λ depends strongly on the blade characteristics and
on the lift-to-drag ratio, see figure 2.6. When this ratio tends to infinity, the
power coefficient tends to the so-called Glauert limit which will be derived in
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Figure 2.6. Power as a function of the rotational speed for
different CL /CD values.
chapter 3. The Betz limit is the maximum theoretical limit which is approached
for λ → ∞ and this will be discussed as well in the next chapter. As for the
effect of the number of blades on the power coefficient we refer to paper 3. It
must be mentioned here that the higher efficiency with the increasing number of
blades is referring to an inviscid fluid, while for real wind turbines the increase
in lift is counter-balanced by the increased drag and it becomes useless (and
costly) to add more blades to the rotor.

CHAPTER 3

Wake principles
3.1. Bluff body wakes
A wind turbine can be viewed as a bluff body, which is defined as any nonstreamlined body, because of the large wake generated behind it. This section
is aimed at giving a brief summary on bluff body wakes.
A characteristic of bluff body wakes is the self-similarity reached far downstream, see e.g. Johansson et al. (2003), where the wake development can be
described by an appropriate normalisation. This self-similarity state is reached
at a downstream distance of the order of 50 diameters and it is of little interest for practical wind farm application. In addition, the tip-vortices shield
the wind turbine wake and delay the turbulent mixing with the free stream.
Nevertheless the near wake of bluff bodies has been extensively studied, e.g. by
Bevilaqua & Lykoudis (1978). They have compared the wakes of a sphere and
of a porous disc with the same drag, finding that the self-similar mechanism
depends on the initial conditions. The wake ”remembers” the shape of the
body in the form of the larger eddies which travel downstream. Connected to
the large scale vortex shedding from the body is a wake meandering with frequency f , which is usually normalised with a body length and the free-stream
velocity to give the Strouhal number:
St =

fD
U∞

(3.1)

The normalisation with a geometrical scale gives a Strouhal number which
is a function of the aspect ratio of the body, as shown by Kiya & Abe (1999)
for the wake behind elliptic discs. Miau et al. (1997) found that the wake
meandering behind discs has no preferred rotational pattern and that the frequency depends on the Reynolds number. The Strouhal number changes with
the inclination of the disc (see Calvert (1967)) and it was proved by Castro
(1971) and Higuchi et al. (1998) that the large scale oscillation (meandering)
of the wake behind two-dimensional plates and discs is influenced by the porosity. These effects are important for studying a wind turbine wake since a wind
turbine can be simulated by a porous disc, such as in Sforza et al. (1981), since
momentum is let through the rotor. The porous disc is largely studied also
today as a model for a wind turbine in Sørensen et al. (1998), Sharpe (2004)
16
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Figure 3.1. The smoke is introduced upstream of the rotor
and captured by the tip-vortices shed from the blades, marking
the helical wake boundary.
and van Kuik (2003). A wind turbine wake can be thought of as a helical structure shed downstream by the flow (figure 3.1 shows a flow visualisation where
the tip vortices are clearly seen). The differences with bluff body wakes are
evident, but an analytical approach will be used in the next section to describe
in detail the wind turbine wake. A description of the numerical methods used
to simulate single wind turbine wakes and their interaction, can be found in
Crespo et al. (1999). The simulation of a wake in yaw is more difficult. From
helicopter models, the change of drag distribution on a rotor disc has been
studied by Chaney et al. (2001), while an engineering model for the load in
yawed conditions is described by Schepers (1999). Snel (1998) finds a restoring
yaw moment on the rotor and neglects the vorticity diffusion in the wake by
using the Euler equations, because of the high Reynolds number involved.

3.2. Wind turbine wakes
3.2.1. Momentum theory
It is possible from so called actuator disc theory to establish an upper limit
on the power production for a turbine. This is called the Betz limit and it is
based on the mass and momentum conservation over a control volume which
includes the turbine. Usually this is done by considering a streamtube as shown
in figure 3.2, where the velocity is assumed to be uniform at each cross section
of the tube. In a first approximation the wind turbine can be considered acting
like a disc, the actuator disc, which has an infinite number of blades creating
the needed pressure drop. The velocity along a streamline decreases when
approaching the disc and therefore the atmospheric pressure p∞ rises to the
value p+ , according to Bernoulli to balance the velocity decrease. After the
discontinuity surface of the actuator disc over which the pressure drops, the
pressure again increases from a lower value p− to the initial, undisturbed value
p∞ . The difference between p+ and p− gives the force acting on the disc.
The inflow and outflow boundaries are taken at such a distance that the
pressure has recovered to the undisturbed atmospheric pressure (p∞ ). The
power output of the turbine can be obtained in two different ways, either as

18
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Figure 3.2. The wind speed is changed from upstream to
downstream due to the presence of the actuator disc, which is
represented in the middle of the graph.
the change of kinetic energy per unit time between the inflow and outflow
boundaries, or as the force (pressure difference across the turbine times its
area) times the velocity at the disc.
However, in the literature it is common that the momentum balance is
taken over a streamtube of the form seen in figure 3.2, which in principle is
not possible, since also the varying pressure (which is not equal to p∞ ) on the
mantle area of the streamtube has to be taken into account. It is possible to
overcome this problem by considering a much larger streamtube that includes
the one passing over the turbine. If the radius of that streamtube is large
enough the pressure disturbance on the mantle surface will decay with the
distance (r) from the turbine as r−2 and there will be no overall contribution
from the pressure forces on the momentum balance. This means that the
contribution of the pressure forces on the mantle surface in figure 3.2 actually
equals p∞ · (A2 − A1 ), cancelling exactly the pressure force due to the increase
in the area at the downstream end of the streamtube.
In order to establish the Betz limit it is necessary to state the equations of
conservation of mass and momentum. The mass flow (ṁ) which runs through
the streamtube enclosing the turbine disc can be written
ṁ = ρA1 U∞ = ρA2 U2 = ρAd Ud

(3.2)

where A1 and A2 are the upstream and downstream areas of the streamtube
and Ad is the actuator disc area. Using momentum conservation, the drag D
on the turbine can, with the arguments used above, be written as
2
D = ṁU∞ − ṁU2 = ρA1 U∞
− ρA2 U22

(3.3)
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By using Bernoulli’s equation both upstream and downstream the turbine
it is possible to obtain an expression for the pressure difference p+ − p− across
the turbine such that
1
2
ρ(U∞
− U22 )
2
and the drag on the turbine hence becomes
p+ − p− =



1
∆u∞
2
2
D = ρAd (U∞ − U2 ) = ρAd U∞ −
· ∆u∞
2
2

(3.4)

(3.5)

where U2 = U∞ − ∆u∞ , i.e. ∆u∞ is the velocity defect in the wake at the
downstream end of the streamtube. Using the same notation, Eq. 3.3 becomes
D = ṁ (U∞ ) − ṁ (U∞ − ∆u∞ ) = ṁ∆u∞ = ρAd (U∞ − ∆ud ) · ∆u∞

(3.6)

where ∆ud is the velocity decrease at the turbine plane. A simple comparison
between Eq. 3.5 and Eq. 3.6 gives the result known as Froude’s theorem:
∆ud =

∆u∞
2

(3.7)

The total power in the wind, i.e. the kinetic energy passing through a
control area A (normal to the wind) per unit time, can be expressed as
1
3
ρAU∞
(3.8)
2
The power extracted by the wind turbine on the other hand can be written
PT OT =

as
 1  2

1
2
ṁ U∞
− U22 = ṁ U∞
− (U∞ − ∆u∞ )2
2
2
which after some algebra can be rewritten
PE =

2

PE = ρAd (U∞ − ∆ud ) · 2∆ud

(3.9)

(3.10)

The maximum power output is found by searching for the maximum in PE
with respect to the velocity defect at the disc ∆ud . From Eq. 3.10 we obtain
∂PE
U∞
= 0 → (∆ud )PEmax =
∂∆ud
3

(3.11)

The maximum power for the actuator disc with no losses, from Eq. 3.10
using Eq. 3.11, can be compared with the energy flux of the wind (Eq. 3.8) in
order to obtain the efficiency of a turbine (Betz limit):
PEmax
=
PT OT

8
3
27 ρAd U∞
1
3
2 ρAd U∞

=

16
≈ 0.529
27

(3.12)
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The power and drag are often expressed in terms of the non-dimensional
power coefficient CP , already defined in Eq. 2.2, and drag coefficient CD
CD =

D
1
2
2 ρAd U∞

(3.13)

In the Betz limit we find CD = 89 . A measure of the energy extracted from
the wind is given by the axial interference factor defined as
∆ud
(3.14)
U∞
Plugging the result of Eq. 3.7 and the definition in Eq. 4 into Eq. 3.6 we
obtain:
a=

CD = 4a (1 − a)

(3.15)

From Eq. 3.10 we have PE =D (U∞ − ∆ud ) and therefore the power coefficient can be rewritten as
CP = CD (1 − a)

(3.16)

The power and drag coefficients as predicted by the momentum theory as
a function of a are shown in figure 3.3. The maximum theoretical CD is 1,
while CPmax is the Betz limit. The momentum theory is valid only for a <0.5
or the velocity defect far downstream would be larger than the free-stream
velocity: if a >0.5 (∆ud >0.5U∞ ) then ∆u∞ > U∞ as a consequence of the
Froude’s theorem in Eq. 3.7. For a heavy loading the wind turbine is in the
turbulent-wake state, with a large backflow region behind the rotor, and for
a >1 in the vortex-ring state, i.e. a large vortex enclosing the tip of the rotor.
In these cases the drag coefficient exceeds 1 and several empirical corrections
have been suggested to connect the momentum theory with the experimental
data from the vortex-ring state. The correction by Anderson (1979) is plotted
in figure 3.3, with the intersection point at aT =0.326.
The Betz limit is the maximum power for a wind turbine working within
the momentum theory model. An apparent contradiction is given by a wind
turbine flying on an airplane: the power available to the turbine is D · U∞ ,
which is the extra work done by the airplane to bring along the turbine. On
the other hand, the turbine does work on the fluid with an energy (per unit
time) equal to D · ∆ud (see Glauert (1926)). Hence the power available to the
wind turbine is
PE = D · U∞ − D · ∆ud
(3.17)
which leads to the result obtained in Eq. 3.16 and therefore to the Betz limit.
The air must flow through the actuator disc, otherwise ∆ud = U∞ , i.e. a=1
and no power can be extracted. In other words, only a porous disc can be used
to simulate a wind turbine since for a solid disc it is CP =0.
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Figure 3.3. Results from momentum theory. Solid line: CD
with the correction by Anderson (1979), dotted line: theoretical CD for a > aT , dashed line: CP .
Several devices can be used to exceed the Betz limit and among the most
interesting is, albeit of difficult practical application, a wind turbine with a
frictionless downstream diffuser. The principle is simple: the diffuser can support a force, therefore the pressure p− downstream of the rotor can be further
reduced with respect to the value obtained for the free turbine. The diffuser
ensures the pressure recovery at the exit. The velocity at the diffuser exit with
cross section Ae can be written as
Ue = (U∞ − ∆Ud )

Ad
Ae

(3.18)

The drag of the wind turbine with a diffuser is

D = Ad · p+ − p


−


1 2 
= Ad · ρU∞ 1 −
2

1−a
Ae
Ad

!2 


(3.19)

At the Betz limit we have CD = 89 and a = 13 , which means from the
equation above that the free wind turbine can be compared to a wind turbine
Ae
having a diffuser with an aspect ratio of A
=2. As for Eq. 3.9, the power
d
extracted by this turbine can be written as
PE =


1
2
ṁ U∞
− Ue2
2

(3.20)
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Using Eq. 3.18 and deriving with respect to Ud = (U∞ − ∆ud ) it is possible
after some algebra to find the maximum power production
PEmax
4
= √ ≈ 0.769
PT OT
3 3

(3.21)

A second option is to use a shroud, i.e. an axisymmetric lifting surface,
around the rotor. This concept is common between propellers (see e.g. the aerotrain in figure 1.3), but it is applicable only to small rotors, thus preventing
its use for typical wind turbine sizes. The circulation around the annular wing
induces a higher velocity through the turbine, but only if the lift is directed
towards the centre of the rotor. A CP up to 2 is possible according to de Vries
(1979), while the calculations by Hansen et al. (2000) show that for a shroud
which only partially recovers the static pressure is
PEmax
≈ 0.94
PT OT

(3.22)

There are other means to increase the power production: Hütter (1977)
considers a flow deflection through the rotor of an angle ϕ with respect to the
symmetry axis. This gives a higher mass flow, and therefore a higher power
coefficient, since the velocity through the rotor is (U∞ − ∆ud )/ cos(ϕ). The
power gain is quantified by Landahl (1979) for a deflection of ϕ=35.25◦ as being
the double of the Betz limit
PEmax
32
=
≈ 1.185
PT OT
27

(3.23)

although the practical limitation of such a device are acknowledged by the
author himself.
The state-of-the-art of wind turbine technology has increased the power
coefficient to values close to 0.5. Future studies can most likely fine-tune the
wind turbine in order to increase the power production, but the main gain
lot more can be done towards the power optimisation from a cluster of wind
turbines. The already cited work by Hütter (1977) estimates the turbulent
exchange between the outer flow and the wake, predicting a faster wake recovery
for heavily loaded wind turbines and a possible reduction of the downstream
spacing. On the other hand, for the typical distances between wind turbines in
a farm (7 to 9 diameters), a more practical idea may be to extract less energy
from an upstream turbine in order to leave more energy for the downstream ones
(see Dahlberg (1998) and Corten et al. (2003)). Another method is the recently
developed Active Wake Control (AWC) by J. Å. Dahlberg and described in
detail in paper 2. Paper 1 to paper 4 focus on wake measurements and aim
at improving the power production from a cluster of wind turbines.
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3.2.2. Effects of wake rotation on the energy extraction
A complication not taken into account by the momentum theory is that the
wake will rotate. This is due to the fact that the flow gives a torque on the
turbine, which in turn gives an angular momentum to the flow in the wake,
hence the energy extraction creates some kinetic energy related to the wake
rotation. In the following we will analyze this effect and show how it affects
the possible amount of energy extracted by the turbine.
In a rotating system (with system rotation Ω), the Bernoulli equation can
be written
1
1
2
p + ρUR2 − ρ (Ω × r) = const
(3.24)
2
2
where the third term on the LHS is the centrifugal body force and UR is
the velocity vector in the rotating system. The classical Bernoulli equation,
i.e. Eq. 3.24 without the rotation term, can be applied along a streamline
with r=const. Such a streamline does not exist for a wind turbine, since the
streamtube including the turbine is expanding. A more physical interpretation
of this equation can be given by considering an absolute reference system (such
as the earth) for the wind turbine flow, with UR =U + (Ω × r). Substituting
into Eq. 3.24 gives
1
p + ρU 2 + ρU · (Ω × r) = const
(3.25)
2
Therefore the energy extraction from the flow, i.e. a change in the total
head H=p+ 12 ρU 2 , is possible only if U is deflected towards Ω × r during the
passage through the rotor. Equation 3.25 states that the azimuthal velocity in
the wake is a necessary condition to extract energy, i.e. to obtain the reduction
in the total head. The only energy extractor in the flow is the rotating blade(s),
which is the only solid surface capable of bearing a torque. Upstream of the
rotor there is no energy extractor, therefore no azimuthal velocity and the flow
can be considered irrotational.
Glauert (1935) showed that by calculating the torque in each blade section
as functions of the local forces assuming an infinite number of blades and a
frictionless fluid, it is possible to obtain an expression for the power coefficient
which includes the effects of the tangential velocity through the tangential
induction factor a0 = v/Ωr:. The derivation can be found in many text books
(see e.g. de Vries (1983)) and it gives the power coefficient as function of the
tip-speed ratio λ as
 2 Z λ
2
(1 − a) a0 X 3 dX
(3.26)
λ
0
where X = λr/R is the local tip-speed ratio.
A different approach is to use the momentum equations and Bernoulli
equation (see de Vries (1979)). It gives the power loss due to the rotation of
the wake and it will be shown that the Betz limit derived in Section 3.2.1 can
CP =
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Figure 3.4. Power losses. Dashed line: Betz limit, 4: CP
for turbine model 3. A: rotation effect as from Eq. 3.27, B:
stall + profile drag + hub losses, C: tip-vortex losses + stall
at the blade root, D: increased profile drag.

be reached only at high λ. For the derivation, we refer to de Vries (1979). The
flow is considered axisymmetric and the wake cylindrical, which means a wind
turbine with an infinite number of blades, with constant circulation around the
blades. We can obtain the maximum power coefficient as

CP max =

PEmax
2
= 4a (1 − a) − (1 − a)
PT OT



vR
U∞

2
(3.27)

The first term is the Betz limit for the one-dimensional momentum theory,
while the second is the power loss due to the wake rotation calculated for a
cylindrical wake with constant circulation on the blade. It is possible to obtain
the vR from ∆H = −ρΩvR R, where ∆H is the pressure loss across the rotor.
Also the axial induction factor a is obtained directly from the drag on the
turbine according to the (non-rotating) momentum theory.
Equation 3.27 can be used to estimate the behaviour of a cylindrical wake
with the same total head loss (proportional to the force acting on the rotor)
as the turbine model 3 described in Section 4.3.2. The result is plotted in
figure 3.4, where the losses from the ideal case (CL /CD = ∞) are listed. The
stall at the blade root for model 3 reduces the power coefficient at CPmax ,
but a twisted blade would solve this problem. The contributions of the profile
drag and of the hub losses must be included in every point. The increased
azimuthal velocity for increasing λ is likely to reduce the stalled blade sections,
but in principle the angle of attack on the blade can become negative for high
tip-speeds.
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3.3. Wind turbine wake meandering
Section 3.1 gives a general introduction on bluff body wakes, while Section 3.2
describes the wind turbine wake from the theoretical point of view. During
the measurements described in paper 2, a low frequency meandering of the
wake was observed. The large scale vortex shedding is well known for discs and
spheres, but relatively little is still known about wind turbine wake meandering.
Probably the most known case of vortex-induced absolute instability is the
Von Karman vortex street behind a two-dimensional cylinder. The ring vortex
shed by the disc edge is responsible for the meandering, and Berger et al.
(1990) observed that a disc oscillating around its axis has a helical mode with
a preferred twisting direction opposite to the disc.
A rotating disc can be seen as a wind turbine with an infinite number of
blades, or alternatively as a wind turbine with N blades rotating at infinite Ω.
The lack of wind tunnel measurements on wake meandering is acknowledged
by the already cited work by Crespo et al. (1999). Few measurements and all
on full-scale turbines have measured the wake meandering. Among the latest,
paper 5 to paper 7 investigate the influence of the vortex lines shed by a
wind turbine wake in controlled conditions. The report by Pedersen & Antoniou (1989) visualised a vortex meandering in the wake of a three-bladed wind
turbine and Hassan (1996) mentions a clear low frequency peak in the velocity
spectra of the Alsvik wind turbine wakes. More can be understood from the
numerical simulations by Okulov & Sørensen (2004), from which figure 3.5 and
figure 3.6 are taken. The wind turbine wake meandering seems to be triggered
by the interaction between the vortex lines, as it happens for helicopter wakes.
The wake pitch is defined as the downstream distance required for one vortex
line to complete a 2π rotation. figure 3.6 gives instead the dependancy of the
stability of the vortex lines on the axial interference factor a and tip-speed ratio
λ, both a function of the wake pitch. The axial interference factor depends also
on the total circulation of the tip-vortices.

Figure 3.5. Scheme of the helical wake from an N -bladed
turbine. The vortex core is 2 and the the total circulation is
N Γ.
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Figure 3.6. Neutral stability curves plotted in an axial interference factor vs. λ diagram, from Okulov & Sørensen (2004).
a): N = 2, b): N = 3, c): N = 3, influence of .

CHAPTER 4

Experimental Methods
This chapter describes the different experimental techniques as well as the wind
turbine models used in the present work in some more detail than has been
possible to include in the research papers. Section 4.1 gives a short description
of the MTL wind tunnel where most of the experimental work was carried out.
Also a short description of LT-5 wind tunnel at FOI is given. The velocity
measurement techniques used was both Particle Image Velocimetry (PIV) as
well as hot-wire anemometry. Both techniques as they have been implemented
in the present work, are described in section 4.2. Several different turbine
models have been used during the course of this work and they are all described
in section 4.3.

4.1. Wind tunnels
4.1.1. MTL wind tunnel (KTH)
The Minimum Turbulence Level (MTL) wind tunnel at KTH Mechanics, was
used in most of the experiments in this work. The tunnel (figure 4.1) is a
closed-loop circuit, temperature controlled facility with a velocity speed up to
69 m/s. The test section is 7 m long, 1.2 m wide and 0.8 m high. The roof
height of the test section can be adjusted in order to obtain a zero pressure
gradient along the test section. The velocity variation achieved along the test
section was less than 0.6% of the velocity measured by a Prandtl tube at 8 m/s.

Figure 4.1. The MTL wind tunnel layout. The total length
is about 25 m and the height is 9 m. The flow is anti-clockwise.
27
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Figure 4.2. Test section with traversing system as seen from upstream.

Figure 4.3. Turbulence generating grid used in the present experiments.
The Prandtl tube was placed for these experiments at approximately 1 m from
the beginning of the test section, and provided the reference velocity for the
calibration of the hot wire, as will be described in more detail later. A slot
running along the test section length, in the middle of the roof, allows the access
of the arm of the traversing system. With the addition of a wing spanning the
full tunnel width, 5 degrees of freedom are possible. Added to the spatial x, y, z
(i.e. respectively streamwise, vertical and spanwise) are the rotation around
the probe axis and the rotation around the y-axis. A photograph of the test
section can be seen in figure 4.2.
For some experiments free-stream turbulence was generated by the grid
shown in figure 4.3. The grid was fixed to the tunnel walls 0.2 m downstream
the start of the test section, creating a turbulence intensity of approximately
4% of the free-stream velocity at the turbine position. The turbulence intensity
for the three velocity components as percentage of the free-stream velocity is
plotted in figure 4.4 as function of the downstream distance in mm. Without the
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Figure 4.4. Turbulence intensity at the test section centre
as function of downstream distance for the grid shown in figure 4.3. the grid is placed at x=200 mm and the vertical line
in the figure represent the position of the turbine.
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grid generating the turbulence, the value of the fluctuations in the streamwise
direction was less than 0.1% of the velocity at 8 m/s.
A heat exchanger with a feedback control gives a stable temperature with
an accuracy of ±0.5 degrees by means of water cooling. The temperature
is set manually at the control panel of the tunnel. Both the tunnel velocity
and the traversing system are controlled by Labview programs. Also the data
acquisition routines are Labview controlled. For more details about the MTL
wind tunnel, the reader is referred to Lindgren (2002).
4.1.2. LT-5 wind tunnel (FOI)
The LT5 wind tunnel at FOI were mainly used for the drag interference measurements reported in paper 2. Figure 4.5 shows the test section, the flow is
from right to left. This open-loop wind tunnel has a test section 2.5 m long,
with a cross section of 0.9 m×0.675 m. The velocity range is between 5 m/s
and 16 m/s, and the tunnel is run by a centrifugal fan downstream of the
test section. At the intake section, a grid helps to reduce the turbulence level.
After a short contraction, the test section starts and the turbulence level is
approximately 0.3% of the free-stream velocity. The wind speed in the centre
of the test section is found as the difference between the total pressure in the
contraction and the static pressure given by four pressure taps, two upstream
and two downstream the model position.

4.2. Measurement techniques
For the wake measurements, two techniques have been used: Particle Image
Velocimetry (PIV) and hot-wire anemometry. In the described experiments,
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Figure 4.5. The test section of the LT5 wind tunnel at FOI.
PIV gave an overall picture of the flow whereas the mean flow statistics were
measured with hot-wire anemometry. Below follows a short description of the
present set-ups for these two techniques.
4.2.1. Particle Image Velocimetry
The principle of PIV is simple: the speed of a particle is obtained from the
distance travelled during a certain time. If particles are added to the flow and
they follow the flow, recordings of the particle paths allow us to obtain the
velocity field.
In the present experiments the particle motions are recorded with a CCD
camera where a laser sheet perpendicular to the camera lights the flow with
the particles, i.e. the particles are imaged in one plane. The movements of
the particles are registered between two times, t and t + ∆t. In this way the
particles are allowed to move somewhere between 0.1 and 1 mm. The postprocessing software divides the image in several rectangular regions, the socalled interrogation areas. In each of these areas the particle positions between
the two recordings are correlated, resulting in the most probable displacement
vector (figure 4.6) during the time ∆t.
Some of the factors that have to be set for each type of experiment are the
choice of the particles and the time delay between the recordings. The particle
size, the concentration in the fluid and body forces on the particles (if in very
low speed flows) must also be considered in order for the particles to properly
track the flow. In our experiment, propylene glycol oil with an average particle
diameter of about 2 µm has been used to seed the flow, and a 400 mJ Nd:YAG
laser has been used as the light source. The time between the two recordings has
to be short enough so that only few particles exit the interrogation area. Such
a particle has an effect on the signal-to-noise ratio, since its ”true” correlated
position is not detected. A reliable cross-correlation requires a minimum of 5
particles per interrogation area, and the size of the particles should be at least
three pixels on the image in order to pick its correct position. As a rule of
thumb the estimated displacement of a particle should not exceed 30% of the
side length of the interrogation area. Measuring in regions with large velocity
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Figure 4.6. The correlation principle used in PIV. The sequel
of two images from the CCD camera gives the most probable
displacement vector in each interrogation area.

gradients can be a source of problems, since the output vector is an average
over the interrogation area (therefore the gradient may be somehow smeared)
and the time chosen for the capturing should be different for different regions
of the layer.
The acquisition frequency is mainly imposed by the frequency of the laser
(maximum of 17 Hz), which is also the frequency between each pair of images.
The CCD camera has 1018×1008 pixels, and was divided in interrogation areas
with 64×64 pixels. The side of each interrogation area depends on the region
focused by the camera.
4.2.2. Hot-wire anemometry
Hot-wire anemometry is a technique where a thin wire (e.g. 5 µm in diameter
and 1 mm long) of platinum is heated up to 100-200 degrees above the ambient
temperature. In Constant Temperature Anemometry (CTA) the wire is the
fourth arm of a Wheatstone bridge. Depending on the local speed experienced
by the wire, its resistance changes, and so does the voltage needed to balance the
bridge. The voltage is a function of the velocity value, and the law describing
this relation for one-component velocity measurements is known as the modified
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King’s Law, see Johansson & Alfredsson (1982):
p
1
U = k1 (E 2 − E02 ) n + k2 E − E0

(4.1)

where E is the measured voltage, E0 the voltage at zero velocity, and k1 , k2 ,
n are the coefficients from the calibration. The wire is soldered to two prongs
which are shaped in order to reduce their influence on the flow.
Using two wires placed approximately 45 degrees with respect to the flow
direction, the two velocity components can be calculated as combination of
the voltages output from the wires. Such a probe is called an X-probe and a
photograph of one of the probes used (and built at KTH Mechanics) is shown
in figure 4.7. The size of the measurement volume is 1 mm3 In the calibration,
the probe is turned to a known angle (from –40◦ to +40◦ ) with respect to
the free-stream velocity (from 1 m/s to 18 m/s) measured by a Prandtl tube.
Two 2-dimensional fifth order polynomials are fitted to the voltages and the
coefficients are calculated with the least square method. A typical calibration
map is shown in figure 4.8.
Calibration points were taken down to a free-stream velocity of 1 m/s. If
lower velocities need to be measured by the hot-wire, this is not a problem
when the modified King’s law is used (Eq. 4.1). The polynomials must instead
include the velocity range of the measurements. The reason is that the fitting
polynomials are not reliable outside the calibration range, since they can diverge
to infinity. A solution was found in order to include also the points for velocities
lower than the allowed minimum of 1 m/s. The voltages from each wire, having
in common the same angle with respect to the wind direction, were fitted to the
modified King’s law. In this way, the voltage values for lower velocities (namely
0.2 m/s and 0.5 m/s) were extrapolated and inserted in the calibration map of
the X-wire. Differences were noticeable with the calibration corrected in this
way.

4.3. Turbine models
The main advantage of doing simulation of wind turbines in a wind tunnel,
as compared to field measurements, is the controlled flow conditions. On the
other hand, the Reynolds number cannot be matched: the difference in chord
is evident and wind speed must be kept low to avoid too high rotational speed.
The latter may be a source of problem, since the centrifugal forces can modify
the boundary layer on the blades and the development of the wake itself. On
the other hand, as mentioned by Vermeer et al. (2003), measurements at low
Reynolds number are suitable for comparison with numerical models as long
as an appropriate wing profile is chosen.
The power output of the turbine can simply be measured from the current
and voltage across the generator. However in this case the internal friction as
well as losses in the generator are not taken into account. By instead calibrating
the generator to obtain the torque from the current its is possible to get the
aerodynamic power efficiency.
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Figure 4.7. One of the X-wire used in the experiments. The
flow is from right and the measuring volume is a cube with a
side length of 1 mm.

E2 [Volts]

3.4

3

2.6

2.2

2.6

3
E1 [Volts]

3.4

Figure 4.8. X-wire calibration map, where the two wires
voltages are shown on the abscissa and ordinate, respectively.
The circles represent calibration points from 1 m/s to 18 m/s
and in 10◦ intervals with ±40◦ . The crosses are the values
extrapolated using the modified King’s law at 0.2 m/s and
0.5 m/s.
The drag force measurements were carried out using a strain-gauge balance
in the support of the model. When a load is applied, the deformation changes
the resistance of the strain-gauge. The calibration was made by fixing a known
weight acting along the shaft of the generator, where also the rotor acts. The
calibration curve can be seen in figure 4.9. The weights were measured by a
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1.2
Force = 0.29167*voltage - 1.3145
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Figure 4.9. Drag balance calibration curve with calibration points.
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Figure 4.10. Scheme of a load circuit connected to the DC
generator of the wind turbine.

precision balance, with an accuracy of the order of a milligram. The calibration
shows a linear relation between the load and the electrical output from the
balance.
A typical loading circuit is shown in figure 4.10. The circuit can have a
number of diodes or equally a variable resistor to change the breaking torque
at the shaft.

4.3. TURBINE MODELS

35

4.3.1. Turbine model 1
The turbine model 1 is used in paper 1. Its diameter is 0.25 m, it has two
blades and high solidity (14%). The characteristics of the turbine are shown in
table 4.1.
The nacelle accommodates a generator and the turbine was controlled by a
load circuit. This system enabled the change of the rotational frequency keeping
the free-stream velocity constant. In this case the power output was calculated
as product of the voltage and the current from the generator. The rotational
frequency was measured using an optical device fixed under the nacelle, giving
an electrical impulse at each blade passage. The turbine was tested at different
heights from the floor: 0.248 m, 0.305 m and 0.4 m. No differences were
noticed between these cases, so the chosen height was that with the turbine in
the middle of the test section.
A photograph of the turbine model is shown in figure 4.11. The power
coefficient for this turbine is shown in figure 4.12. The turbine tip speed ratio

Figure 4.11. Turbine Model 1
r/R
0.25
0.50
0.75
1

Chord [mm]
32
35
31
25

Twist [deg]
15
11
5
3

Table 4.1. Turbine model 1 characteristics.
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Figure 4.12. The power coefficient (Cp ) versus tip
speed ratio (λ) for three different free-stream velocities.
+: U∞ =5.65 m/s, x: U∞ =6.7 m/s, : U∞ =8 m/s.
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Figure 4.13. Power output and tip speed ratio (λ) vs. yaw
angle at U∞ =6.3 m/s. The measurement points (+) are normalised with the maximum value obtained from each fitting
curve. The squares denotes cos γ, the circles denotes cos2 γ.
during the experiments was set such that the turbine operated close to its
maximum power coefficient.
When the loading circuit is open, the turbine is free-running: no current
flows through the circuit (i.e. no power is produced), and the torque has only
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to overcome the internal friction of the rotating parts. Therefore the rotational
speed is at the maximum value. The open circuit can be achieved by also
increasing the variable resistance to a value where the generator is unable to
produce a current through the circuit. The opposite situation is when the
resistance is zero, or the circuit is short-circuit.
4.3.1.1. Yaw dependence
Another characteristic investigated for this wind turbine is the variation of the
power with respect to the flow angle. In figure 4.13 the variation both of Cp
and the tip speed ratio is shown for turbine model 1 keeping the loading constant. Both the power curve and the tip speed ratio as function of the yaw
angle showed a symmetric behaviour after a small offset was applied. The
–1.8 degrees offset may be due to an asymmetry in the turbine behaviour because of the direction of rotation. For this model the variation of the output
power is nearly proportional to the square of cos γ, whereas the tip speed ratio
varies linearly with cos γ when the loading on the turbine was constant.
4.3.2. Turbine model 2
A second turbine, built at FOI, was used in other sets of measurements in
paper 2, paper 3, paper 5 and paper 7. Its diameter is 0.18 m, and as
the previous one it is two-bladed. For this turbine the blades are straight (i.e.
no twist) and they are built out of four layers of carbon fibres giving a final

Figure 4.14. Turbine model 2.
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thickness of 0.5 mm. The profile is based on the Göttingen 417A airfoil, chosen
for its good performance at low Reynolds number. The chord at the tip is
16 mm and the maximum chord is 27 mm, at 12% of the radius. The solidity
is 13%. The blades are attached by a screw, 3 mm in diameter, to the 23 mm
diameter nacelle. These screws allow the setting of the pitch angle of the blades,
defined as the line connecting the leading edge to the trailing edge at 85% of
the radius. A designated set-up was built at FOI to fix the pitch angle (see
Montgomerie & Dahlberg (2003)) and allows an accuracy of ±0.05 degrees.
The blade pair is connected to a 24V DC motor that works as a generator.
In this case the torque was calibrated versus the output voltage and was shown
to be a straight line. Hence the aerodynamic power produced by the turbine
can be calculated by measuring the generator voltage and the rotational speed.
The other important characteristic for a wind turbine is the drag1 coefficient. The results e.g. in paper 3 show how the drag coefficient first increases
with the tip speed ratio and then tends to level out at a value which is of the
order of 0.9. During the experiments, the running conditions for the turbine,
such as power and drag coefficients, were measured and compared before and
after. No change was observed, proving that the model had stable characteristics during the maximum 30 hours measurements period. Details on the blade
geometry can be seen in the Appendix of paper 5.
A development of this turbine is the turbine model 3 shown in figure 4.15
and used in paper 3, paper 4 and paper 7. The hub has been built on
the same design of the two-bladed turbine to allow the pitch setting of the
blades. The power and drag characteristic have been studied for a blade pitch
angle from 8◦ to 12◦ . The power coefficient increases and the drag coefficient
decreases with the pitch only up to 11◦ .
4.3.3. Turbine model 4
This subsection aims at presenting a concept more than a turbine model and
it is not reported in any of the appended papers. The measurements followed
from an idea by J. Å. Dahlberg and they were inspired by the claim by Enercon
that with a large blade root up to the hub, the power was increased by 12-15%
(see Enercon (2004)). They aimed at understanding the effect of the hub on
the power production. We tested two wind turbine configurations, both twobladed, in the MTL wind tunnel: rotor A was based on the blades built at FOI,
described in subsection 4.3.2. The second configuration (rotor B) consisted of
a twisted blade, built for airplane models and available in hobby stores. The
diameters of the rotors were 199 mm and 187 mm respectively. A rod 4 mm in
diameter was connecting the two blades, allowing the flow through the centre
of the rotors. By means of a 70 mm long sting, the rotors could be connected
to the generator and therefore loaded with a negligible aerodynamic influence
of the breaking apparatus. The turbine with the twisted blades is shown in
figure 4.16. Power and drag measurements were performed both on the turbines
1 As

already mentioned the drag of the turbine is sometimes denoted as thrust.
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Figure 4.15. Turbine model 3.
in the no-hub configurations described above, but also after adding a hub in the
form of half a table-tennis ball with a diameter of 40 mm. The characteristics
of the turbines as a function of the tip-speed ratio are shown in figure 4.17.
Rotor B has a consistent gain in the power coefficient of the order of 4% in
the region of the maximum, whilst the non-twisted blade rotor performs worst
with the hub. More investigations were therefore carried out on the flow. The
set-up is the same as described in paper 4: the PIV measurements were made
the turbines at their CPmax . The results show a considerable change in the
radial velocity field, but very little changes in the streamwise velocity: the flow
is accelerated only close to the root because of the presence of the hub. It will
be shown in paper 3 that the flow at the root of the FOI non-twisted blade
is separated, therefore the flow close to the hub does not influence the power
production.
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Figure 4.16. Model 4, rotor B as seen from upstream, no-hub configuration.
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Figure 4.17. Power as a function of the tip-speed ratio, the
solid symbols are for the configuration with the hub. :
twisted blade, N: non-twisted Göttingen 417A airfoil.
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CHAPTER 5

Summary of papers and authors contributions
The thesis is based on the following seven papers.
Paper 1
Parkin, P., Holm, R. and Medici, D. “The application of PIV to the wake of a
wind turbine in yaw”, Proc. 4th International Symposium on Particle Image
Velocimetry, Göttingen, 2001.
The experiment was led by PP and RH. The data processing and analysis was
done by DM supervised by PP. The paper was written by PP and RH, whereas
DM analysed the data.
Paper 2
Dahlberg, J. Å. and Medici, D. “Potential Improvement of wind turbine array efficiency by active wake control (AWC)”, Proc. European Wind Energy
Conference, Madrid, 2003.
The work was equally divided between the authors. The original idea of AWC
was by JÅD.
Paper 3
Medici, D. “Influence of the number of blades on the wake of a wind turbine
model”.
Paper 4
Medici, D. “The upstream flow of a 3-bladed wind turbine model in yaw”.
Paper 5
Medici, D. and Alfredsson, P.H. “Measurements on a wind turbine wake: 3D
effects and bluff-body vortex shedding”, Wind Energy. Published online.
The measurements were performed by DM, as well as the data analysis. The
paper was written together with HAL.
Paper 6
Medici, D. and Alfredsson, P.H. “Wind Turbine Near Wakes and Comparisons
to the Wake Behind a Disc”, AIAA-paper-205-0595.
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The measurements were performed by DM, as well as the data analysis. The
paper was written together with HAL.
Paper 7
Medici, D. “A note on the frequency of wind turbine wake meandering”.

5.1. Summary of papers
In paper 1 the near wake downstream a rotating wind turbine model is studied
using PIV, both with the turbine normal to the free stream direction and under
yawed conditions. It is shown that yawing the turbine makes the wake deflect
towards the side of the downstream blade, in response to a force perpendicular
to the wind direction. The PIV used in the experiment allowed several instant
pictures of the flow, and in specific of the tip vortices. The vortices, together
with the rotation of the wake, seem to make the difference with the wake
from another bluff body, as if the wake can be frozen until these vortices are
particularly strong and easily detectable. The effect of yawing can be seen in
the mean velocity values, which are known every few millimetres thanks to the
technique used for the measurements. The velocity in a chosen point can even
double when the wake moves away.
In paper 2 various effects on a single turbine under yaw is studied as
well as the interaction between two turbines by traversing one turbine in the
spanwise direction downstream an undisturbed turbine. In this way a direct
measure of the power interference can be obtained, showing itself in terms of
”power wakes”. The effect of yaw on the power deficit is studied and a model
for a wind farm is used to predict the effect of active yaw control. It is shown
that for a six turbine station an increase in power of about 4% can be achieved.
Paper 3 describes in detail the changes in the wake as a consequence of
the number of blades. Wind turbines with two and three blades have been
studied in connection with their commercial production, while the one-bladed
turbine has a more fundamental importance: the helical wake can be clearly
visualised since the vortex lines shed by the blade tip are far from each other.
The multi-bladed turbine, although with the same pitch, shows on the other
hand a high mixing in the wake. The velocity field has been measured up to 9
diameters downstream for some chosen conditions and at x/D = 1 as a function
of the tip-speed ratio. The shape of the wake seems to change dramatically in
the central region and becomes deeper for high λ.
All the previous papers dealt with the near or far wake, while paper 4
focus on the flow immediately upstream of the rotor. The 3-bladed turbine
has been yawed and the flow is proved to be two-dimensional up to typically
3-4 mm from the blades, where the viscosity induces the rotation of the flow.
The reduction of the power with the yaw angle goes with the cube of the wind
speed, but this coefficient is highly dependent on the number of blades. The
paper shows that the momentum theory can be successfully applied upstream
of a rotating wind turbine.
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In paper 5 the wind turbine wake is studied using two component hotwire measurements. It is shown that the wake from a single wind turbine
exhibits a large degree of non-symmetry with respect to the central axis when
yawed. The effect of free stream turbulence is also studied. An unexpected
and interesting phenomenon was observed during the measurements, namely a
large scale motion of the wake which reflects itself in low frequency variations
as detected by the hot wire measurements. The frequency, if expressed as a
Strouhal number, is similar to what one would expect for shedding behind a
solid disc and it was concluded that the turbine sheds vortices in a similar
way as a disc. It was hypothesized that the meandering of the wake observed
behind full scale turbines is due to such vortex shedding.
Paper 6 compares the meandering frequencies of the two-bladed model
of paper 5 to the meandering behind porous discs. It was observed that the
Strouhal number depends on the tip-speed ratio and tends to the values given
by porous discs. A turbine in yaw increases the low-frequency shedding in
a similar way as a solid disc. In this respect, the vortex ring behind a disc
can be seen as the limit for λ → ∞ of the vortex structures behind a wind
turbine. The meandering frequency behind a disc disappears for high porosity,
as showed also by Castro (1971).
In order to further investigate the parameters influencing the meandering,
the measurements presented in paper 7 were performed in the wake of turbines
with different number of blades, blade pitch and tip-speed ratio. The meandering frequency was observed to change for the different configurations, although
a connection with the drag coefficient was not established. At the same time,
the low frequency showed to be dependent on the number of blades, suggesting
a link to the blade passage frequency. This finding is in agreement with the
theory, according to which the wake meandering depends on the wake pitch
(a measure of the distance between the vortex lines), on the axial interference
factor and on the vortex strength.
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Dahlberg, J. Å. 1998 Möjligheter och risker med stora vindfarmer till havs (in
Swedish). Presented at Vind–98, CTH, Göteborg, Sweden.
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