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Abstract

The aim of this licentiate thesis is to investigate wind-turbines placed in a
complex-terrain environment. This is done by studying the flow around small-
scale wind-turbine models placed over a landscape model with hills, and by
comparing the results with corresponding data obtained over a flat terrain
model. The studied flow features include the wind-turbine wake development
and the turbine performance under di↵erent conditions, the e↵ects from wake
interactions, the influence of the ambient turbulence levels and the influence
from a complex topography. Wind-tunnel measurements have been performed
using particle image velocimetry and hot-wire anemometry to measure the
velocity field. Additionally, numerical simulations, based on RANS modelling
and actuator-disc techniques, have been made to support the experimental data
and to gain further knowledge about the investigated flow cases.

The results reveal that the hills promote a downward wake deflection be-
hind the turbines and enhance the wind-turbine wake di↵usion. As a con-
sequence of this, and with the flow acceleration introduced by the hills, an
improved power performance is seen for turbines exposed to wake-interference
e↵ects. A correlation is observed between the turbulence levels present in the
flow, and the magnitude to which the hill-induced flow gradients influence the
wake: Stronger wake deflections due to the hills are seen when the wind-turbine
wake is more di↵used. This is for instance the case when the wake of two tan-
dem turbines is studied, or when higher ambient turbulence levels are present
in the wind tunnel.

A good qualitative agreement is seen when comparing the experimental and
numerical results. The simulation results further indicate that the hills give rise
to modulations of the wind-turbine wake. It is shown that these modulations
can be reasonably captured by means of wake-superposition techniques, given
that a wake model with su�cient accuracy is chosen.

Descriptors: Fluid mechanics, wind turbines, complex terrain, wind-tunnel
measurements.
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och vakutbredning
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KTH Mechanics
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Sammanfattning

Syftet med denna licentiatavhandling är att öka först̊aelsen om hur vindtur-
biner p̊averkas av en omgivande komplex terräng. Huvudsakligen betrak-
tas luftströmningen kring småskaliga vindturbinsmodeller som placerats över
en landskapsmodell med kullar. I tillägg görs jämförelser med resultat som
erh̊allits d̊a vindtubinerna placerats över en platt landskapsmodell. De stud-
erade strömningsaspekterna inkluderar vindturbinernas vakutveckling och pre-
standa under olika förh̊allanden, inverkan fr̊an vakinteraktioner, inflytande fr̊an
omgivande turbulensniv̊aer och inverkan fr̊an en komplex topografi. Vindtun-
nelmätningar har utförts där PIV och varmtr̊adsanemometri användes för att
uppmäta hastighetsfält. I tillägg har numeriska simuleringar utförts baserade
p̊a RANS-modellering, där turbinens rotor beskrevs av en porös skiva. Simu-
leringarna gjordes som komplement till de experimentella mätresultaten för att
f̊a en ökad först̊aelse om de undersökta strömningsfallen.

Resultaten fr̊an mätningarna och simuleringarna med kullar visar att terr-
ängvariationerna främjar en ned̊atg̊aende vakförskjutning bakom turbinerna
och ökar vindturbinernas vakdi↵usion. Detta, i kombination med luftens accel-
eration över kullarna, resulterar i att en högre e↵ektprestanda utvinns fr̊an en
vindturbin vars inströmmande luftflöde störs av vaken fr̊an en framförliggande
turbin. Vidare observeras kraftigare ned̊atg̊aende vakförskjutningar p̊a grund
av det kullriga landskapet d̊a vindturbinsvakarna är mer di↵underade. Detta är
exempelvis fallet d̊a vaken bakom tv̊a turbiner placerade i en tandemkonfigura-
tion studeras, eller när höga omgivande turbulensniv̊aer uppmäts i vindtunneln.

En bra kvalitativ överensstämmelse kan ses mellan de experimentella och
numeriska resultat som uppn̊as. Resultaten fr̊an simuleringarna indikerar dessu-
tom att landskapet med kullar ger upphov till moduleringar av vindturbinens
vak. Det visas att dessa moduleringar kan beskrivas n̊agorlunda väl med hjälp
av vaksuperpositionsmetoder, givet att en vakmodell med tillräckligt hög nog-
grannhet väljs.

Nyckelord: Strömningsmekanik, vindturbiner, komplex terräng, vindtunnel-
mätningar.
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Preface

The present thesis is divided into two parts. In Part I, an introduction to
the subject of wind turbines over complex terrains is given. This includes a
description of why the wind is generated, a historical background to the field
of wind energy and the particular e↵ects arising from the presence of hills and
mountains. A theoretical overview relevant to the work is also given, together
with a description of the experimental and numerical techniques used during
the work and a summary of the main results obtained in the thesis. In Part II,
three papers are appended to the thesis. These are presented in the following
order:

Paper 1 Ann Hyvärinen and Antonio Segalini;
E↵ects from complex terrain on wind-turbine performance, Journal of Energy
Resources Technology 139 (5), 051205, 2017.

Paper 2 Ann Hyvärinen, Giovanni Lacagnina and Antonio Segalini;
A wind-tunnel study of the wake development behind wind turbines over sinu-
soidal hills, submitted to Wind Energy, 2017.

Paper 3 Ann Hyvärinen and Antonio Segalini;
Qualitative analysis of wind-turbine wakes over hilly terrain, Journal of Physics:
Conference Series 854 (1), 012023, 2017.

January 2018, Stockholm
Ann Hyvärinen
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The wind and the waves are always on the side of the ablest
navigators

– E. Gibbon
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Part I

Overview & summary





CHAPTER 1

Introduction

With a growing worldwide energy consumption, a transition to renewable en-
ergy resources is essential in order to obtain a sustainable energy development
in our society. Wind energy is one of the cleanest energy resources available,
and it plays an important role in replacing fossil-based fuels such as coal, oil
and gas. In a recent energy agreement, the Swedish government envisioned
a full transition to renewable-energy production by year 2040. To reach this
goal, an expansion of the wind-energy sector is anticipated, together with an in-
creased amount of solar power and an optimised hydroelectric power generation
(Krönert et al. 2017).

A wind turbine is a machine that converts the kinetic energy of the wind
into electric energy. Today, the largest wind turbines in production are multi-
megawatt machines with rotor diameters spanning over 100 meters. The power
that can be extracted by a wind turbine is proportional to the cube of the inflow
velocity seen by the turbine. This implies that if the wind velocity is doubled,
the power output from the turbine will be eight times higher than before.
When planning for new wind-turbine installations, it is indeed important to
find locations where the wind speed is high, since this yields a higher electrical
energy output.

In a wind farm, where many wind turbines are built close together, the
wakes behind the turbines often disturb the operation of downstream wind
turbines. This can for instance be seen in figure 1.1, which shows the Horns
rev 2 wind farm o↵ the coast of Denmark. As seen from this aerial photograph,
the wind turbines generate turbulent wakes that stretch far downstream of their
locations in the direction of the wind. The velocity in the wake of the turbines is
lower than in the approaching wind and, consequently, the downwind turbines
exposed to the wakes will produce less electrical energy than the upstream ones.
Additionally, the turbulent nature and the velocity shear of the wind-turbine
wakes increases the fatigue loads on the downstream turbines, which reduces
their operational lifetime. For these reasons, it is essential to carefully plan the
wind-farm layout in advance, in order to find optimal turbine locations.

Over sea, the wind is relatively undisturbed and typically stronger than
over land, making o↵shore areas beneficial when building new wind farms.
However, o↵shore wind farms have the disadvantage that their construction

3



4 1. INTRODUCTION

Figure 1.1. Aerial photo of the Horns rev 2 wind farm near
the coast of Denmark, from Dong Energy/Bel Air Aviation
Denmark - Helicopter Services (2017).

and maintenance costs are significantly higher than for onshore wind farms.
A lack of good o↵shore regions, with su�ciently shallow waters for building
wind farms, can also promote onshore wind-turbine installations. Land-based
wind power is for these reasons more common than o↵shore wind power. With
long distances of undisturbed winds, large plains are ideal when building wind
farms over land. However, onshore wind turbines are often built over remote
mountainous regions, where high wind velocities still can be found, and where
the turbines do not disturb nearby-living human residents.

By learning more about the wind and its behaviour as it flows across the
ground, we can use more of its resources for wind-energy applications, and
thereby extract more energy. The wind conditions that a wind turbine per-
ceives are dependent on many parameters, including the local climate and the
environment where the turbine is installed. If a wind turbine is built in a moun-
tainous area, such as the one seen in figure 1.2, then the local wind conditions
will significantly a↵ect the turbine performance. Over mountains, the winds
are typically strong, since the flow is accelerated over the upwind mountain
slopes. Meanwhile, valley winds are often influenced by the wind direction at
the site. The flow can sometimes be accelerated when the wind blows along
the length of the valley, while a large wake may form on the leeward side of
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Figure 1.2. Mountainous region in south-western Iceland, a
complex-terrain environment that could be challenging from a
wind-energy perspective.

a mountain in other situations, which greatly reduces the local wind speed.
Nearby mountains can also influence the wind conditions seen over hills and
ridges in their vicinity. As illustrated with this example, the flow around on-
shore turbines is in many cases highly dependent on the surrounding terrain
features. Much research is therefore undertaken to map the available wind re-
sources over di↵erent regions of the world (see for instance Mann et al. 2017).
The wake of a wind turbine built over a hilly or mountainous region may be
perturbed by the flow accelerations and retardations introduced by the local
terrain features. A careful selection of the wind-turbine placements is therefore
even more important at wind sites with large topographical variations.

The work in the present thesis is centred on the flow around onshore wind
turbines over a hilly terrain. However, before this topic is approached, certain
fundamental questions related to wind energy and complex-terrain flows will be
addressed. The first question of interest from a wind-energy perspective con-
cerns the nature of the wind, its origins and its general behaviour at altitudes
where wind turbines are commonly found. This is addressed in section 1.1. A
historical perspective on the utilisation of wind power is then briefly given in
section 1.2. Thereafter the objectives of the thesis are presented.
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1.1. Origins of the wind

A combination of many di↵erent factors determines the strength of the wind
at a specific place and time. Generally speaking, the origin of the wind can
be traced back to the presence of the sun and the rotation of the Earth: As
the solar radiation warms the surface of the Earth, the above-lying air will be
heated di↵erently depending on the heat capacity of the surface. The air is for
instance warmed more rapidly over land than over sea, since a large amount of
heat is absorbed by the oceans. The temperature di↵erences arising from this
alter the air density, and pressure di↵erences in the atmosphere are thereby
formed, causing the warmer air to rise and the cooler air to sink. On a larger
scale, these pressure and temperature variations, coupled with perturbing ef-
fects arising from the Earths rotation (usually referred to as Coriolis and cen-
tripetal accelerations), form vast-reaching high- and low-pressure systems that
are the essential driving force of the winds perceived in the troposphere. The
available wind resources vary across the globe, where large-scale atmospheric
circulations give rise to predominant wind conditions. This is for instance the
cause of the prevailing westerlies, found in the mid-latitudes of the northern
and southern hemispheres (between 30 and 60 degrees latitude), which give
favourable wind conditions across the eastern coastlines of Europe (Ackerman
& Knox 2006). At latitudes associated with strong winds, o↵shore and coastal
regions typically o↵er high wind-power potentials. Mountainous areas can also
be advantageous, due to the large wind accelerations that can be found in such
regions (Archer & Jacobson 2005).

In the lower regions of the troposphere, the atmospheric boundary layer
is formed, since the wind is influenced by the presence of the Earth’s surface.
The atmospheric boundary layer can stretch from a few hundred meters above
the ground to over a kilometre in altitude, depending on the prevailing weather
conditions. Generally, high pressure regions give rise to lower boundary-layer
heights than regions of low pressure. The atmospheric boundary layer also
varies over the day with what is know as the diurnal cycle. During daytime
when the solar irradiance is strong, a strong mixing of the boundary layer oc-
curs in a convective layer close to the ground, due to thermal activity. In the
outer part of the boundary layer, above the convective layer, the air is typically
less turbulent. In contrast, the nocturnal boundary layer is of a more stable
nature with lower turbulence levels. A residual layer with nearly homogeneous
turbulence intensity, formed from the remains of the turbulence generated dur-
ing daytime, can typically be found above the stable nocturnal boundary layer
during the night (Stull 1988). Mountainous terrains can significantly increase
the horizontal atmospheric variations, since large mountains may extend well
beyond the vertical depth of the atmospheric boundary layer. Local weather
systems with diurnal wind variations can also appear around mountain ranges,
something that is further discussed by Emeis (2013).
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1.2. Historical background

While the wind can be destructive at times, as seen from the aftermath of
hurricanes and tornados, it can also be of great use to accomplish various goals.
The power of the wind has been harvested for thousands of years by mankind
both for transportation, agriculture and more recently for energy extraction
through the generation of electricity. From a historical perspective, sailing is
one of the oldest applications where the wind has been utilised by man, dating
back to prehistoric times, and it remained the most common way to travel the
seas until the emergence of steamships in the beginning of the 19th century
(Pearce & Pearce 2010; McOwat 2013).

On the agricultural side, the wind has for long been used to power wind-
mills. The first windmill, which dates back to over 2000 years ago, can be
considered as a predecessor to the modern-day wind turbine. As opposed to
the present-day wind turbines, whose most common purpose is to harvest elec-
tricity from the wind, the first windmills were mainly used for grinding grains
and pumping water (Burton et al. 2001). The first horizontal-axis windmills,
which appeared in Europe around the turn of the 12th century, are believed to
have been inspired by watermills. Early rotor designs typically had four sails
that were mainly driven by the frontal pressure on their surfaces (Hills 1996).
The pressure di↵erence between the front and rear part of the sails, which had
been utilised on sailboats hundreds of years earlier (Campbell 1995), was rarely
considered in wind-energy applications before the 20th century. An exception
to this can perhaps be traced back to 13th-century in China, where vertical-
axis windmills were developed with sails similar to the junk rigs used on old
Chinese sail ships. Apart from agricultural applications, windmills have also
been used for land drainage (particularly in the Netherlands) and for industrial
applications such as sawing and paper making (Hills 1996). Figure 1.3 shows
a windmill built with a Dutch design that was used for grinding corn up until
the 1920s.

The emergence of the modern wind turbine

The knowledge gained from the development of windmills was utilised during
the early evolution of the electricity-producing wind turbine. As described
by Sørensen (2016), the first wind turbine of this kind was built by James
Blyth from Scotland in 1887, who used it to provide electricity for his cottage.
Later in the 1890s, Poul La Cour in Denmark begun a systematic research
on electricity-producing wind turbines. Among other things, he improved the
understanding of the aerodynamic forces that act on the wind-turbine blades
and he found that wind turbines with few blades and a high rotational speed
are more e�cient for electricity production (Sørensen 2016).

In 1941, the 1250 kW Smith-Putnam wind turbine in Vermont, USA, be-
came the first wind turbine that provided synchronous power to an electrical
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Figure 1.3. Windmill with a Dutch design used until the
1920s for grinding corn, Torekällberget, Sweden.

utility system (Putnam 1948). However, such projects were rare at that time.
Instead, wind turbines were mainly used to charge batteries that supplied power
to remote houses, and this was the case up until the oil crisis in 1973. The
rising oil prices during the 1973 crisis led to an increased interest in wind en-
ergy, and several government-funded research programs were thereby started
in for instance Denmark, Germany, Great Britain, the Netherlands, Sweden
and the USA. These programs, along with e↵orts made by private compa-
nies at the time, significantly improved the scientific and engineering knowl-
edge about wind energy. The Danish wind-turbine concept, with three-bladed,
stall-regulated rotors, emerged during this era, and it remains the most popular
design approach to the present day (Burton et al. 2001; Sørensen 2016). As an
example, figure 1.4 shows a couple of wind turbines with designs based on the
Danish concept.

Nowadays, the need to reduce greenhouse-gas emissions is a major driv-
ing force for the development and construction of wind turbines. In order to
increase the power output from the turbines, recent design trends have been
oriented towards wind turbines with increased rotor diameters, particularly in
o↵shore situations (Burton et al. 2001). In Europe, the wind-power capacity
has increased steadily over the last decade. According to WindEurope, 16.7%
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Figure 1.4. Wind turbines with designs originating from the
Danish wind-turbine concept, Mosjö, Sweden.

of the total electrical power generation in 2016 could be attributed to wind en-
ergy. The wind-energy sector has thereby turned into the second largest form
of electrical energy capacity in the EU after natural gas. A large portion of the
recently installed wind turbines have been built onshore (Nghiem & Mbistrova
2016), underlining that e↵ects from complex terrains are of increasing interest
to the wind-energy community. In light of this trend, the aim of present work is
to contribute with additional insights about the flow situation occurring around
onshore wind turbines.

1.3. Objectives of the thesis

The main objective of the present thesis is to gain further insights into the flow
situation presiding over a hilly landscape. Specifically, the aim is to investigate
the influence from di↵erent features such as inflow turbulence, topography and
turbine-wake interferences, on the wake development behind a wind turbine
and on its overall thrust and power performance.

The work has mainly been carried out by means of wind-tunnel measure-
ments on small-scale wind turbines, where both hot-wire anemometry and par-
ticle image velocimetry (PIV) have been used to measure the flow velocity.
Simulations have also been carried out using Reynolds-averaged Navier-Stokes
equations (RANS) and an actuator-disc technique. As will be illustrated, the
collected experimental database can be utilised for qualitative comparisons of
wind-turbine wakes over hilly terrains, and it may furthermore be used for
additional validations of numerical simulations. The limits of simplified wake
models are also examined in a flow situation over hilly terrain, connecting the
performance of more computationally expensive simulations, with analytical
models commonly used for industrial applications.



CHAPTER 2

Field overview

2.1. The flow over hills

In order to increase the power output and thereby the e�ciency of newly-
planned wind farms, much e↵orts are initially invested in finding optimal tur-
bine locations with high wind speeds. As discussed, complex-terrain scenarios
are particularly challenging, since the flow conditions change with variations
in the wind direction. Significant variations in the wind conditions around
complex terrains (due to changes in the wind direction), have previously been
observed both during field measurements and in experimental wind-tunnel cam-
paigns. This can for example be seen in the works by Lange et al. (2016), who
investigated the flow over the Bolund escarpment in Denmark, and Lubitz &
White (2007) who studied the flow over a generalised isolated hill under di↵er-
ent inflow directions. Even distant topographical features can influence the flow
field over a given site, something that was noticed by Walmsley et al. (1990),
who studied the flow over a hill located in the Outer Hebrides of Scotland.
Ne↵ & Meroney (1998) also observed strong non-linear e↵ects, due to upwind
disturbances from hills and ridges, in a wind-tunnel study with a downscaled
terrain model.

A wind site with a certain terrain geometry can be studied under controlled
conditions either through wind-tunnel measurements on downscaled models,
or by means of numerical simulations. In both situations, comparisons with
field measurements are demanding, owing to the intermittency of the wind
conditions in the field. The wind conditions in the field vary both with the
diurnal cycle and with seasonal changes, as observed by Cheng et al. (2004)
during flow investigations over the Altamonte Pass in California. In their study
(which included small-scale wind-tunnel measurements), the best agreement
between wind-tunnel data and field measurements was found under neutral or
unstable atmospheric conditions, during time periods when strong winds were
coming from a predominant direction.

From a scientific perspective, the unique flow field generated by complex
terrain can be di�cult to compare with other topographic situations, some-
thing that further complicates the study of complex-terrain flows. A way of
overcoming this problem is to study more idealised flow situations with simpli-
fied terrain geometries, which allows for an easier interpretation of the results.

10
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(a)

(b)

(c)

Figure 2.1. Illustration of streamlines over isolated hills with
varying shapes (adopted from Hunt & Snyder 1980), (a) shal-
low hill with gentle curvature changes, (b) steep hill with gentle
curvature changes, (c) hill with linear slopes and discontinuous
curvature changes.

Isolated hills with idealised shapes

If we begin by considering two-dimensional isolated hills, the flow development
seen over such geometries is largely dependent on whether flow separation oc-
curs. A hill with a very gentle slope will cause a slight vertical flow perturbation,
as illustrated in figure 2.1a. The flow is typically accelerated on the upwind
side of the hill, a maximum velocity is reached near the crest of the hill, and a
flow deceleration occurs at the leeward hill side. The boundary layer develop-
ing over the hill will thereby di↵er significantly from the logarithmic turbulent
boundary layer typically found over a flat surface (Webster et al. 1996). Sev-
eral flow studies of the boundary-layer development over hills have shown that
the velocity profiles over the hills are more uniform compared with correspond-
ing flat-terrain situations, particularly over the hill tops (see for instance Arya
et al. 1987; Kim et al. 1997; Miller & Davenport 1998; Røkenes & Krogstad
2009).

Over a steeper hill, strong adverse pressure gradients can cause the flow
to separate, forming a wake on the downwind hill side. This is illustrated in
figure 2.1b. The separated flow region behind the hill is characterised by lower
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flow velocities than over the upstream hill slopes and a stronger mixing due
to intermittent turbulent eddies. A region of backflow may also form behind
the hill due to flow recirculation. The shape of the hill and its local surface
roughness influence the location where flow separation takes place. Previous
studies of gently curved, isolated ridges, have indicated that hill slopes shallower
than 10� are unlikely to cause flow separations, while flow separation will likely
occur at hill slopes steeper than 20� (Arya et al. 1987; Finnigan 1988; Lubitz
& White 2007). On the lee side of hills with slopes between these values,
thin irregularly separated flow regions, with sporadically moving separation
lines, have been observed. As shown in figure 2.1c, sharp hill crests generally
trigger an earlier flow separation, whereas hills with curved profiles can retain
an attached flow for longer downstream distances. Flow separation can also
occur at the base of upstream hill slopes due to abrupt changes in the surface
geometry. This is further discussed by Finnigan (1988) in a review treating the
boundary-layer development over isolated hills.

In the field, the boundary layer that develops over a hill is always of a turbu-
lent nature. Flow separation can therefore be promoted by an increased surface
roughness, which introduces an energy loss to the flow. This was for instance
found by Teunissen et al. (1987), who studied the flow over the Askervein hill
in Scotland. In cases where an increased surface roughness (due to for instance
vegetation) does not trigger flow separation, the surface-roughness mainly af-
fects a limited region close to the ground (Ne↵ & Meroney 1998).

Over three-dimensional hills, the flow structures are more complicated,
since the air is diverted around the hill sides and thereafter mixes with the
wake on the downwind side of the hills. Flow visualisations by Hunt & Snyder
(1980) show examples of this and they also reveal that the flow over a hill can
be strongly influenced by stratification.

When the thermal stability in the atmosphere is high (in a region close to
the ground), the speed-up e↵ects observed over a hill or escarpment are often
stronger than under neutrally stratified conditions (Emeis 2013). When a sta-
ble airmass moves over a complex terrain, lee waves may form behind hills and
mountains, which may stretch to several kilometres altitude. This phenomenon
is illustrated in figure 2.2, where the red arrows give an indication of the flow
velocity near the ground. The terrain obstacle (in this case a hill) essentially
works as trigger of an oscillatory air motion, which is driven by temperature
inequalities between the air that flows over the mountain and the surrounding
air mass. In this situation, the air that moves down over the mountain slope
is warmed more rapidly than the surrounding air and consequently, a restoring
buoyancy force drives the flow upwards. Thereafter, the ascending air mass
is cooled more rapidly than the surrounding flow, forcing the flow downwards.
The presence of lee waves also influences the flow close to the ground. Usu-
ally the wind speeds are lower under the crests of the downstream waves and
increase in strength as the flow is accelerated under the lower parts of the
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Figure 2.2. Illustration of lee waves forming behind an iso-
lated hill in a stably stratified flow (adopted from Dale 2016).
The black lines are streamlines and the red lines indicate the
flow velocity near the ground.

waves (Smith 1979; Dale 2016). For lee-wave systems to form, a very stable air
mass should ideally abide in between two layers of unstable air on which it can
bounce. Long ridges with steep leeward slopes are optimal for triggering a wave
oscillation, and the ridge line should preferably be perpendicular to the wind
direction. A second downstream hill can under the right conditions enhance
the wave oscillations: this is further described by Reichmann (2005).

Multiple and streamwise periodic hills

The flow over multiple hills behaves in a somewhat di↵erent manner compared
to cases with isolated hills. When several hills are present, the combined ge-
ometry of the hills determines the overall flow pattern in their vicinity. A low,
gently curved hill will for example have a small upstream and downstream
influence on the flow velocity over nearby hills (under neutral atmospheric con-
ditions), compared to higher and steeper hills with larger downstream wakes:
This is illustrated in figure 2.3a-b. As indicated in figure 2.3a, a shallow hill
(over which the flow stays attached) has a minor impact on the flow over a
second, steeper hill. The massive flow separation triggered over a steep hill,
will on the other hand submerge lower hills further downstream, as shown in
figure 2.3b. Generally, the flow separations generated over local valleys have
a greater impact on the flow field over the hills, compared with the relative
height di↵erence between nearby hills. This has for instance been observed
during wind-tunnel measurements by Røkenes & Krogstad (2009). The joint
wake behind two steep hills may form a large combined region of separated
flow. However, in some instances the momentum losses arising in the wake of
an upstream hill might reduce the wake region behind a downstream hill placed
in its immediate vicinity. An example of this e↵ect is illustrated in figure 2.3c-
d: Here the separated flow region, seen behind the lower hill in figure 2.3c, is
reduced due to the increased turbulence intensity seen behind the larger hill in
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(c)

(d)

(b)

(a)

Figure 2.3. Illustrations of various flow fields arising from
the combined e↵ect of two hills with di↵erent heights (adopted
from Kim et al. 1997).

figure 2.3d. Observations of this phenomenon have been made in experimental
studies by both Ferreira et al. (1991) and Kim et al. (1997).

For the particular scenario with multiple streamwise-periodic sinusoidal
ridges, the flow over the first hill will generally be quite similar to observations
made over isolated hills: The flow will accelerate on the upward slope, reach a
maximum value near the hill crest and then decelerate on the downward slope,
where it is likely that a thin region of separated flow will form. Thereafter, the
flow separation formed leeward of the first hill will reduce the flow velocity and
increase the turbulence intensities perceived by the second hill top. The higher
turbulence levels will in turn contribute to a less severe flow separation behind
the second hill (similar to the flow case in figure 2.3d). Naturally, higher wind
speeds and lower turbulence levels can thereby be expected over the third hill
top (though the levels initially observed at the first hill crest are usually not
retained). After the third hill crest, the velocity profiles over subsequent hills
will typically be fairly periodic. The largest flow variations are usually seen in
a region near the surface of the hills, while the above-lying flow is more uniform
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in comparison. This has for instance been observed in the works by Miller &
Davenport (1998) and Carpenter & Locke (1999).

In the study by Carpenter & Locke (1999), the flow over shallow sinu-
soidal hills with slopes around 14�, was compared with the flow over steeper
sinusoidal hills featuring slopes near 45�. The largest di↵erences were then
found at the second hill, owing to the large wake that formed behind the first
ridge. Generally, the wind speeds are reduced downstream of steep sinusoidal
hills, since large regions of separated flow form in the valleys between the hills.
The observed turbulence levels will also be higher than for shallower periodic
hills. Consequently, the initial flow variations, seen over the first three hills,
will be enhanced over the steeper hills. The flow separations seen over peri-
odic ridges can give rise to correlated flow motions that may extend as far as
the hill spacing, something that was noticed by Kähler et al. (2016). A land-
scape of three-dimensional sinusoidal hills gives rise to visibly di↵erent flow
features compared with two-dimensional sinusoidal ridges, both when regard-
ing the mean flow properties and the turbulence characteristics over the hills.
Wind-tunnel measurements by Hamed et al. (2015) have for instance indicated
that the turbulence levels over periodic three-dimensional hills can be signif-
icantly lower, since the three-dimensional landscape a↵ects the spanwise flow
distribution.

The cases discussed above illustrate the dynamic nature of the flow seen
over hilly landscapes and, even though it is unlikely to find truly periodic hills in
nature, we can nevertheless apply knowledge gained from such generic models
to topographical situations in landscapes with complex terrain.

2.2. Flow studies of wind turbines

When studying the flow around a wind turbine in the field, there is no way to
control the flow conditions that the wind turbine is experiencing. The wind
and weather are constantly shifting and surrounding obstacles may influence
the flow around the wind turbine under some wind directions. It is indeed
quite di�cult to isolate the origin of the di↵erent features in the observed flow
field. A major di�culty concerning field measurements is that the atmospheric
conditions often change in between the acquisition of di↵erent data sets, mak-
ing result comparisons much more challenging. Field measurements around a
wind farm situated over complex terrain (made by Hansen et al. 2016) further
indicate that the wake development behind the wind turbines di↵ers depending
on the atmospheric conditions and the phase of the diurnal cycle.

To study di↵erent fluid-dynamic phenomena under more controlled con-
ditions, an alternative approach is to perform wind-tunnel measurements. In
this way the flow velocity and the air temperature can be kept at constant val-
ues, and the turbines can be placed in a clean environment without interference
from surrounding obstacles (unless objects are purposefully introduced into the



16 2. FIELD OVERVIEW

wind tunnel). With the right measurement equipment, highly-resolved turbu-
lent flow features can be studied using this approach. An overview of a number
of wind-tunnel measurements made on small-scale turbines in the past can be
found in the review by Vermeer et al. (2003). Something that should be noted
during this kind of experimental measurements is that the wind-tunnel test
section is a confined environment. This implies that the streamlines around
a large object placed in the test section will not be able to diverge to the
same degree as in a free-flow environment. In closed test sections, wind-tunnel
blockage typically results in higher thrust and power coe�cients for the model
turbines. This is due to additional flow accelerations induced by the confined
test-section environment. Wind-tunnel blockage should be taken into consid-
eration for both wind-turbine testing and other wind-tunnel applications, for
instance in the automotive industry. Generally speaking, the measurement re-
sults obtained in the wind tunnel should be corrected for blockage e↵ects if
the projected cross-section area of the tested object occupies more than 5%
of the total test-section area (McTavish et al. 2014; Segalini & Inghels 2014;
Söderblom et al. 2016).

Considering the large size of the wind-turbines in the field, not even the
biggest wind tunnels presently built could accommodate a large wind-turbine
rotor inside it. Therefore, downscaled wind-turbine models must be used during
most wind-tunnel studies. To achieve full-scale similarity for the wind-tunnel
flow, the typical Reynolds number of the measurement conditions should be
equal to the full-scale situation. The Reynolds number is defined as Re =
⇢UL/µ, where U and L are characteristic velocity and length scales present in
the measurement setup, ⇢ is the fluid density and µ is the dynamic viscosity of
the fluid.

Wind turbines in the field have a Reynolds number of about Re ⇡ 7 · 107,
based on the rotor diameter and the inflow velocity seen by the turbine. To
maintain this Reynolds number during wind-tunnel measurements with a down-
scaled turbine generally requires an adjustment of the flow velocity according
to UWT = �UF , where WT and F denote wind tunnel and field conditions
respectively, and � is a downscaling factor. If the rotor diameter, D, is cho-
sen as the characteristic length scale of the turbine, the downscaling factor
� ⇡ DF /DWT (assuming that the air density and viscosity is similar when
comparing the wind-tunnel environment with the field conditions). To match
the Reynolds number of a turbine with a rotor diameter DF ⇠ 100 m that
operates at a 10 m/s wind speed, given a small-scale turbine with DWT ⇠ 1 m,
thereby requires supersonic wind-tunnel velocities, which introduces phenom-
ena that are not realistic from a physical point of view (when considering the
flow around a full-scale wind turbine).

For nearly all wind-energy applications, full Reynolds number similarity
is practically unrealisable to achieve in a wind-tunnel, due to the significantly
larger scales of the full-size turbines. Naturally, this has been a long-standing
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issue in the wind-energy community. In a few experimental campaigns (such as
the NREL and MEXICO projects, Simms et al. 2001; Schepers & Snel 2007),
the large size of the wind tunnels allowed for test conditions with bigger turbines
and Reynolds numbers closer to those of full-scale wind turbines. High Rey-
nolds numbers have also been obtained by Miller et al. (2016), who conducted
wind-tunnel measurements using small-scale turbines under highly pressurised
conditions. In their case, the high ambient pressure in the test environment
altered the air density and thereby increased the Reynolds number to values
near those of full-size rotors.

While the matching of the Reynolds number remains a concern in many
small-scale wind-turbine studies, certain past studies (Chamorro et al. 2011)
have indicated that the main flow features and turbulent fluctuations achieve
a Reynolds number independency beyond Re ⇡ 105, with a weaker Reynolds-
number dependency in the far-wake region of the turbine. Furthermore, as
discussed by Medici & Alfredsson (2006), the characteristics of the small-scale
turbine wakes will generally be similar to those of full-scale turbines, given that
their thrust coe�cients are of a similar magnitude.

Wake characteristics

The flow behind a wind turbine can generally be divided into a near-wake
and a far-wake region. The near-wake region, which typically extends about
one rotor diameter downstream of the turbine, is characterised by tip and
root-vortex structures that are released from the wind-turbine blades. These
flow structures have for instance been observed through flow visualisations by
Alfredsson & Dahlberg (1979), and in measurements made by Medici (2005)
and Yang et al. (2011). After some distance downstream of the rotor, the
vortices shed from the turbine blades will start to pair up, leading to a vortex
breakdown in the transition to the far-wake region of the rotor.

The essence of the vortex development and downstream vortex instabili-
ties have been described in the works by Quaranta et al. (2015) and Segalini
& Alfredsson (2013). Figure 2.4 shows a dye visualisation made in a water
channel by Quaranta et al. (2015), who studied the flow behind a one-bladed
rotor. In this case, a small perturbation of the rotor angular velocity was made,
which triggered a vortex instability and breakdown downstream of the turbine.
Quaranta et al. (2016) observed a similar phenomenon for two-bladed rotors,
though in this case the vortices shed from the individual turbine blades were
seen to interact. As observed in figure 2.4, the wake flow becomes less coherent
after the initial vortex instability: In the far-wake region, the remnants of the
individual vortex structures emanating from the blades are gradually di↵used
with the downstream wake propagation. Chamorro et al. (2012) observed that
the vortex structures released from the turbine blades increase the turbulent
kinetic energy content in the wake. In their study, the wind turbine was seen
to increase the turbulent kinetic energy in a relatively high frequency range
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Figure 2.4. Dye visualisations of the helical vortex shed
downstream of a one-bladed turbine, from Quaranta et al.
(2015). For clarity, the colours in the figure have been inverted
compared with the original publication.

of the turbulent spectrum. In contrast, a dampening of the large-scale turbu-
lent structures present in the undisturbed turbulent boundary layer, was also
noticed due to the presence of the wind turbine.

A wind-turbine wake can extend well beyond 12 rotor diameters down-
stream of the turbine, depending on the turbulence conditions in the surround-
ing flow field. With higher ambient turbulence levels, the vortex features in
the near-wake become less distinct and the wake di↵usion is enhanced due to
a stronger turbulent mixing. This has for example been observed in measure-
ments made by Mycek et al. (2014a), who noted small remaining wake e↵ects
six rotor diameters downstream of a turbine exposed to high ambient tur-
bulence conditions (with a turbulence intensity of 15%). In comparison, their
study showed strong wake e↵ects (in terms of the turbulence intensity and wake-
velocity deficit) as far as 12 diameters downstream of the turbine, when a lower
ambient turbulence intensity of 3% was used. Significant changes in the wake
development, when comparing uniform and turbulent inflow conditions, have
also been observed in numerical simulations by Troldborg et al. (2007). The
large-scale flow structures contained within the atmospheric boundary layer,
coupled with the inherent instabilities of the wind-turbine wake, can more-
over give rise to large-scale wake oscillations, a phenomenon that is known as
wake meandering. This phenomenon has for instance been studied by Medici
& Alfredsson (2006) and Coudou et al. (2017).

In terms of power performance, the faster wake recovery (seen with higher
ambient turbulence levels) is advantageous for wind turbines exposed to wake-
interaction e↵ects. Returning to the flow situation seen over the wind farm
in figure 1.1, for example, the turbulence in the atmospheric boundary layer
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(which the turbines subside in) enhances the flow recovery in the wind-turbine
wakes. The wind turbines that are submerged in the wakes of upstream turbines
will thereby perceive higher inflow velocities, compared to a more uniform
(theoretical) flow case with lower turbulence intensities.

The velocity profile of the atmospheric boundary layer will furthermore
yield a non-axisymmetric wake behaviour downstream of the turbines, with
lower flow velocities and turbulence levels near the ground surface. This has
previously been observed during wind-tunnel measurements by Chamorro &
Porté-Agel (2009), who saw an increased non-axisymmetric wake e↵ect under
conditions with a strong surface roughness (something that enhanced the non-
uniformity of the incoming boundary layer). Similarly, Dobrev & Massouh
(2016) noted decreased tip-vortex intensities in the lower wake region of a
model turbine, particularly when the rotor was placed close to the ground.
Field measurements on a small wind turbine made by Pol et al. (2014) show
indications of a downward flux of kinetic energy from the above-lying flow
into the wake region of the turbine. As observed by Cal et al. (2010), this
vertical flux of kinetic energy is a main contributor to the power extracted by
downstream turbines in a wind-turbine array.

While higher turbulence levels generally increase the power output from
the downstream turbines in a wind farm, they can also increase the fatigue
loads on the turbines and thereby reduce their operational lifetime. An exam-
ple of this can be seen in the wake-interference study made by Mycek et al.
(2014b), under di↵erent ambient turbulence levels. Wake-interference e↵ects
on wind-turbines were also studied by Adaramola & Krogstad (2011). In their
wind-tunnel study, they found that the performance of a downstream wind
turbine can be improved if the upstream turbine is slightly yawed or operating
somewhat outside its optimal performance conditions. Similarly, wind-tunnel
measurements by Campagnolo et al. (2016) indicate that the power output
from a wind farm can be improved through yaw-control strategies applied on
the individual turbines.

Wind turbines in hilly environments

If the elevation di↵erence between a turbine site and the neighbouring terrain
(within a 3 km radius) is above 60 meters, or if the terrain slope in this region
exceeds a 3% inclination, the topography surrounding a wind turbine can be
considered as complex (Wegley et al. 1980). When a wind turbine is placed in a
complex-terrain environment, its characteristic wake features will be interlaced
with the flow perturbations induced by the local topography. The site-specific
elevation changes can lead to complex terrain-wake interactions, something
that for instance has been observed in the works by Helmis et al. (1995) and
Castellani et al. (2017).
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Turbines placed on hill peaks can generate higher power outputs than a
corresponding turbine over flat terrain, due to the speed-up e↵ects introduced
by the local slopes. Observations of this have for example been made in flow
simulations by Schulz et al. (2014) and in measurements by Tian et al. (2013b),
who studied the flow around small-scale wind turbines situated over an isolated
hill. In the case studied by Tian et al. (2013b), no flow separation occurred
at the leeward hill side and a higher power output (compared to a flat-terrain
case) was also noted for a turbine placed on the downstream hill slope. Since
flow separation may occur on the leeward side of steeper hills, it is often better
to place wind turbines on the upwind hill slopes, rather than on their downwind
sides. This is frequently utilised when building turbines along coastlines and
in mountainous regions, where the flow is dominated by a prevailing wind
direction.

As anticipated, a turbine placed in the wake of steep upstream hills (such
as the ones seen in figure 2.3c) will experience a loss in performance. However,
as noted by Yang et al. (2015), a faster flow recovery can also occur behind
a wind turbine in such situations (due to a stronger turbulent mixing in the
wind-turbine wake), giving a higher available power in the far-wake region of the
turbine. Wind-tunnel measurements by Howard et al. (2016) further suggest
that the flow development behind a hill (and the flow in a wind-turbine wake)
is coupled with e↵ects from the thermal stratification of the flow. In their
study, an increased turbulent mixing was observed with a convective thermal
stratification, which enhanced the wake recovery behind a model turbine. In
contrast, a reduction of large-scale velocity fluctuations was seen in the wake
of a hill during stably stratified conditions, implying that the hill could have a
sheltering e↵ect to a downstream turbine under such conditions.

The power output of a wind turbine placed near two symmetrical hills
will adjust in accordance with its perceived inflow velocity. As such, the most
beneficial turbine position is typically on the first hill top (since the highest
velocity speed-up often can be found there), while the least favourable location
is in the valley between the two hills. Observations of this have for instance
been made during wind-tunnel measurements by Tian et al. (2013a). If we
further extend the hilly topography, a wind-turbine wake that propagates over
several streamwise periodic hills will be influenced by flow gradients induced by
the hilly landscape. Its downstream wake development will thereby di↵er from
a corresponding flat-terrain situation. This is further discussed in conjunction
with the findings of paper 2 and paper 3 of the present thesis.



CHAPTER 3

Theoretical background

3.1. The flow around a wind turbine

As mentioned in the discussion around the wind farm in figure 1.1, a care-
ful planning of the layout within a wind-farm is essential to achieve optimal
performance conditions. This is even more important when involving complex
terrain around onshore turbines. The investment cost of each wind turbine is
high and once they are installed, the locations of the turbines are permanent.
For this reason, it is important that accurate predictions of the flow within the
wind farm can be made in advance.

To understand the di↵erent flow phenomena that occur within the wind
farm, the motion of the fluid particles contained within the surrounding flow
field needs to be described. A fluid particle is a small volume of fluid which
is assumed to be in a thermodynamic equilibrium. The flow field around the
wind farm can be viewed as an infinite number of fluid particles that interact
with each other and their surroundings to form a particular flow behaviour.
The flow velocity within the wind farm is comparatively low and, for the sake
of simplicity, we can assume that the density variations in the flow field are
negligible. Given this, the transport of momentum within the flow field can
be described through the incompressible Navier-Stokes equations, expressed in
Cartesian tensor notation as
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This equation can be seen as the fluid dynamic equivalent to Newtons’ second
law of dynamics. More specifically, the left-hand side terms give the change in
momentum (per unit volume) as the flow particles travel a certain distance over
a specific time. The right-hand side of the equation gives the net pressure and
viscous forces per unit volume, along with a force per unit volume, ⇢fi, which
can be imposed on the flow field. An incompressible flow must furthermore
satisfy the continuity equation
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which is derived from the conservation of mass over the fluid volume. Together
with the continuity equation, the Navier-Stokes equations form a nonlinear

21
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equation system. Analytical solutions to these equations exists only for certain
simple flow cases (a more detailed discussion about this can for instance be
found in the work of Kundu et al. 2012). The chaotic nature of the flow that
can be seen behind the wind turbines in figure 1.1, will make it very di�cult
to formulate an exact mathematical description of the flow behaviour. It is
thereby evident that it is challenging to accurately predict the flow field within
a wind farm.

To this day, no exact analytical solution exists for the flow surrounding an
isolated wind turbine, let alone a wind farm. An option that is often taken to
go around this issue is to use numerical simulations to describe the flow field.
However, to directly solve the Navier-Stokes equations in this way can only be
done with massive computational resources, which presently are too large to be
a viable option when studying wind turbines. This technique is usually referred
to as direct numerical simulations (DNS). One of the major di�culties when
regarding wind turbines and wind farms will arise from the large di↵erence
in turbulent scales that exists within the flow fields. The turbulent eddies
that emerge around the blades of the turbines will be much smaller than the
large-scale flow structures that appear in the wakes behind the wind turbines
and in the atmospheric boundary layer. A wind-farm simulation using DNS
would have to incorporate all of these scales, which is why the simulation
models become unreasonably large. Despite this, we may wish to deduce some
information about the flow by means of numerical modelling.

Some modelling frameworks, referred to as large eddy simulations (LES),
resolve the large turbulent fluctuations down to a certain length scale, while
smaller turbulent eddies are modelled. This makes it possible to conduct flow
studies for wind-energy applications, although a large amount of computational
resources are still required. Another option that is often used to simplify the
equation system is to divide quantities such as the pressure, p, and the ve-
locity, ui, into a time averaged and a fluctuating part, by using the Reynolds
decomposition. The Reynolds decomposition applied on the i-component of
the velocity vector is given by

ui = Ui + u0
i, (3.3)

where Ui is the mean velocity and u0
i gives the velocity fluctuation around the

mean flow (the time average, defined by an overbar, of the fluctuating part of
the velocity is zero, i.e. u0

i ⌘ 0). By using the Reynolds decomposition, it is
possible to formulate a system of equations that only describes the averaged
part of the flow field. A massive amount of computational resources can thereby
be saved and, in the case of a wind farm, a full simulation of the entire farm can
be made (though the accuracy of the simulations will be highly dependent on
the model adopted to mimic the transfer of momentum between the mean and
the fluctuating part of the flow). Presently, this approach is commonly utilised
for industrial applications. The governing equation system is then obtained by
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introducing the Reynolds decomposition into the Navier-Stokes equations, and
averaging over time. This gives the Reynolds-averaged Navier-Stokes (RANS)
equations, which can be expressed as
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The new term that appears in equation (3.4), ⇢u0
iu

0
j , is referred to as the

Reynolds stress tensor. Since this tensor is nonlinear, six additional unknown
terms appear in the system of equations. The appearance of these new non-
linear terms is usually called the turbulence closure problem. The closure
problem necessitates the introduction of additional models to approximate the
Reynolds stress tensor. Many modelling schemes of varying complexity exists
for this purpose, as for instance discussed by Johansson & Wallin (2012).

The RANS equations are commonly solved together with boundary con-
ditions that are set to match the studied flow phenomenon. No-slip and no-
penetration boundary conditions can for instance be applied to embody that
the flow velocity is reduced to zero at solid surfaces: In such a case, the wall-
parallel and wall-normal velocities are set to zero in the immediate wall vicinity.
Moreover, since a turbulent boundary layer that develops over a flat solid sur-
face at high Reynolds numbers typically has a logarithmic velocity profile at a
certain wall distance (referred to as the log-region of the turbulent boundary
layer), it is common to enforce wall functions in the vertical direction between
the solid wall and the closest grid points in the fluid domain. This ensures that
the flow follows a logarithmic behaviour, even when the numerical model has
a coarse spatial grid resolution.

3.2. Modelling of wind-turbine rotors

Having decided upon a suitable modelling approach to describe the flow field,
the next thing that must be tackled is how to describe the wind turbines.
One option that could be used is to discretise the surface of the wind-turbine
tower and the rotor blades into a fine grid and then model their impact on
the surrounding flow field. Unfortunately, this would drastically increase the
size of the numerical model and simplified turbine descriptions are therefore
desired in many cases. To reduce the size and complexity of the models, the
wind-turbine towers are often neglected from the analysis. Varying degrees of
simplifications can then be made when describing the wind-turbine rotor. Each
blade can for instance be divided into several airfoil sections, and the resulting
force imposed on the flow by the individual airfoil sections can be introduced
along a line spanned by the blade. This technique is known as an actuator-line
method, and it is often used in LES simulations.

The description of the rotor can be further simplified if we regard its impact
on the flow over a long period of time. In an average sense, the rotor could then
be seen to have approximately the same influence on the flow as a porous disc.
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U∞

UD
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Figure 3.1. Illustration of the stream-tube concept used in
the actuator-disc theory (adopted from Burton et al. 2001).
The annotations used for the velocity at di↵erent streamwise
locations are also shown.

This simplification is suitable to combine with the RANS equations mentioned
earlier, and the method used to model the rotor in this way is referred to as an
actuator-disc technique.

In the framework of classical actuator-disc theory, the flow over the rotor
disc is assumed to follow a streamtube, over which the normal component of
the velocity field is zero. This is illustrated in figure 3.1, where the evolution of
a streamtube over a rotor disc is depicted. In its simplest form, the rotor itself
is introduced as a constant thrust force that is homogeneously distributed in
the azimuthal and radial directions, forming an actuator disc (this practically
implies that the rotor has an infinite number of blades). The presence of the
actuator disc causes a downstream pressure drop and a reduction of the flow
velocity. As the mass-flow rate must be conserved throughout the streamtube,
this implies that the streamtube must expand downstream of the actuator disc.
The velocity at the actuator disc, UD, is usually defined by means of an axial
induction factor, a, according to

UD = U1(1� a), (3.5)

where U1 is the velocity far upstream of the actuator disc. The thrust, T ,
imposed by the actuator disc can be described by the pressure drop, �p, over
the actuator disc, or by the rate of change of momentum seen by the flow,
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giving the expression

T = �p ·AD = ⇢ADUD(U1 � UW ), (3.6)

where AD is the area of the actuator disc and UW is the wake velocity down-
stream of the actuator disc, in absence of turbulent di↵usion. By using the
classic Bernoulli equation for steady-state, incompressible, inviscid fluids, be-
fore and after the actuator disc, together with equation (3.6), an expression for
the wake velocity can be derived as

UW = (1� 2a)U1 (3.7)

(for a full derivation, see for instance the monograph by Burton et al. 2001),
yielding an expression for the thrust according to

T = 2⇢ADU2

1a(1� a). (3.8)

Using equation (3.8), the standard definition of the thrust coe�cient, CT , is
given by

CT =
2T

⇢U2

1AD
= 4a(1� a). (3.9)

Equation (3.9) can be inverted, obtaining an expression for the axial induction
factor as

a =
1�

p
1� CT

2
, (3.10)

which is valid for lightly loaded rotors when CT < 1.

Under the assumptions done using the actuator-disc theory, the power
produced by the wind turbine, P , can be estimated from the work made by the
thrust force, P = TUD. The power coe�cient, CP , can then be expressed as

CP =
2P

⇢U3

1AD
= 4a(1� a)2, (3.11)

using equations (3.9) and (3.5). As seen from equation (3.11), the power coe�-
cient is not unbounded but has a maximum value when a = 1/3. The maximum
value that theoretically can be obtained for the power coe�cient is then

CP,max =
16

27
⇡ 0.593, (3.12)

with CT = 8/9. The upper bound of the power coe�cient is usually referred
to as the Betz limit (Burton et al. 2001). In practice the Betz limit is never
reached and wind turbines in the field have a maximum power coe�cient that
is below this value, in the order of CP ⇡ 0.45� 0.5.

When implementing the actuator-disc model into a RANS model, the ac-
tuator disc is typically introduced as a momentum source term in the equation
system, which imposes a force on the local flow field. The source term, SM,i,
can be formulated as

SM,i = �↵
⇢

2
|U|Ui, (3.13)
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Figure 3.2. Normalised mean streamwise velocity, U/U1,
from a RANS simulation with an actuator disc placed over
a flat surface.

where Ui is the velocity component in the i -direction, |U| denotes the magni-
tude of the velocity vector and ↵ is a quadratic loss coe�cient, which determines
the momentum extracted by the actuator disc in the flow model. Practically
the source term SM,i replaces the time-averaged body force (per unit volume),
⇢Fi, in equation (3.4). The thrust of an actuator disc (with finite thickness)
can be retained by integrating the source-term contribution in the streamwise
direction, SM,1, over the volume spanned by the actuator disc. Assuming that
the force distribution over the disc is constant, the time-averaged force per unit
volume can be formulated as

SM,1 = ⇢F
1

= � T

AD�
, (3.14)

where � is the thickness of the actuator disc in the axial direction. Using this
expression, together with the definition of the thrust coe�cient in equation
(3.9), gives that

SM,1 = �⇢U2
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By inserting the definition of the disc velocity, given by equation (3.5), this can
reformulated as

SM,1 = �⇢CT
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Consequently, given the formulation of the source term SM,i in equation (3.13),
the quadratic loss coe�cient, ↵, can be expressed as

↵ =
CT

�(1� a)2
. (3.17)

The simplicity of the flow model makes actuator-disc techniques beneficial
to use in terms of computational costs. However, care must be taken when using
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this modelling framework, considering that the some of the assumptions made
will introduce inaccuracies in the final results. Figure 3.2 shows the normalised
mean velocity field from a RANS simulation, where an actuator-disc method
was used to model a wind-turbine rotor positioned over a flat surface (the
velocity field is shown along the centreline of the actuator disc). As seen in
the figure, this flow model is not able to capture the turbulent flow structures
seen in the wind farm in figure 1.1. However, the results give an overview of
the flow characteristics that can be expected from a statistical point of view,
after averaging the flow structures over time. This methodology is best suited
when studying the far-wake characteristics some distance downstream of the
rotor. As mentioned before, the flow in the near-wake region of the turbine is
typically characterised by tip and root-vortices that are shed from the turbine
blades. These flow structures cannot be captured with typical actuator-disc
models, and other approaches must instead be taken to study them.



CHAPTER 4

Experimental methods

In the present thesis, wind-tunnel measurements were performed in the Bound-
ary Layer (BL) wind tunnel at KTH Royal Institute of Technology (Lindgren
2002). The facility is a closed-loop wind tunnel with a 4.2 m long, 0.5 m wide
and 0.75 m high test section. The wind tunnel is a high flow-quality facility
that allows for measurements under constant-temperature conditions. In the
following, the setup used in the wind-tunnel test section will be described, along
with the measurement techniques used during the experimental campaign.

4.1. Inflow conditions

To investigate the e↵ect of the ambient turbulence conditions on the results,
measurements were made both with a clean (i.e. low turbulence) homogenous
inflow condition and with a sheared turbulent condition modelling an atmo-
spheric boundary layer. All measurements correspond to neutrally stratified
flow conditions. With the homogenous inflow condition, the streamwise veloc-
ity was constant across the tunnel cross section (excluding the boundary-layer
regions along the tunnel walls). Under this condition, the streamwise turbu-
lence intensity was below 0.04% with a tunnel freestream velocity, U1, of 7.5
m/s. In the cases with sheared turbulent conditions, the experimental setup
included turbulence-generating devices in the form of vertical and horizontal
grids, along with triangular spires (designed according to the guidelines of Ir-
win 1981). These were placed at the beginning of test section in order to
create a turbulent shear layer, meant to replicate the atmospheric boundary
layer, which wind turbines normally are exposed to. An illustration of the
test-section setup is shown in figure 4.1, where the flow direction is from left
to right. Both the spires and grids, the utilised hilly-terrain model and the
small-scale wind turbines used for the measurements have been included in the
illustration. The cameras and laser shown in the figure were used during PIV
measurements, which will be described in section 4.4.

Figure 4.2 shows normalised vertical profiles of the mean streamwise veloc-
ity and velocity standard deviation, measured 1.6 m downstream of the spires
using hot-wire anemometry (see section 4.4), the variability in the spanwise
direction is also indicated. As seen from the figure, the mean velocity profiles
induced by the spires and grids were nearly linear. Under these conditions,

28
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Figure 4.1. Illustration of the test-section setup used during
the measurements, including cameras and a laser used for PIV
measurements.
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Figure 4.2. Vertical inflow profiles generated by spires and
grids in terms of the mean streamwise velocity (a) and velocity
standard deviation (b). The results have been normalised with
a reference velocity Uref = 6.25 m/s (measured at the hub
height upstream of the turbine models) and the horizontal bars
indicate the variability in the spanwise direction.

the turbulence intensity was about 8% at hub height, which was considerably
higher than in the cases with a homogenous inflow.

4.2. Design of hilly topography

The topographic model used in the present work consisted of five sinusoidal
ridges aligned in the streamwise flow direction. The hill height as a function
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Figure 4.3. Normalised streamwise velocity over the hills,
estimated from RANS simulations.

of the downstream distance (normalised with the rotor diameter, D, of the
wind-turbine models used during the measurements) was described by h/D =
0.31[1�cos(⇡x/(2D))]. The distance between the hills was 4D = 448 mm, and
it was chosen so that two wind turbines placed on consecutive ridges would have
a similar spacing as in a closely spaced wind farm (such as the Lillgrund farm
located in the Baltic Sea between Sweden and Denmark, Lodin & Törnkvist
2009). The hill height was set to 7 cm (corresponding to approximately 0.06D)
and the maximum slope of the hills was about 17�, meaning that a small region
of separated flow could be expected in the valleys between the hills (Arya et al.
1987; Finnigan 1988). As seen in figure 4.3, this was also indicated from RANS
simulations performed during the initial design phase (further details about the
numerical simulations will be given in section 5.1).

The hills were cut out from XPS styrofoam and mounted into the test
section during the subsequent wind-tunnel measurements. The first hill was
mounted about 2 m from the beginning of the test section, so that the first half
of the test-section length could be dedicated to the generation of a turbulent
shear layer (when the spires and grids were installed).

4.3. Wind-turbine models

During the wind-tunnel measurements, small-scale wind-turbine models with
three-bladed rotors and a 112 mm rotor diameter were used. The rotor blades
were made of carbon-fibre reinforced plastic, and they had a fixed pitch angle
with a 16� twist from root to tip, to compensate for the higher rotational ve-
locity experienced by the outer sections. Thin slightly-cambered blade profiles
were used and the rotor blades were tapered, such that the chord length de-
creased from about 20 mm at the root to 10 mm the blade tip. A picture of a
turbine model, mounted over the hills in the wind-tunnel test section, can be
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Figure 4.4. Picture of the small-scale wind-turbine model
mounted over the sinusoidal hills in the test section.

seen in figure 4.4. The Reynolds number of the rotor was about Re ⇡ 6 · 104
based on the velocity at hub height and the rotor diameter.

The mean camber line of the airfoil profiles along the rotor blades could
be described by third-order polynomials on the form y0 = y0LE +

P
3

n=0

an(x0 �
x0
LE)

n, where x0
LE and y0LE denote the streamwise and chordwise o↵sets to

the leading edge of each profile (these are given at di↵erent spanwise positions
in table 1). The mean camber line of the airfoils can be seen in figure 4.5.
In the (right-handed) coordinate system used, the y0-axis was aligned with
the rotor symmetry axis (positive in the upstream flow direction) and the z0-
axis was placed along the length of the blade, pointing towards the blade tip.
The airfoil parameters were captured through 3D-scanning using a HP photo
scanner with a 0.1 mm resolution. Table 1 includes the thickness of each
spanwise profile, t, (which was constant along the chord length), the distance
from the rotor centre, z0, and the distance from the leading edge (LE) to the
trailing edge (TE) given by �x0 = x0

TE � x0
LE . The polynomial coe�cients,

an, used to describe the airfoil profiles are also given in table 1, together with
the corresponding z0-coordinates.

The wind-turbine rotors were attached to Faulhaber DC micromotors,
which worked as generators during the wind-tunnel measurements. The DC
motors were calibrated by using a circular aluminium disc with a known in-
ertia, J . When designing the calibration disc, finite-element simulations were
made to ensure that the structural eigenfrequencies of the disc did not coincide
with the rotational frequency range of the DC motor. During the calibration,
the disc was accelerated by the DC motor up to a certain rotational speed.
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Figure 4.5. Mean camber line of airfoil profiles along the
rotor blades at di↵erent spanwise positions, z0, from the rotor
centre.

Thereafter, the power was shut o↵ and the DC motor switched to a generator
mode. Throughout the subsequent disc deceleration, the voltage, V , of the DC
motor (working as a generator) was measured, and the electrical current, I,
over the generator was calculated using Ohm’s law, V = I · R⇤, where R⇤ is
a known electrical resistance. Additionally, the angular velocity, !, was mea-
sured by using a laser and a photodiode, which registered the passage of a small
tape (attached to the disc) during each disc revolution. The mechanical torque
of the disc was estimated as

Qdisc = J !̇ + 0.616 · ⇡⇢r4
p
⌫!3. (4.1)

The first term of this equation is the rotational inertia of the disc, while the
second term represents the torque due the aerodynamic drag of the rotating
disc, assuming that the flow is laminar and neglecting edge e↵ects (Nelka 1973).
Here r is the disc radius and ! is the angular velocity of the disc. The Reynolds
number at the edge of the disc was Re  252 (based on the disc radius, r = 50
mm, and the angular velocity during the calibration). Since the flow around
rotating discs typically experience turbulent transition at a critical Reynolds
number of Re

c

⇡ 500 (Imayama et al. 2012), this justified the laminar flow
assumption made in equation (4.1). The torque-current relationship of the
DC motor was thereafter approximated through a least-squares curve-fitting
technique, assuming that the torque, Q, could be estimated as

Q = k
1

+ k
2

I, (4.2)
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Table 1. Airfoil parameters for the rotor blades used during
the measurements. The first profile at z0 = 10 mm is at the
root chord while the last profile at z0 = 54 mm is 2 mm from
the blade tip.

z

0 [mm] t [mm] x

0
LE [mm] y

0
LE [mm] �x

0 = x

0
TE � x

0
LE [mm]

10 1.05 -5.27 0 19.57
19 0.95 -4.55 -0.43 17.65
28 0.78 -3.27 -1.3 15.56
37 0.66 -2.5 -1.67 13.60
46 0.62 -1.94 -1.82 11.59
54 0.54 -0.17 -1.88 9.54

z

0 [mm] a0 · 104 [mm] a1 · 102 [-] a2 · 10 [mm�1] a3 · 103 [mm�2]

10 �3 2.99 �8.44 �0.8
19 �4 3.06 �7.49 �36.7
28 �2 2.54 �5.91 �3.1
37 �2 2.53 �4.82 8.8
46 �2 2.65 �3.85 5.7
54 �38 7.73 �4.38 �55

where k
1

is the friction torque of the DC motor and k
2

is the torque constant
of the DC motor. Figure 4.6 shows the calibration curve for one the DC mo-
tors. The measurements were taken with three di↵erent electrical loads on
the DC motor and the disc was accelerated to two di↵erent angular velocities
before initiating the deceleration process. As seen from the figure, the linear
estimation of the torque was in good agreement with the measured calibration
data.

After the calibration, the torque supplied by the rotors to the DC motors
(which then worked as generators) was used to calculate the power coe�cient,
CP , of the turbines according to

CP =
2Q!

⇢U3AD
, (4.3)

where U is the undisturbed velocity seen at the hub position of the wind tur-
bine. A laser and photodiode system was used to register blade passages and
thereafter calculate the angular velocity of the rotors, !. The tip-speed ratio
of the turbines, �, defined as

� =
!R

U
, (4.4)

(with R as the rotor radius) was adjusted by altering the electrical load on the
DC motors. This was utilised to obtain thrust and power curves for the rotor
models during the wind-tunnel measurements.
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Figure 4.6. Torque for one of the DC motors seen during
the calibration measurements (black dots), compared with the
torque estimated from equation (4.2) (red line).

Each DC motor was attached to a 16 cm high cylindrical tower (with a
6-12 mm diameter) made of aluminium. One of the towers was designed as a
balance to measure the thrust from the rotor. This was done by means of strain
gauges, which were mounted in a full Wheatstone-bridge configuration. As the
balance was loaded, the resistance of the strain gauges changed, depending on
the magnitude of the transversal force acting across the length of the tower. The
output signal from the Wheatstone bridge was amplified, using an instrumental
amplifier, to better monitor the load. The balance was calibrated using known
reference weights and a linear relationship between the voltage output from the
Wheatstone bridge and the horizontal force on the tower could be found. This
relationship was used to calculate the turbine thrust, T , whereupon the thrust
coe�cient of the rotors could be calculated as

CT =
2T

⇢U2AD
. (4.5)

Figure 4.7 shows the thrust and power coe�cients of a turbine model when
mounted in the wind-tunnel test section over a flat surface, with undisturbed
inflow conditions and a free-stream velocity U1 = 7.5 m/s. The maximum
power coe�cient was for this case CP ⇡ 0.36 at a tip speed ratio � ⇡ 3. The
corresponding thrust coe�cient for the small-scale turbine was under these
conditions about CT ⇡ 1.2, which was higher than expected at larger scales
(a full-scale wind-turbine that operates under optimal conditions usually has
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Figure 4.7. Variation in the power coe�cient (a) and thrust
coe�cient (b) with the tip-speed ratio, �, for an isolated wind
turbine model mounted in the wind tunnel over a flat surface
under undisturbed inflow conditions.

a thrust coe�cient CT ⇡ 0.8). The large CT -values measured for the small-
scale turbines were likely due to a recirculating flow region observed behind the
rotor.

Measurement configurations

During the measurements, one or two small-scale wind-turbine models were
used. The spanwise spacing between the turbines was varied between zero
to three rotor radii in order to investigate how the wake interference from
the upstream turbine influenced the performance of the downstream one. The
streamwise spacing between the turbines was kept at four rotor diameters. The
measurement sets included cases with and without the hilly topography, and
with clean homogenous and sheared turbulent inflow conditions. In the cases
with hills, the turbines were placed either on the crest of the first and second
hill, or on top of the second and third hill seen by the approaching flow.

4.4. Velocity measurements

In this section, the techniques used to measure the flow velocity in the wind
tunnel (namely hot-wire anemometry and particle image velocimetry), will be
described. In addition to these methods, the free-stream velocity in the wind
tunnel was measured by using a Prandtl tube connected to a Furness pressure
transducer.

Hot-wire anemometry

In the wind-tunnel campaign conducted during the present work, the flow ve-
locity upstream of the hills was measured by means of hot-wire anemometry.
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A hot-wire probe typically consists of a thin metal wire (that usually is around
1� 5 µm in diameter and 0.2� 1 mm long). Commonly, tungsten, platinum or
platinum alloys are used for the wires, and these are either welded or soldered
to pointed holders, referred to as prongs. A single-wire probe, which could mea-
sure one component of the velocity field at a single point at a time, was used
for the measurements in the present work. The hot-wire probe was connected
to a Dantec Streamline Pro system, which included a Wheatstone bridge, a
signal amplifier and a signal conditioner. When conducting measurements, the
probe was held at a constant temperature (so called constant-temperature hot-
wire anemometry, CTA). This was achieved by means of an electrical feedback
loop, which kept the resistance of the hot-wire probe at a constant value. The
feedback current was then used as a measure of the flow velocity near the wire.

Before and after each measurement set, the hot-wire anemometer was cal-
ibrated against a reference Prandtl tube, which was connected to a Furness
pressure transducer and mounted at the same streamwise position as the hot-
wire probe. The voltage output from the hot-wire probe, EW , was compensated
for temperature variations according to the expression

E⇤
W =

EWq
1� �

OH (Ta � T
0

)
, (4.6)

where Ta is the average wind-tunnel temperature during the measurement ac-
quisition, T

0

is a reference temperature measured during the calibration pro-
cess, � is the temperature coe�cient of electrical resistivity and OH is the
overheat ratio of the hot-wire probe, defined according to

OH =
RW �R

0

R
0

, (4.7)

with RW as the electrical resistance of the heated hot-wire probe, and R
0

as
the resistance of the hot-wire probe at the reference temperature T

0

(Bruun
1995). A relationship between the corrected voltage output from the hot-wire
probe, E⇤

W , and the velocity calculated from the reference Prandtl tube, was
found by means of a fourth-order polynomial expression.

After calibration of the probe, measurements were made with a 10 kHz sam-
pling rate for a duration of 40 seconds at every point. Vertical inflow profiles of
the streamwise velocity were acquired by traversing the probe in the vertical di-
rection. Each velocity profile was measured at 20 points with a 12 mm vertical
resolution (the traversing system had an accuracy of 0.05 mm). Additionally,
the probe was moved in the spanwise direction, and vertical profiles were mea-
sured at five spanwise locations for each test-section configuration, in order to
assess the variability of the velocity in the spanwise direction. The uncertainty
of the hot-wire measurements was estimated to 1.6%, with a 95% confidence in-
terval. Although hot-wire anemometry is an intrusive measurement technique,
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Figure 4.8. Illustration of the PIV setup used during the
wind-tunnel measurements, including the hilly terrain and a
wind-turbine model mounted in the test section.

the upstream blockage of the traverse was deemed negligible during the per-
formed measurements. The hot-wire traversing system was dismounted when
measuring the turbine performances and during PIV measurements made to
study the wake evolution behind the turbine models.

Particle image velocimetry

Particle image velocimetry is an optical, non-intrusive measurement technique,
used to capture instantaneous velocity fields in either planes or in fluid vol-
umes. This is accomplished by means of a pulsed laser and a high-speed cam-
era system. Di↵erent levels of complexity can be introduced into the PIV
measurements. If a single camera is used, two-component velocity fields can
be reconstructed from the acquired images. This is referred to as planar PIV.
With two cameras that observe a plane from di↵erent angles, three-component
velocity fields can be obtained instead, using a technique called stereoscopic
PIV. A comprehensive review of PIV can for instance be found in the work by
Ra↵el et al. (2007).

In the present work, stereoscopic PIV was used. The laser included in the
PIV system was a 600 mJ, Litron Nano-PIV laser that emitted light at a wave-
length of 532 nm, while the cameras were two high-speed 10-bit CMOS cameras
of type Photron Fastcam APX RS. The laser was directed by a spherical and a
cylindrical lens, so that planes perpendicular to the free-stream direction could
be illuminated (see figure 4.8). To better capture the out-of-plane motion of
the velocity field, the laser sheet had a thickness of about 2 mm, which is
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slightly thicker than what is commonly used for planar PIV. Since the cameras
were installed with an angle with respect to the object plane (illuminated by
the laser), Scheimpflug adapters were used to increase the area that could be
focused by the cameras. These angled the camera-image planes toward the
laser plane, in order to improve the alignment between the optical axes of the
cameras and the object plane, according to the Scheimpflug criterion (which
states that the image plane, the camera-lens plane and the object plane should
intersect in order to obtain a proper focus). The camera lenses had a 105 mm
focal length, which made it possible to capture a 10 ⇥ 12 cm2 field of view
given the resolution of the cameras (this corresponded to 0.9⇥ 1.1 D2 for the
wind-turbine models used). A good image resolution is essential to perform
a good correlation analysis during the image processing. To avoid so-called
peak-locking bias e↵ects (which introduce a shift in the vector field towards
the nearest integer values), each particle should occupy at least 2-3 pixels on
the image (Ra↵el et al. 2007).

The cameras were synchronised to the laser through a LaVision PTU X
high-speed controller, and the LaVision Davis 8.3 software was used for the
image acquisition and processing. Prior to the measurements, a bi-planar cali-
bration target was used to calibrate the orientation of the cameras in relation
to the object plane illuminated by the laser. This was done by means of a pin-
hole calibration model. The cameras were also calibrated against internal noise
by performing black calibrations with the lens caps mounted. Before initiating
the image acquisition, smoke (from condensed DEHS oil) was injected into the
wind tunnel. This was done at the end of the test section, so that the flow
travelled through the return loop of the wind tunnel before reaching the laser
plane. The measurements were started when the air that moved trough the
wind tunnel had been su�ciently seeded by the smoke.

When acquiring images, the laser was used to illuminate the smoke parti-
cles in two rapid pulses (with a 100 µs time delay), and the positions of the
illuminated particles were captured by the high-speed cameras. Initially, a se-
ries of images were recorded to perform a final calibration through disparity
mapping, which corrected for misalignment errors. The laser and camera sys-
tem was rigidly joined to an Isel traverse, which enabled image acquisitions at
di↵erent streamwise positions downstream of the wind-turbine models. At each
streamwise position, image pairs were acquired for 61.44 seconds at a frequency
of 50 Hz.

After the image acquisition, a pre-processing of the images was performed,
where an 8⇥ 8 pixel sliding window was applied to subtract the average mini-
mum intensity from the images, and thereby remove noise and scattered light.
During the subsequent image processing, a cross-correlation algorithm, based
on fast Fourier transform (FFT), was applied on the image pairs from the two
cameras. This made it possible to create stereoscopic reconstructions of the
instantaneous velocity fields. The image correlation was computed by dividing
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the image into interrogation windows with a certain pixel size (as a rule of
thumb, each interrogation window should contain at least 10�20 particles and
the particle displacement should be less than 30% of the interrogation window
size, Keane & Adrian 1990). The cross-correlation algorithm was thereafter
applied in each interrogation window, and a single vector was calculated based
on the particle displacement that gave the highest correlation value. Following
the guidelines by Ra↵el et al. (2007), the precision of the cross-correlation oper-
ation should be about 0.1� 0.5 pixel. Multiple iterations were used during the
image analysis, where the vector field calculated in the first step was used as a
reference to predict the displacement in the second iteration. The spatial reso-
lution of the reconstructed velocity field was furthermore increased by reducing
the size of the interrogation windows from 64⇥64 pixels to 32⇥32 pixels (with
a 50-75% overlap) during the final iterations. The spatial resolution between
the velocity vectors in the final interrogation windows was 0.85⇥ 0.85 mm.

From each image pair, an instantaneous view of the wake behind the wind-
turbine model could be obtained. Statistical averages could thereafter be cal-
culated from the sequence of reconstructed images that visualised the flow over
a particular time series.



CHAPTER 5

Numerical methods

The numerical simulations performed in the present work, were made in order
to gain further insight of the wake development behind turbines placed over
hilly terrain. The main advantage of this was that a large field of view could
be studied, complementing the PIV measurements. The methodology used was
based on RANS simulations in ANSYS CFX and an actuator-disc method was
applied to model the rotor. This chapter describes the numerical setup used
during the simulations.

5.1. Simulation setup

The model geometry created for the RANS simulations consisted of a virtual
wind tunnel with cross-section dimensions based on the geometry of the BL
tunnel, where the experimental campaign was conducted. To reduce the size
of the simulation model, only one half of the wind tunnel was included in the
simulations, and a symmetry boundary condition was applied at the tunnel
centreline. A homogenous inflow, with a 7.5 m/s free-stream velocity and a 5%
turbulence intensity, was assumed at the inlet of the simulation domain, while a
constant-pressure condition was applied at the outlet. The virtual wind tunnel
included a series of six sinusoidal hills (with the same dimensions as in the
experiments), and 1 m extension upstream and downstream of these, in order
to avoid undesirable inflow/outflow e↵ects. Figure 5.1 shows the computational
domain used during the simulations, including the location of the actuator disc.

During the RANS simulations, the actuator disc was introduced as a mo-
mentum source term in the flow equations, which imposed a force on the local
flow field. As discussed in chapter 3, the source term, SM,i, was formulated as

SM,i = �↵
⇢

2
|U|Ui, (5.1)

where the quadratic loss coe�cient, ↵, was expressed as

↵ =
CT

�(1� a)2
. (5.2)

In equation (5.2) the axial induction factor, a, is given by equation (3.10), and
� is the thickness of the actuator disc used for the simulations. For the sake
of simplicity, a constant load distribution was assumed over the actuator disc.

40
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Figure 5.1. Model geometry used during the RANS simula-
tions, including hills and the actuator-disc position.

The thrust coe�cient in the model was set to CT = 0.8. This was done to
better replicate the load conditions seen by a full-scale wind turbine operating
close to its optimal performance conditions.

The computational domain was discretised into a mesh wherein the equa-
tion system was solved in each individual cell using ANSYS CFX. A swept mesh
with hexahedral elements was used for the actuator disc, while an unstructured
mesh with varying element size was used in the main simulation domain sur-
rounding the actuator disc. Prismatic inflation layers were used over the hill
surfaces, to better resolve the boundary layer developing over the ground. The
grid points closest to the ground were set so that the normalised wall distance
was below z+ = 1 during the simulations (using the definition z+ = zu⌧/⌫,
where u⌧ =

p
⌧w/⇢ is the friction velocity and ⌧w is the wall-shear stress). A

mesh-sensitivity analysis was furthermore made to ensure that the main flow
features were properly captured. Figure 5.2 gives an overview of the compu-
tational mesh used over the hills and for the actuator disc, while table 1 gives
an overview of the mesh dimensions used during the final simulations, along
with additional dimensions used for the simulation model. The dimensions are
presented in terms of the actuator-disc diameter, which was D = 112 mm (set
after the dimensions of the wind-turbine models used during the experimental
campaign).

During the simulations, the Menter SST K � ! model (Menter 1994) with
a first-order upwind advection scheme was used to model the turbulence. This
turbulence model has been found useful in simulations where separated flow
regions appear and it has been successfully applied to other RANS simulations
with actuator-disc models in the past (Sanderse et al. 2011; Keck 2012; Shives
& Crawford 2016).

To ascertain that the grid resolution was su�ciently fine during the RANS
simulations, and that the di↵usion in the far-wake region behind the actuator
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Figure 5.2. Mesh used during the RANS simulations. (a)
Swept hexahedral mesh used on actuator disc. (b) Grid used
in the outer simulation domain and inflation layers near hill
surfaces.

Table 1. Dimensions on simulation model and computational mesh

Model dimensions

Length of simulation domain 42D
Height of simulation domain 6.7D
Width of simulation domain 4.5D
Actuator-disc thickness � = 0.04D
Actuator-disc diameter 1D = 112 mm

Mesh dimensions

Element size, actuator disc 0.018D
Element size near hills & actuator disc 0.036� 0.089D
Element size near domain inlet & outlet 0.54D

disc was reasonably modelled, comparisons were made with results obtained
from the experimental measurements and from a number of analytical wake
models. In figure 5.3a, the flow directly upstream of the actuator disc (predicted
by the RANS simulations) is compared to the predictions from a theoretical
expression that describes the flow along the rotor centreline, given by
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Figure 5.3. Normalised streamwise velocity, U/U1, up-
stream (a) and downstream (b) of the rotor (or actuator disc),
predicted by the RANS simulations and the di↵erent wake
models. The flow in the downstream flow region is also com-
pared with experimental data from the PIV measurements.

U

U1
= 1� a

 
1 +

2X/Dp
1 + (2X/D)2

!
. (5.3)

The expression in equation (5.3) has been derived using the Biot-Savart law,
according to Koning (1935). In this case the rotor (or the actuator disc) is
positioned at the origin of the streamwise coordinate and a is the axial induction
factor. As seen in figure 5.3a, a reasonable agreement was found between the
RANS results and the predictions of the theoretical model. Similarly, the flow
along the rotor centreline in the far-wake region downstream of the rotor (or
the actuator disc), is shown in 5.3b. Here results from the actuator-disc RANS
simulations were compared with data obtained from the PIV measurements
made in the wind tunnel (described in chapter 4), along with results predicted
by the Jensen wake model (Katic et al. 1986) and the wake models by Ainslie
(1988) and Porté-Agel et al. (Bastankhah & Porté-Agel 2014; Niayifar & Porté-
Agel 2015).

As noted in figure 5.3b, the RANS results are in reasonable agreement with
the other wake models, considering that various flow assumptions have been
made in the di↵erent modelling frameworks. The experimental data shows
a higher velocity deficit when approaching the rotor compared to the RANS
results, which is expected knowing that the turbine rotor used in the wind-
tunnel campaigns had a higher thrust coe�cient than CT = 0.8 (that was used
both for the actuator-disc modelling and the theoretical wake models). Apart
from this, the numerical and experimental data were within a similar range
in the far-wake region of the turbine, with a comparable level of downstream
wake di↵usion.



CHAPTER 6

Summary

The focus of the present work has been on the performance and wake evolution
of wind turbines placed over a hilly landscape consisting of a series of sinusoidal
hills. This has been studied by means of wind-tunnel measurements with small-
scale turbines using stereoscopic PIV, and through numerical simulations using
RANS and actuator-disc modelling.

The wind-tunnel study resulted in a database that includes statistics in the
wind-turbine wakes for a variety of flow cases. The studied flow cases include
configurations where either one or two turbines were placed over a flat or a hilly
surface (measurements without turbines were also made). For most cases an
undisturbed inflow (with a turbulence intensity below 0.04%) was used. How-
ever, to study the influence of atmospheric turbulence, a turbulent shear layer
was generated upstream of the turbines for some configurations. Performance
data for the turbines, in terms of their thrust and power coe�cients, has also
been acquired for a number of configurations. For these cases, various levels of
wake interference was introduced by shifting an upstream turbine with respect
to a turbine placed further downstream in the test section.

Some of the results and conclusions drawn from the work are summarised
below. Further details are presented in the papers appended to the present
thesis.

• From PIV measurements made without wind turbines, a streamwise
flow acceleration could seen over the hills, and the streamwise velocity
profiles were fairly uniform in the vertical direction. Additionally, the
hills gave rise to variations of the wall-normal velocity, particularly close
to the ground surface. Typically, upward flow perturbations were seen
in the region before the hill crests, whereas downward flow perturbations
were seen on the leeward hill sides. These flow variations influenced the
wake evolution downstream of the turbine, and the wind-turbine wake
was observed to roughly follow the hill curvature.

The vertical flow variations over the hills were less pronounced when
introducing sheared turbulent inflow conditions: In this case the flow
was dominated by a stronger turbulent mixing near the ground surface,
and this was also visible when studying the turbulent kinetic energy in
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the wake downstream of the turbine.

• The presence of hills promoted a downward wake deflection, something
that was particularly evident when studying the wake of two tandem
wind turbines. The combined wake behind the two turbines was gener-
ally more di↵used compared with the wake downstream of an isolated
turbine. A study of the turbulent kinetic energy in the wind-turbine
wakes further indicated that the tip and root-vortex structures in the
tandem-turbine wake were less pronounced than in the single-turbine
wake, which was expected considering the increased turbulent mixing
introduced by the upstream turbine.

• The speed-up over the hills acted in favour for the power performance
of the wind turbines. An increased maximum power coe�cient was ob-
served when introducing hills, without drastically increasing the thrust
coe�cient of the turbine compared with a flow case over flat terrain.

When varying the degree of wake interaction between two turbines,
similar trends were observed with and without hills. When the rear-
most turbine was placed in the wake of the upstream turbine, decreased
thrust and power coe�cients (calculated through normalisation with the
undisturbed inflow velocity before the upstream turbine) could be seen.
This e↵ect was alleviated when introducing a sheared turbulent inflow,
due to the increased turbulent mixing in the wake and the faster wake
recovery.

With low ambient turbulence levels, a larger spanwise spacing be-
tween the turbines (between 2-3 rotor radii) gave rise to increased thrust
and power coe�cients for the back-row turbine, probably due to speed-
up e↵ects induced by the wake of the upstream turbine.

• The numerical simulations made using RANS and an actuator disc
model gave a good qualitative agreement with the averaged flow sta-
tistics from the wind-tunnel measurements. The simulations further
enlightened that the wind-turbine wake is modulated due to the pres-
ence of the hills, something that was not easily distinguished with the
limited field of view available from the wind-tunnel measurements.

A comparison with the wake model of Jensen (Katic et al. 1986)
showed that, while the wake velocity along the rotor centreline can be
captured reasonably well with this analytical wake model, a more ac-
curate description of the wake flow is required in order to capture the
hill-induced perturbations of the wake. This is illustrated in figure 6.1,
which shows flow fields estimated from actuator-disc RANS simulations
over a flat and a hilly terrain, along with a flow field where the Jensen
wake model was superimposed on a RANS simulation of a hill flow made
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Figure 6.1. Normalised streamwise velocity, U/U1, esti-
mated from RANS simulations with an actuator disc over a
flat terrain (a) and a hilly terrain (b). Results are also shown
where the Jensen wake model (Katic et al. 1986) has been su-
perimposed on a flow field estimated from a RANS simulation
over a hilly terrain (c).

without an actuator disc. As seen in the figure, the analytical wake
model (figure 6.1c) assumes a linear wake expansion, which resembles
the wake behaviour over a flat terrain, but the wake modulation seen
over the hills in figure 6.1b is not captured.

By superimposing the flow field from an actuator-disc RANS sim-
ulation made over a flat terrain (with an adjusted inflow velocity to
compensate for the speed-up e↵ect over the hills) on the flow field sim-
ulated over the hilly surface, a fairly good agreement with the flow field
in figure 6.1b was reached. This showed that wake-superposition tech-
niques, which are commonly used in engineering wake models, can be
viable options to use when the wake flow over a complex terrain is of
interest (given that the wake-model description is su�ciently accurate).



CHAPTER 7

Papers & authors contributions

The following three papers are included in the thesis:

Paper 1
E↵ects from complex terrain on wind-turbine performance
A. Hyvärinen (AH) & A. Segalini (AS). Published in Journal of Energy Re-
sources Technology 139 (5), 051205, 2017.

The experimental measurements were performed by AH under the supervision
of AS. The data processing was made by both authors, while the paper was
written by AH with input and feedback from AS.

Paper 2
A wind-tunnel study of the wake development behind wind turbines over sinu-
soidal hills
A. Hyvärinen (AH), G. Lacagnina (GL) & A. Segalini (AS). Submitted to Wind
Energy, 2017.

The wind-tunnel experiments were set up by AH and GL. The measurements
were performed by AH under the supervision of GL and AS. The paper was
written by AH with input and feedback from AS and GL.

Paper 3
Qualitative analysis of wind-turbine wakes over hilly terrain
A. Hyvärinen (AH) & A. Segalini (AS). Published in Journal of Physics: Con-
ference Series 854 (1), 012023, 2017.

The measurements and simulations were performed by AH with feedback from
AS. The paper was written by AH with input and advices from AS.
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7.1. Summary of papers

The focus in paper 1 is on how the performance of a small-scale wind tur-
bine changes when a hilly terrain and sheared turbulent inflow conditions are
introduced. This is quantified in terms of the thrust and power coe�cient of
the wind turbine. Additionally, an upstream wind turbine is introduced, and
the wake-interference e↵ects from this turbine on the performance of the rear
turbine are investigated under di↵erent flow conditions. The spanwise spacing
between the two turbines is also varied, altering the magnitude of the wake
interaction seen by the downstream turbine. It is shown that the hills have a
favourable e↵ect on the performance of the wind turbines, particularly in the
case when the two turbines are aligned. The sheared inflow conditions are seen
to further increase the measured power coe�cient of the rear turbine (under
conditions with strong wake interference), though higher loads are also observed
for these cases. Finally, higher power coe�cients are seen in the cases where
the spanwise turbine spacings are larger than one rotor diameter. This is likely
due to flow accelerations induced by the presence of the upstream-turbine wake.

In paper 2, the flow case with two tandem wind turbines are further ex-
plored by examining the downstream wake development behind the turbines
over flat and hilly terrain with di↵erent inflow conditions. This is done by
means of PIV measurements. The analysis focuses on the wake-centre move-
ment by monitoring mean velocity fields in the turbine wakes. Additionally, the
turbulent kinetic energy content in the wakes is examined, revealing the pres-
ence of tip and root-vortex regions downstream of the turbines. By comparing
flow cases with one turbine instead of two, it is shown that the tandem-turbine
wake is more di↵used and that the tip-vortex regions seen behind the rearmost
turbine are less pronounced than in the wake behind an isolated turbine. More
di↵used wakes are also seen in the cases where a sheared turbulent inflow is
included in the wind-tunnel setup. When introducing hills, an enhanced wake
di↵usion and downward wake deflection is seen downstream of the wind tur-
bines, showing that the hilly terrain can be beneficial in terms of available wind
power behind the turbines. The downward wake deflection is most noticeable
in the cases when the wind-turbine wakes are more di↵used.

In paper 3, a qualitative comparison is made between experimental data
acquired through PIV measurements, and numerical results obtained from
steady-state RANS simulations (where the rotor disc is modelled as an ac-
tuator disc). The flow case studied is that of an isolated wind-turbine placed
over a landscape with a hilly or flat terrain. When comparing the wake de-
velopment with and without the presence of a hilly terrain, it is shown that
the hilly landscape introduces modulations to the wind-turbine wake, which
generally follows the hill curvature. Comparisons are also made with results



7.1. SUMMARY OF PAPERS 49

obtained by applying the Jensen wake model over a hilly landscape (where
flow field is retrieved from RANS simulations). A similar wake superposition
is also performed using the velocity deficit calculated from the actuator-disc
simulations made with RANS. Limitations of the wake-superposition technique
(commonly used in engineering wake models) are thereby explored, and it is
shown that it can be applied over hilly landscapes with a reasonable accuracy.
However, this requires a careful selection of the wake model in order to capture
the terrain-induced wake modulations.
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addition, I want to thank Jan-Åke Dahlberg at Vattenfall Vindkraft AB for
supervising the project and for manufacturing the wind-turbine models I used
during the measurements. I am furthermore grateful to Giovanni Lacagnina,
for teaching me about PIV measurements and helping me to set up the PIV
system that we used in the measurement campaign. I wish to thank Marco
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at DTU for giving me advise on how to make force balances, and special thanks
to Rune Lindfors and Jonas Vikström, who helped me to manufacture many
things for the experimental setup. I am also grateful to Dan Borgström and
Leif Holmberg for helping me to 3D-scan the wind-turbine rotors. Moreover,
I wish to thank Bengt Fallenius, Stefan Wallin and Sissy Kalpakli Vester for
their help and advice, and I wish to thank my o�cemate Eda Dogan who kept
me company when I was writing this thesis. Finally, my gratitude goes to all
my friends and colleagues at KTH and elsewhere, who have made my days
brighter over the years, in big ways and in small.

January 2018, Stockholm

Ann Hyvärinen

50



References

Ackerman, S. & Knox, J. A. 2006 Meteorology: understanding the atmosphere.
Cengage Learning.
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Bastankhah, M. & Porté-Agel, F. 2014 A new analytical model for wind-turbine
wakes. Renewable Energy 70, 116–123.

Bruun, H. H. 1995 Hot-wire anemometry: principles and signal analysis. Oxford
University Press.

Burton, T., Sharpe, D., Jenkins, N. & Bossanyi, E. 2001Wind energy handbook .
John Wiley and Sons, LTD.

Cal, R. B., Lebrón, J., Castillo, L., Kang, H. S. & Meneveau, C. 2010
Experimental study of the horizontally averaged flow structure in a model wind-
turbine array boundary layer. Journal of Renewable and Sustainable Energy
2 (1), 013106.
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Chamorro, L. P. & Porté-Agel, F. 2009 A wind-tunnel invesitgation of wind-
turbine wakes: boundary-layer turbulence e↵ects. Boundary-Layer Meteorology
132, 129–149.

Cheng, J., Lubitz, D. & White, B. R. 2004 Wind-tunnel prediction of wind power
production in complex terrain. In 42nd AIAA Aerospace Sciences Meeting and
Exhibit . AIAA 2004-1360.

Coudou, N., Buckingham, S. & van Beeck, J. 2017 Experimental study on
the wind-turbine wake meandering inside a model wind farm placed in an
atmospheric-boundary-layer wind tunnel. Journal of Physics: Conference Series
854 (1), 012008.

Dale, G. 2016 The Soaring Engine Volume Two: Wave and Convergence Soaring.
The Soaring Engine, UK, ISBN 978-0992827021.

Dobrev, I. & Massouh, F. 2016 Development of near wake of a HAWT depending
on hub height. In Proceedings of the 5th International Conference on Jets, Wakes
and Separated Flows (ICJWSF2015) (ed. A. Segalini). Springer Proceedings in
Physics 185.

Dong Energy/Bel Air Aviation Denmark - Helicopter Services 2017 Misty
eyed views at Horns Rev 2, http://renews.biz/106446/misty-eyed-views-at-
horns-rev-2/.

Emeis, S. 2013 Wind Energy Meteorology , chap. 4, Winds in complex terrain.
Springer-Verlag Berlin Heidelberg.

Ferreira, A. D., Silva, M. C. G., Viegas, D. X. & Lopes, A. G. 1991 Wind
tunnel simulation of the flow around two-dimensional hills. Journal of Wind
Engineering and Industrial Aerodynamics 38, 109–122.

Finnigan, J. J. 1988 Air flow over complex terrain. In Flow and Transport in the
Natural Environment: Advances and Applications (ed. W. L. Ste↵en & O. T.
Denmead), pp. 183–229. Springer, Berlin, Heidelberg.

Hamed, A. M., Kamdar, A., Castillo, L. & Chamorro, L. P. 2015 Turbulent
boundary layer over 2D and 3D large-scale wavy walls. Physics of Fluids 27 (10),
106601.

Hansen, K. S., Larsen, G. C., Menke, R., Vasiljevic, N., Angelou, N., Feng,
J., Zhu, W. J., Vignaroli, A., Liu, W., Xu, C. & Shen, S. 2016 Wind



REFERENCES 53

turbine wake measurement in complex terrain. Journal of Physics: Conference
Series 753 (3), 032013.

Helmis, C. G., Papadopoulos, K. H., Asimakopoulos, D. N., Papageorgas,
P. G. & Soilemes, A. T. 1995 An experimental study of the near-wake structure
of a wind turbine operating over complex terrain. Solar Energy 54 (6), 413–428.

Hills, R. L. 1996 Power from wind: a history of windmill technology . Cambridge
University Press.

Howard, K. B., Chamorro, L. P. & Guala, M. 2016 A comparative analysis
on the response of a wind-turbine model to atmospheric and terrain e↵ects.
Boundary-Layer Meteorology 158, 229–255.

Hunt, J. C. R. & Snyder, W. H. 1980 Experiments on stably and neutrally strat-
ified flow over a model three-dimensional hill. Journal of Fluid Mechanics 96,
671–704.

Imayama, S., Alfredsson, P. H. & Lingwood, R. J. 2012 A new way to describe
the transition characteristics of a rotating-disk boundary-layer flow. Physics of
Fluids 24, 031701.

Irwin, H. P. A. H. 1981 The design of spires for wind simulation. Journal of Wind
Engineering and Industrial Aerodynamics 7, 361–366.

Johansson, A. V. & Wallin, S. 2012 Turbulence lecture notes. Stockholm, Sweden:
Dept. of Mechanics, KTH Royal Institute of Technology.

Kähler, C. J., Scharnowski, S. & Cierpa, C. 2016 Highly resolved experimental
results of the separated flow in a channel with streamwise periodic constrictions.
Journal of Fluid Mechanics 796, 257–284.

Katic, I., Højstrup, J. & Jensen, N. O. 1986 A simple model for cluster e�ciency.
In European Wind Energy Association Conference and Exhibition, Rome - Italy ,
pp. 407–410.

Keane, R. D. & Adrian, R. J. 1990 Optimization of particle velocimeters. Part I:
Double pulsed systems. Measurement Science and Technology 1, 1202–1215.

Keck, R. E. 2012 A numerical investigation of nacelle anemometry for a HAWT
using actuator disc and line models in CFX. Renewable Energy 48, 72–84.

Kim, H. G., Lee, C. M., Lim, H. C. & Kyong, N. H. 1997 An experimental
and numerical study on the flow over two-dimensional hills. Journal of Wind
Engineering and Industrial Aerodynamics 66 (1), 17–33.

Koning, C. 1935 Influence of the propeller on other parts of the airplane structure.
In Aerodynamic Theory , pp. 361–430. Springer Berlin Heidelberg.

Krönert, F., Bruce, J., Jakobsson, T., Badano, A. & Helbrink, J.
2017 100% förnybart. En rapport till Skellefte̊a kraft . Sweco Energuide AB,
https://www.skekraft.se/om-oss/foretaget/100-procent-fornybart-till-2040/.

Kundu, P. K., Cohen, I. M. & Dowling, D. R. 2012 Fluid Mechanics, 5th edn.
Elsevier Inc.

Lange, J., Mann, J., Angelou, N., Berg, J., Sjöholm, M. & Mikkelsen, T.
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