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Abstract
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More and larger wind farms are planned offshore. As the most suitable sites to build are limited
these new wind farms will be constructed near to each other in so called wind farm clusters.
Behind the wind turbines in these farms there is a disrupted flow of air called a wake that is
characterized by reduced wind speed and increased turbulence. These individual turbine wakes
combine to form a farm wake that can travel long distances. In wind farm clusters farm to farm
interaction will occur, i.e. the long distance wake from one wind farm will impact the wind
conditions for other farms in the surrounding area.

This thesis contains numerical studies of these long distance wakes. In these studies Large
Eddy Simulations (LES) using an Actuator Disc method (ACD) are used. A prescribed boundary
layer is used where the wind shear is introduced using body forces. The turbulence, based
on the Mann model, is introduced as fluctuating body forces upstream of the farm. A neutral
atmosphere is assumed. The applied method has earlier been used for studies of wake effects
inside farms but not for the longer distances needed for the study of farm to farm interaction.
Parameter studies are setup to analyze how to best use the model for the study of long distance
wakes with regards to 1) numerical and physical parameters in the model, 2) the extension
of the domain and turbulence as well as the characteristics of the flow far downstream and
3) the downstream development of turbulence with different combinations of wind shear and
turbulence level.

Using an initial simulation setup a wind farm was studied and preliminary results were
obtained. These results were subsequently improved upon by applying the simulation setup
adjustments indicated in the parameter studies. A comparison with a mesoscale model was also
done. The mesoscale model was shown to be relevant for studies of long distance wakes in
another study comparing LES and WRF. Finally an idealized farm to farm interaction case was
studied with focus on the impact of including the Coriolis force in the simulations.

Combining LES with a mesoscale model is of interest to study further.
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Part I:
Introduction and summary





1. Introduction

Wind is a renewable, flowing energy source that has its origin in the uneven
heating of the earth from the solar radiation. The wind flow is also impacted
locally by both the characteristics of the terrain and how the land is being used.

The wind has been used for thousands of years by mankind. One of the first
applications of wind was in windmills which directly made use of the mechan-
ical energy derived from wind. More recently this same energy has been used
by wind turbines to generate electricity. The first turbines for electrical power
generation were built in the early 1900s, but the modern wind industry started
due to the oil crisis in the 1970s.

Turbines with a rated power of 2-3 MW were erected in many national re-
search programs, but the real precursors to the turbines used today are based
on a Danish concept which began with smaller, more robust turbines. As tur-
bines have become increasingly sophisticated rated power has grown from a
few kW in size to well exceeding 5 MW. [6] Figure 1.1 illustrates the devel-
opment of turbine size. The total capacity of wind power in the grid has also
increased rapidly and more places have become of interest for installing wind
turbines.

Figure 1.1. Turbine size trend [22].

This chapter introduces the general trend in wind power development and
the move towards an increase in the installed capacity offshore and in the num-
ber of wind farm clusters. This development raises new questions about the
wind conditions in wind farms clusters. In the Aim, Section 1.4, the questions
analyzed in the thesis are presented.
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1.1 Wind power trends
The European Union (EU) aims to get 20% of its energy from renewable
sources by 2020 [10]. One of the technologies that has the potential to con-
tribute to a higher share of renewable energy is wind power.

The installed capacity for wind power is growing rapidly and looking at the
development of wind power in Europe it can be seen that the new installed
power during the last years is more than double as much as was installed in
2000. Wind power is also the renewable energy technology with the most
annual new installed capacity and the installed capacity increases by about
10% per year [12].

Most of the installed capacity is built on land but during the last few years
it has also be seen that more offshore wind has been installed in Europe. More
than 10% of the yearly new installed capacity is today built offshore and the
share has over the last years increased [12], see Figure 1.2.

Figure 1.2. The new installed capacity [GW] of wind power in Europe [12].

1.2 Wind power offshore
As the total installed capacity increases and the turbines grow in size the need
to find new places to install both individual turbines and entire wind farms also
grows. Historically turbines or smaller clusters have been built in agricultural
areas but with larger turbines and wind farms it becomes more difficult to
find enough suitable places in these areas. One alternative is to build in less
densely populated forested areas using higher turbine towers to reach wind
with less turbulence and higher velocity. The second alternative is to build the
turbines offshore where the wind conditions are good but this introduces other
challenges such as increased complexity for turbine foundations and access
for maintenance.
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The development of an offshore wind project is impacted by a number of
important parameters. Two of these key parameters are the decision of where
to build the project and if the project can be economically successful.

A few other aspects that impact the project are wind conditions, water depth
and cable length. Other important details for a project are country and area
specific and can include things like local incentives for wind power as well
legislative rules guiding offshore development.

The production estimation for a wind project is dependent on the wind con-
ditions at the project site. For wind turbines placed in a cluster or wind farm
the turbines will also have an impact on each other. Behind a turbine a wake
is created, i.e. an area with reduced wind speed and increased turbulence that
will have a negative impact on production for a turbine that is standing in it.
When looking at large offshore wind farms long distance wakes behind the
whole wind farm will also be seen.

More and larger wind farms are planned offshore in Europe [11]. In Fig-
ure 1.3 the planned offshore wind farms in Germany are shown. The most
suitable sites for offshore wind farms are limited by, for example, a certain
range of water depth and distance from shore. In countries with high goals for
wind energy integration and short coastlines wind farms will need to be built
in relatively close proximity to other wind farms.

Figure 1.3. Offshore wind farms in the German North Sea and Baltic Sea (Yellow =
planned, Red = built) [37].

1.3 Wind farm clusters
As more offshore wind farms are built there will be more occasions when the
wake from one wind farm will interact with other nearby wind farms, in so

13



called wind farm clusters. Looking at the planned projects it becomes appar-
ent that many projects will be quite near to each other [9]. This development
makes it interesting to not only study the near and far wakes behind single tur-
bines and the interaction inside farms but also the long distance wakes impact-
ing the wind conditions at neighboring sites. With the coming development
better knowledge is needed to ensure better production and load estimations,
especially when other wind farms are close and will interact with each other.
This interaction between farms is called farm to farm interaction.

A range of studies on wakes behind wind turbines and their interactions in-
side wind farms are available, but there are far fewer published studies looking
at the long distance wakes which occur behind entire wind farms. The dis-
tances that are studied for long distance wakes are significantly greater than
those studied behind single wind turbines. Behind a single wind turbine you
divide the wake in a near wake where the properties of the rotor can clearly
be seen and in a far wake where the interaction between wind turbines is in
focus. A further description of earlier studies of wakes is presented in the
Background.

1.4 Aim
The main focus of this work is to obtain a better understanding of the long
distance wakes behind wind farms to, in a later stage, be able to use that
knowledge to get a better understanding of how wind farms will interact with
each other. This will lead to reduced uncertainties in production and load
estimations. The project uses established numerical methods, so called Com-
putational Fluid Dynamics (CFD). Large Eddy Simulations (LES) are used
together with an Actuator Disc (ACD) approach to study the long distance
wakes. The simulations are performed with the parallelized EllipSys3D code.
The main questions for the PhD-project reported in the thesis are:

• How accurate do the simulations model the wake behind a wind farm?
• What is a suitable model setup for studies of long distance wakes?
• How is production impacted by the interaction between wind farms?
• How can the model possibly be modified or combined with other

models in the future for studies of farm to farm interaction?

1.5 Outline
The first part of the thesis introduces the topic and summarizes the findings of
the included papers. In the printed version of the thesis the papers are included
as a second part of the thesis in full text.
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In Chapter 2, Background, earlier studies of wakes in wind farms and farm
to farm interaction are introduced. The research gap is then presented and
explained to justify the studies of the chosen research questions.

In Chapter 3, Theoretical background, the background to atmospheric flows
and how they interacts with wind turbines and wind farms are presented. In
Chapter 4, Methodology, the methods used for the simulations are then pre-
sented. The focus is on LES with a shorter introduction to mesoscale simula-
tions and preparation of site data for comparison.

The results and findings from the different studies are presented in Chap-
ter 5, Results and discussion. The results from a comparison between simu-
lations and site data for the Horns Rev I wind farm are presented first. The
different parameter studies are then presented showing how the setup of the
simulation can be improved. A simulation of the Lillgrund wind farm is per-
formed as a first comparison between mesoscale simulations and LES. With
an improved setup of the LES simulations, according to the parameter studies,
a new study for the Horns Rev I wind farm is performed and compared to the
first study. The setup of the boundary layer is performed using the wind shear
profile, including wind veer, from a mesoscale simulation. Finally the impact
of the Coriolis force is studied and an estimation of the losses in production
for an idealized farm to farm interaction case is performed.

The overall findings of the thesis and an outlook towards possible continu-
ations are presented in Chapter 6, Conclusions.
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2. Background

In Chapter 1, Introduction, the general topic of the thesis was introduced and
the aim was presented. In this chapter further background to the problem is
presented and the research gap is described. In Chapter 3, Theoretical back-
ground, a more theoretical background is given.

2.1 Wakes
Behind a wind turbine there is a wake, i.e. an area with reduced wind speed
and increased turbulence. The wake can be divided in two parts a near wake
and a far wake. The near wake is characterized by the tip and root vortices in
which the properties of the rotor can be seen. In the far wake the properties
of the rotor are less visible and the velocity profile as well as the turbulence
profile becomes more or less self similar (a Gaussian shape).

A description of different wind turbine and wake models can be found in the
following publications by Crespo et al. [5], Vermeer et al. [44] and Sanderse
et al. [38]. The models described in these publications range from analytical
wake models, Blade Element Momentum (BEM) models and vortex models to
CFD. The CFD models to solve the Navier Stokes equations can be Reynolds
Averaged Navier-Stokes (RANS) where the turbulent fluctuations are aver-
aged and modeled, LES where the largest eddies are resolved and the smaller
modeled or direct numerical simulation that resolves all scales of the turbu-
lence. The turbine representation used in the CFD ranges from a uniformly
loaded disc, actuator disc (ACD), actuator line (ACL) to fully resolved geom-
etry. It has been shown that for studies of the mean characteristics of the wake
(velocities and turbulence) the use of actuator disc gives similar results to ac-
tuator line as long as rotation is included in the actuator disc model [36]. ACL
needs to be used for detailed studies of the near wake and the dynamics of the
vortices.

In this thesis an actuator disc method is used in LES to model the wakes,
this is further described in Chapter 4, Methodology. The use of an ACD allows
lower grid resolution compared to if the blade would be resolved as the reso-
lution only needs to resolve the wake structures and not the boundary layer of
the blade. This allows for more computational power to be saved for analyses
of the wake flow.

The used method has earlier been used for simulations of the Horns Rev
wind farm, by Ivanell [23], and showed fairly good correlation concerning the
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power production inside the farm. Nilsson et al. [34] performed ACD simu-
lations on the Lillgrund wind farm, showing that the relative power predicted
by the simulations agreed very well with measurements.

Other work in the field of wake modeling using LES have been performed,
among others, by Lu and Porté-Agel [27], Wu and Porté-Agel [45], Keck et
al. [26] and Troldborg et al. [42] [43]. These studies include investigations of
the impact of stability, turbulence and wind shear.

2.2 Farm to farm interaction
Knowledge of the long distance wakes can be gained from measurements of
the wake and from simulations that have been validated against available data
from wind farms. A proceeding about available studies of farm to farm inter-
actions was presented by the author at the 8th EAWE PhD Seminar on Wind
Energy in Europe [9].

Earlier studies of farm to farm interaction that were referred to were the
papers by Frandsen et.al. [15] and Brand [1]. For simulations of farm to
farm interaction the use of different models that were mentioned in these ear-
lier studies includes self similar analytical models, linearized models , CFD
(RANS) and mesoscale models. LES was also mentioned but was at that time
disregarded due to the needed computational resources.

New studies have been performed for wind farm clusters in the European
project EERA-DTOC [7]. Among them is the study "Simulation of wake ef-
fects between two wind farms" [20] that presents the first results of simulations
that include two wind farms. The models in this benchmark included RANS
models, mesoscale models and engineering models. The results showed that
the models were able to predict the performance of a cluster but the spreads
between the models were large and need to be decreased to reduce risk in the
production estimations of new wind farms clusters.

Knowledge can also be gained from measurements either directly from the
measurement data or as a source for validation of simulation models. Analysis
can be done using SCADA data from the turbines and data gathered from mea-
surements of a met tower or from ground-based Light detection and ranging
(LIDAR) and Sound detection and ranging (SODAR) [19]. Alternatively mea-
surements can be done horizontally in the wake using satellite data, synthetic
aperture radar (SAR) [4] or horizontal LIDAR [16].

The long distance wakes can be seen far behind wind farms. The order of
the recovery length seen from measurements and simulations that are men-
tioned in earlier studies are from 6km up to well above 10km, see Table 2.1.
Note that the last mesoscale study looks at a cluster of wind farms.
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Table 2.1. Estimated recovery length towards the same wind speed as in front of the
wind farm [15],[1],[4].

Method Order of the Recovery length

SAR/ Satellite 10 km (100%)
Meso-scale model (MFwWF) 10km (-0.5m/s) 100km (99%)
WASP 6-7 km (98%)
(Meso-scale; behind Cluster) (30-60 km)

2.3 Justification of the Aim
As a first step towards a better understanding of farm to farm interaction the
wake recovery needs to be predicted accurately. Earlier studies of wake re-
covery, i.e. recovery of the wind speed, behind the Horns Rev wind farm
have been done using simplified wake models which are compared to mea-
surements, see Frandsen [15], Brand [1]. These studies include models us-
ing the momentum equation, roughness elements representing the turbines or
CFD all with different physical assumptions. The newer studies performed
in EERA-DTOC uses also RANS models, mesoscale models and engineering
models [20]. It was seen that the different models produce a range of results.
LES has with its higher resolution and less modeled or parameterized param-
eters the potential to give good quality results [15]. LES was earlier not used
due to its higher computational cost and it is still computational demanding
studies, although the available computational resources have increased.

LES using ACD used in this thesis have, as described above, shown good
results for production estimation in the relatively short tightly built wind farm
Lillgrund and relatively good results for the longer wind farm Horns Rev.
There have also been studies performed for shorter domains to analyze the
impacts of different parameters (like turbulence and wind shear) on the re-
sults. Numerical simulations using CFD for a longer domain (e.g. for long
distance wakes) is however subject to increased uncertainties that need to be
addressed. For these longer distances the simplification to neglect the Coriolis
force, which was done in the above mentioned wake studies [23][34], might
not be valid and should be studied further.
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3. Theoretical background

In the first chapters the background of the study of long distance wakes and
farm to farm interaction was presented. In this chapter a more theoretical
background to the methods presented in next chapter is given regarding atmo-
spheric flows and aerodynamics.

The coordinate system used in the thesis is x=(z,x,y) with the velocities
U=(w,u,v) for streamwise, spanwise and vertical direction.

3.1 Atmospheric flow
This section is based on Wind Power Meteorology [35] which introduces the
meteorology of relevance for wind power and the newer Wind Energy Meteo-
rology Atmospheric Physics for Wind Power Generation [8] which provides a
more in depth description of the topic.

The wind at one site that varies continuously is part of the weather while the
statistical wind conditions for one site is part of the climate. For wind resource
assessments the wind climate is used in the form of a, for example, Weibull
distribution based on the wind frequency table, wind rose and variations be-
tween years or seasons. For turbine micro siting and choice of turbine the
wind shear over the rotor, turbulence levels and extreme winds can be used.
Meteorology can also be used for forecasting which provides information that
is used in production, maintenance, electricity market and grid loading plan-
ning. In this thesis a few weather cases with stable wind direction, wind speed,
turbulence level and wind shear are studied.

Taking one step back the global circulation of the wind occurs due to the
different levels of solar radiation and the resultant uneven heating of different
parts of the earth. The excess inflow of energy closer to the equator and a re-
sulting outflow of energy closer to the poles are compensated for by the wind’s
movement of the energy between the areas. The rotation of the planet creates
the Coriolis force which in turn causes the wind to turn. This additional force,
combined with the geometry of earth, create three cells in the northern and
southern hemispheres of the earth, each with their own typical wind direction.
Regional meteorology is also impacted of the seas and the continents while the
local wind is impacted by a location’s roughness, the presence of obstacles, the
orography and the local meteorology.

The state of the atmosphere can be described by functions in time and space
of pressure, temperature, density, moisture and velocities. The main functions
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are the Navier Stokes equations based on conservation of energy, momentum
and mass continuity. The momentum equations per unit mass include acceler-
ation, convection, pressure gradient, diffusion, force terms (including gravity),
Coriolis force (due to the rotation of the earth) and centrifugal forces (for wind
deflected around pressure centers).

The wind in the atmospheric boundary layer is impacted by the friction
from the ground and as a result wind shear is created. Offshore there is homo-
geneous roughness but onshore there are internal boundary layers if there are
changes of roughness and there are terrain effects. The roughness is described
using the roughness length z0. The first part of the atmospheric boundary layer
(outside the roughness sublayer) is the surface layer (also called Prandtl layer).
Using dimensional analysis on the momentum equation it can be seen that the
pressure and friction term are in balance with each other giving a constant
wind direction with height. Vertically a constant flux of momentum can be
seen. Using this to simplify the momentum equations it can be derived that
the vertical gradient of the velocity is a function of the von Karman constant
(κ), the height (y) and the friction velocity u*. By integration of this from the
ground up to a given height y the logarithmic wind profile for the streamwise
wind speed W can be derived, see Equation 3.1.

W (y) =
u∗
κ

ln
( y

z0

)
(3.1)

One alternative description of the vertical shear is the engineering power
law where the profile can be calculated by choosing an exponent α and know-
ing the wind speed (wo) at one height (yo), see Equation 3.2. This profile is
based on empirical experience.

W (y) = w0
( y

y0

)α (3.2)

At greater heights (the surface layer reaches about 1/10 of the total bound-
ary layer height) the Coriolis term has more impact and the momentum equa-
tion balances the terms for pressure, roughness and Coriolis. In the Ekman
layer, above the surface layer, the increase of wind speed with height is slower
and the wind direction will also be turned.

When the geostrophic wind has been reached the turbulence from the ground
has less impact and the wind will be given by the balance of pressure and Cori-
olis. The wind direction will be parallel to the isobars.

The above mentioned wind profiles are valid for neutral atmospheric condi-
tions. The stability of the atmosphere is given by the temperature gradient and
impacts the boundary layer by dampening (stable) or supporting (unstable)
vertical turbulent motions. With a constant potential temperature (temperature
recalculated to the same pressure) the atmosphere is neutral, if the potential
temperature decreases with height it is unstable and if it increases with height
it is stable. The stability can also be classified using the Monin-Obokov length
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(L) that indicates the height at which the buoyancy turbulence is equal to the
shear generated turbulence. For small positive values the atmosphere is stable
and for small negative values it is unstable. For large values the atmosphere is
classified as neutral. The impact on a wind profile will be that there is a more
rapid increase of wind speed with height for unstable conditions and a slower
increase of wind speed with height for stable conditions when compared to a
neutral atmosphere.

The turbulence intensity (TI) in the atmosphere is defined as the standard
deviation (σ ) of the wind speed (root mean square of the turbulent fluctua-
tions) divided by the mean wind speed (U) (normally for a 10 min period) as
shown in Equation 3.3.

T I =
σ
U

=

√
w′2 +u′2 + v′2

U
(3.3)

The turbulence content is in Paper V also described as the total content of
turbulent kinetic energy (TKE) which can be related to the turbulence intensity
according to Equation 3.4.

T I =

√
2
3 ∗T KE

U
(3.4)

For more details one can also study the turbulence power spectra that shows
how the turbulent energy is divided at different sizes of turbulent structures
with different frequencies.

3.2 Aerodynamics
The representation of the actuator disc employed here is similar to that used
in BEM which uses general momentum theory, but here the velocities are
taken from the flow solver. Aerodynamics of Wind Turbines [21] gives a good
overview and is used as basis for this content. The Actuator Disc (ACD) can
have different levels of detail, like a uniform disc, azimuthal rings or be in-
dividual for each local cell. Another difference is if the rotation is taken into
account or not. In the model used in these studies, described further in Sec-
tion 4.1, the forces vary for all local points over the disk and the rotation is
included. This actuator disc is the starting point for the description here.

In Figure 3.1 a cross section of a blade at one radial position from the hub
can be seen with the axis θ in the plane of rotation and the axis z in the axial
wind speed direction. The wind components can be seen in Figure 3.1 (a). In
the plane of rotation the velocity consists of one part -Ωr from the rotation of
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Figure 3.1. A cross section of the blade and the a) Wind components b) Forces expe-
rienced by it.

the rotor (with the angular velocity Ω) and one part Uθ from the rotation of
the wake (in BEM related to the azimuthal induction factor see Equation 3.5).

a′ =−Uθ
Ωr

(3.5)

Along the axis of the incoming wind (U0) the wind speed at the rotor (Uz) is
the wind component (in BEM related to the axial induction factor see Equation
3.6).

a =
U0 −Uz

U0
(3.6)

The resulting wind (Urel), see Equation 3.7, has the angle ϕ from the plane
of rotation which by taking the local pitch angle θP into account gives the
angle of attack α , see Equations 3.8, 3.9.

Urel =

√
Uz

2 +(Uθ −Ωr)2 (3.7)

ϕ = arctan
( |Uz|
|Uθ −Ωr|

)
(3.8)

α = ϕ −θP (3.9)

In the used ACD-model the lift (CL) and drag coefficients (CD) are needed
for different angles of attack. From this, also knowing the chord length c and
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the number of blades B, the lift (L) and drag (D) forces per unit length can be
calculated also using Equations 3.10, 3.11.

L =
1
2

ρU2
relcBCL (3.10)

D =
1
2

ρU2
relcBCD (3.11)

The resulting force F, see Figure 3.1 (b), can be recalculated to one com-
ponent in the azimuthal direction Fθ and one in the axial direction Fz, using
Equations 3.12, 3.13.

Fθ = Lsin(ϕ)−Dcos(ϕ) (3.12)

Fz = Lcos(ϕ)+Dsin(ϕ) (3.13)

To distribute the forces correctly over the disc the forces per length in the
used method are recalculated to be distributed to area forces for each cell cov-
ering the disc. The thrust force (T) is then the integrated value of Fzarea over
the disc, see Equation 3.14. The rotor torque (Mrotor) is the integrated value
over the disc of Fθarea · r, see Equation 3.15. The aerodynamic power from the
rotor is calculated according to Equation 3.16.

T =
∫ ∫

A
FzareadA (3.14)

Mrotor =
∫ ∫

A
FθareardA (3.15)

Protor = Ω ·Mrotor (3.16)
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4. Methodology

In the first chapters the background of the study was presented. In this chapter
the methods used in the study are further introduced. A description of the basic
principles for the used numerical models is presented here. The section also
includes a description of how the wind turbines are introduced in the models.
The majority of the work is performed using microscale simulations, (LES)
as described in Section 4.1. Mesoscale simulations (Section 4.2) and site data
(Section 4.3) are used for comparison.

The coordinate system used in the thesis is x=(z,x,y) with the velocities
U=(w,u,v) for streamwise, spanwise and vertical direction.

4.1 Large-Eddy Simulations (LES)
The solver and domain for the Large-Eddy Simulations are first presented.
The following subsections then describe how the turbines, the wind shear and
turbulence are introduced into the simulations.

4.1.1 Solver Ellipsys3D
LES are conducted through the use of the Navier-Stokes equations (NS). The
general purpose flow solver Ellipsys3D is used. Ellipsys3D was developed
at DTU and Risø, see Sørensen [40] and Michelsen [30], [31]. The simu-
lations are perfomed in general curvilinear coordinates using a finite volume
discretization.

In LES the largest, most energetic eddies (the filtered parameters X) are
resolved while the eddies smaller than the grid resolution are modeled using a
sub-grid scale model. The used sub-grid scale model is the model developed
by Ta Phuoc [41]. This model is a mixed scaled model that takes both the
interaction with the larger scales and dissipation into account. To estimate the
turbulent energy in the sub-grid scales a test filter (X̃) of twice the size of the
grid resolution is used. The sub-grid scale energy is estimated to be the same
as the energy in the smallest resolved scales calculated according to Equation
4.1.

q2
c =

1
2
(U− Ũ)(U− Ũ) (4.1)

24



The sub-grid scale viscosity (νSGS), also called eddy viscosity, is defined
according to Equation 4.2 with the model constants CM = 0.01 , αm = 0.4 and
Δ is the cube root of the cell volume (equal to the grid resolution in a uniform
grid). Note that the velocities and hereby νSGS vary in time and space.

νSGS = ρCm|∇×U|αm(q2
c)

1−αm
2 Δ1+αm (4.2)

The Ellipsys3D code is formulated in the primitive variables pressure and
velocity. The incompressible Navier-Stokes equations are in vector notation
formulated as in Equation 4.3 where U is the velocity, P is the pressure, t is
time and ρ is the density of air and fbody represent the forces added in the
domain, ν is the kinematic viscosity, and νSGS is the subgrid scale viscosity.

∂U

∂ t
+U ·∇U =− 1

ρ
∇P+

1
ρ

fbody +∇
[
(ν +νSGS)∗∇U

]
, ∇ ·U = 0 (4.3)

The body forces fbody can be divided into forces added for the wind shear,
for the turbulence and for the actuator disc which is further described in the
respective sections below. The body forces fbody can also include the contri-
bution from the Coriolis force (which we will see in Section 4.1.3 is separated
in two parts: a mean wind veer and a Coriolis correction).

The simulations are performed in the non-dimensional form (normalized
with the rotor radius R and the undisturbed wind speed at hub height U0).

The numerical method used in the solver for the convective terms is a mix-
ture of third order Quadratic Upstream Interpolation for Convective Kine-
matics (QUICK) (10%) and a fourth order Central Difference Scheme (CDS)
(90%). The mixed scheme is a compromise used because a pure fourth order
scheme can give numerical wiggles and a third order scheme can give more nu-
merical diffusion. For the other terms a second order CDS is used. A pressure
correction is performed with the Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm. While the pressure and velocities are collo-
cated in the cell center a Rhie/Chow interpolation is used to avoid odd/even
pressure decoupling. The grid has a multi-block structure allowing the sim-
ulations to be parallelized with Message Passing Interface (MPI) and solved
with multiple processors at a cluster.

Grid and boundary conditions

The grid used in the LES simulations has an inner equidistant (in all directions)
region that covers the turbines and the wake behind them. Towards the inlet,
the lateral boundaries and towards the top of the domain the grid generally
has a stretched area with gradually lower resolution. A typical resolution used
for LES using ACD is 0.1R. The boundary conditions are fixed values for the
inlet (according to the wanted wind shear), periodic for the sides, convective
for the outlet, far field for the top and for the ground. For the ground the far
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field corresponds to a no-slip condition and for the top it corresponds to a fixed
velocity according to the wind shear.

The exact setups of the grids have been adjusted to the studied cases and
are presented further in the respective papers.

4.1.2 Actuator disc method
Using an actuator disc method allows the wind turbine rotor to be included
without resolving the boundary layer over the blades. The computational
power saved on the lower resolution can instead be used to simulate the wake.

The actuator disc is implemented by adding body forces on a disc repre-
senting the rotor, see Mikkelsen [32]. The velocities are interpolated from the
the main Cartesian grid to a finer polar grid on which the forces are computed.
The local surface forces described in Section 3.2 are divided with the grid
resolution to get a body force. To avoid singularities in the calculations Gaus-
sian smearing distributes the forces to the neighboring nodes in the streamwise
direction. The forces are finally interpolated back to the main Cartesian grid.

The used polar grid has typically 21 points in the radial direction and 81
points in the azimuthal direction.

The forces are calculated using lift CL and drag CD coefficients (that are
valid for the used Reynolds number) tabulated as a function of the angle of
attack for each type of profile used along the blade.

Often the actual geometry of a blade and the CL and CD coefficients are not
available for commercial wind turbines. This requires generic turbine designs
to be used and adapted to correspond to the studied turbines’ specifications
like rotor size, rated power, thrust- (CT ) and power (CP) coefficients. The
studied turbines in the papers are Vestas V80 or Siemens SWT-2.3-93. The
generic design giving the CL and CD is based on Churchfield [29] or down-
scaled versions of the NREL 5 MW turbine [25] that is described further in
Nilson et al. [34].

Controller

A controller is used to adapt the rotational speed of each turbine to their oper-
ating conditions [2].

The rotational speed of the turbines is individually controlled by a generator-
torque algorithm in order to ensure a realistic and production optimized oper-
ation of every turbine throughout the simulation [2]. The principle function
of the controller is that the rotational velocity Ω is impacted by the difference
in the aerodynamic torque Maero calculated in the domain and the generator
torque Mgen that is produced at a given rotational speed. The rate of change in
rotational velocity is calculated using Newton’s second law for rotating bodies
depending on the inertia (I) of the rotor and generator, see Equation 4.4.

Mrotor −Mgen = (Irotor + Igen)Ω̇ (4.4)
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4.1.3 Atmospheric boundary layer
The atmospheric boundary layer described in Section 3.1 is introduced in the
simulation as a wind shear added as body forces in the simulations, using a
so-called prescribed boundary layer (PBL) also named forced boundary layer
(FBL) technique. Ambient turbulence is also added in the domain using body
forces. In the current studies, except in paper V and VII, a simplification is
done by assuming no Coriolis force, so in principle the whole height of the
domain is assumed to be in the surface layer. For all cases also a neutral
atmosphere is used.

Wind shear

The wind shear could be developed in a long presimulation with a roughness
at the lower boundary. In this thesis a desired wind shear is instead applied
in the entire domain by body forces that are imposed, see Mikkelsen [33] and
Troldborg et al. [43]. By using this procedure a shorter prestep is needed and
a better control of the shape of the wind shear is possible.

The body forces are calculated iteratively in a short presimulation to get
the wind profile defined for the inlet in the whole domain. The resulting body
forces are finally used in the main simulations to maintain the wind shear in
the domain.

In the thesis different wind profiles are used. A first alternative consisted
in combining the power law and a parabolic function, see Equation 4.5. The
parabolic function is used only closest to the ground (below Δ) to get a less
sharp shear and is adjusted using the constants c1 and c2 for a transition to the
power law used for the largest portion of the profile.

W (y) =

{U0 ∗ (c2y2 + c1y) y ≤ Δ = 0.4R

U0 ∗
( y

yhub

)α y > Δ = 0.4R
(4.5)

A second alternative was to use the logarithmic wind profile for all heights,
see Equation 3.1.

Further alternatives consisted of using an empirical wind shear or a profile
extracted from a mesoscale simulation.

The profile can also include a component in the spanwise direction to in-
clude the mean wind veer due to the Coriolis force. Deviation from the mean
wind shear (with or without a wind veer) due to wakes and turbulence is not
handled by the FBL and an extra Coriolis correction body force can be added
in Equation 4.3. Equations 4.6 and 4.7 show the added forces due to Corio-
lis correction in the x respectively z directions. Here Ω is the rotation of the
Earth, φ is the latitude, u/w is the instantaneous local velocity and U/W is the
mean value used in the FBL.

fx,Corr =−2∗Ω∗ sin(φ)(w−W ) (4.6)
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fz,Corr = 2∗Ω∗ sin(φ)(u−U) (4.7)

Turbulence

Turbulence is introduced as body forces, calculated from fluctuations using
the Mann model [28][43].

The Mann model, see Mann [28], is based on an isotropic spectral ten-
sor giving a realistic energy spectra and also realistic second order statistics
(cross-spectra and coherence). Rapid Distortion Theory (RDT) is applied in
combination with an eddy life time to adjust the spectral tensor. The model
assumes a neutral atmosphere and homogeneous turbulence.

The RDT uses a linearization of the NS-equations and the linear shear will
stretch the eddies and create anisotropy. To include a realistic break up of the
eddies an eddy life time that is a function of the eddy size is included that
limits the impact of the shear. The resulting spectral tensor can be adjusted
by three parameters dissipation rate: αε2/3(mostly related to the roughness
length), turbulent length scale: L (mostly related to the atmospheric stability)
and anisotropy factor: γ (scaling the eddy life time). The values of the differ-
ent parameters are fitted to a spectra. The velocity fields in the Mann model
are calculated from the spectral tensor simulated using a discrete Fourier trans-
form. The resulting turbulence is homogeneous, Gaussian, anisotropic and has
the same second order statistics as the neutral atmospheric turbulence.

The time series of fluctuations from the Mann model are structured in a
box by assuming that the turbulence follows the main flow according to the
Taylor’s frozen turbulence hypothesis. The fluctuations in the Mann box can
be recalculated to forces and are, as for the actuator disc, smeared in a Gaus-
sian manner in the streamwise direction. The Mann box is used with a lower
resolution than the LES. The forces from the Mann box are added as a plane
inside the equidistant region before the first turbine with a time step according
to the length, number of grid points and mean wind speed at the hub height
used when generating the Mann box.

The turbulence level is updated by adjusting the value of αε2/3 [m4/3s−2]
calculated from the roughness length and the wind speed at the hub height.
The spectra has been fitted to a Kaimal spectra. The other parameters in the
model are given according to the fit to the spectrum (the eddy lifetime constant
γ =3.9 and the length scale 0.59*y [m]). For a detailed description the reader
is referred to Mann [24].

4.2 Mesoscale simulations
Compared to the LES model used the mesoscale simulations performed sim-
ulate the real weather for a period of time, though it is also possible to run
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more idealized cases. The mesoscale model also includes more parametriza-
tions for different meteorological events and includes more parameters like
temperature, humidity, etc. that impact the stability. The Coriolis force is also
normally included in the performed mesoscale simulations. The following
subsections describe the used mesoscale model, the setup of the simulations
and the used wind turbine parametrization.

4.2.1 Weather Research and Forecasting (WRF)
The Weather Research and Forecasting (WRF) Model is a mesoscale model
used in atmospheric research and numerical weather predictions. The model
was created and is maintained by the National Center for Atmospheric Re-
search (NCAR). Version v3.5.0 is used in this study and a further description
of the model can be found in the technical note [39].

The WRF simulations for Paper V are performed with ERA Interim reanal-
ysis data on the boundaries. The grid is nested in a number of steps and in
the region of interest the horizontal resolution is 333 m. The vertical grid is
stretched with the lowest grid point at 18 m. The simulations are run for a pe-
riod with an expected wind direction and wind speed suitable for comparison
with LES. From this result one near neutral case with a stable specific wind
direction and wind speed was chosen for comparison. In Paper VI an ideal-
ized setup is used with periodic boundary conditions which is adjusted to get
a wind profile with a wind speed and wind direction according to site data for
the studied case. The horizontal resolution is in this case 111 m in the inner
domain.

In WRF the impact of the wind farm is given by the differences between one
case run without turbines and one case run with the wind turbine parametriza-
tion described below.

4.2.2 Wind farm parametrization
The resolution in WRF is too rough to include the turbines with ACD. Instead
a parametrization of the turbines needs to be used. Here a parameterization for
wind farms that uses the turbine drag coefficient [13], [14] is used. The wind
farm is treated by the model as a sink of the resolved atmospheric momentum
where the fraction of the resolved atmospheric momentum that is extracted is
given by a generic thrust coefficient. The total power extracted is a function of
the wind speed and proportional to a generic thrust coefficient. The electrical
power is also a function of the wind speed but proportional to a specified
generic power coefficient. The added generated turbulent kinetic energy is the
difference between the total energy extraction and the electrical energy which
means that it assumed that there are no losses in the turbine. In Paper VI a
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modification to the parameterization with no added turbine induced turbulent
kinetic energy is used.

4.3 Production and measurement data
Data from the wind farms Horns Rev I (in Paper I and VII) and Lillgrund (in
Paper V) are used for comparison with the simulation results. Production data
was available for both wind farms. In addition to production data Horns Rev I
also had wind measurements at hub height at 2 km and 6 km behind the wind
farm.

The available data sets from Horns Rev are presented in an UPWIND re-
port, by Hansen [17]. The data consist of 10 minute mean values from mea-
surements (performed before the second wind farm Horns Rev II was erected).
The data is filtered to correspond to the simulated cases i.e., all turbines are
available and there is a stationary flow during the 10 minute averaged period.
The inflow angle is from the same sector and the wind speed in the same in-
terval. If wind measurements for the incoming wind is not available SCADA
data from some undisturbed reference turbine is used for the filtering. The
stability classes that are included in the filtered data are near unstable, neutral
and near stable, based on the Monin Obukhov length (calculated using air and
water temperature) in the range of L < -500 or L >500. The same principle
is used for the data from the Lillgrund wind farm, a further description can be
found in Hansen [18].
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5. Results and discussion

Studies of long distance wakes have been performed and are presented here.
A first study looking at the wake recovery, i.e. the recovery of the wind speed,
behind the Horns Rev wind farm was performed to determine the suitability
of the method for these types of studies. Further parameter studies have been
performed to evaluate the sensitivity of different parameters to better setup
the simulations. A study on the Lillgrund wind farm was performed studying
both the recovery of the flow and the wake expansion. This study was also
compared to WRF as a first step towards combining mesoscale and microscale
simulations (LES). Using the findings of the parameter studies an improved
LES simulation setup is used to again perform simulations on the Horns Rev
I wind park. The results from these simulations using the improved setup are
compared to the results of the first study. The setup of the boundary layer is
done according to the profile from a mesoscale simulation and also includes a
wind veer. Finally the impact of the Coriolis force is studied and an estimation
of the losses in production for an idealized farm to farm interaction case is
performed.

It is to be noted that to be able to have a coherent structure and flow this
chapter only includes the primary parts of the results and conclusions from the
papers.

5.1 Studied output
The parameters focused on in the studies are presented here. It is worth noting
that the presented values for spatial extensions are normalized with the rotor
radius (R) and the velocities with the undisturbed wind speed at hub height
(U0).

The studied flow properties are mainly the mean values; the streamwise
velocity, the turbulence and the relative production. The turbulence is here
defined as the root mean square of the fluctuations divided (for all positions)
with U0. Which components in the fluctuations that are included (the stream-
wise, the horizontal or all components) varies between the studies. The relative
power is defined as the power for a turbine divided by that of the first turbine
in the row (or the mean of the first undisturbed turbines in a wind farm).

In Paper IV the power spectra of the fluctuations is also included.
In Paper V the wake deficit and excess turbulent kinetic energy are also

studied. The wake deficit is the reduction of wind speed compared to the value
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in front of the wind farm. The turbulent kinetic energy (TKE) is calculated for
the horizontal components. The excess TKE is the extra TKE introduced by
the wind farm compared to the value before the wind farm.
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5.2 First study of long distance wakes behind wind
farms

The first study, Paper I, was performed to investigate the applicability of LES
in combination with an ACD for farm to farm interaction studies. The Horns
Rev wind farm is studied regarding the relative production and the velocity
recovery behind the wind farm. For comparison site data for production and
velocities from wind measurements at 2 km and 6 km behind the wind farm
are used.

5.2.1 Long distance wakes behind Horns Rev wind farm using
periodic boundary conditions

The setup of the study

For the study only two rows of the farm were included in the grid, but with
cyclic boundary conditions at the lateral boundaries an infinite wind farm was
simulated, see Figure 5.1. This setup was used to decrease the needed com-
putational power. The inflow was from 270±2.5◦, which is aligned with the
rows. The infinite width of the simulated farm has no direct impact on the
wind measurements in the met towers behind the farm (i.e. no wake from the
added "virtual turbines" will directly hit the met towers). The internal spacing
between the turbines is 14 R for the selected direction.
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Figure 5.1. The layout of the Horns Rev wind farm turned 7 degrees clockwise. The
rectangle shows the portion covered by the grid [R].

The Horns Rev wind farm is made up of Vestas V80 wind turbines with
a rotor diameter of 80 m, a rated power of 2 MW and a hub height of 70
m (1.76 R). In the simulations downscaled airfoil data is used according to
Section 4.1. For this study no controller is used, this means that a fixed rpm is
used according to the optimal tip speed ratio for the inlet velocity.

The studied case is 8±0.5 m/s. The wind shear used is parabolic/power law
with an exponent of 0.15.
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Results and discussion

Figure 5.2 shows relatively good correlation between simulations and site data
for the relative production. However a trend of increased production can be
seen in the simulations for the downstream rows, which is not seen in the
measured data.

For the velocity recovery at long distance in Figure 5.3 the wind speed
at both 2 and 6 km shows a faster recovery of the flow in the simulations
compared to the measured data.

The deviation between the measured and simulated result can have different
causes and needs further investigation.
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Figure 5.2. Simulated relative production values and comparison to the measured data.
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Figure 5.3. Comparison between the simulated and the measured wind speeds at the
two met masts (2 km (50 R) and 6 km (150 R) behind the farm).
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The faster recovery for the downstream rows of the farm and in the farm
wake seems to indicate that the mixing of momentum (further on simply called
mixing) is higher in the simulations compared to the measurements. The pa-
rameters that were mentioned to be studied further to understand this are re-
lated to the topics in parameter studies presented in Section 5.3. The longer
domain compared to earlier studies could have impact on the needed values
for the numerical parameters like grid resolution and Reynolds number. The
longer domain makes it also more sensitive to how well the flow is preserved in
a physical manner throughout the domain. Another factor is how the used im-
plementation of the wind shear and the turbulence behave at longer distances
downstream.

5.3 Parameter studies
In order to find suitable settings for performing simulations of long distance
wakes, the impact of different parameters needs to be studied. The background
to these studies is the study of Horns Rev and the aim is to get better under-
standing of the possible reasons for the differences between the simulations
and site data in that study. The parameter studies were performed in the order
they are presented in the thesis. Also new questions or answers from the prior
studies are included in the later ones. The first study (in Section 5.3.1) focuses
on numerical parameters in LES and the sensitivity to the values of the physi-
cal parameters. The second study (in Section 5.3.2) focuses of the extensions
of the domain and the turbulence as well as their impact on the preservation of
the flow. The third study (in Section 5.3.3) focuses on the development of the
turbulence as well as its dependency on the interaction between the wind shear
and the imposed turbulence. The fourth study (in Section 5.3.4) examines the
impact of the Coriolis force.

5.3.1 Sensitivity to numerical and physical parameters
The first parameter study (Paper II) was performed with focus on the sensi-
tivity of the simulation results to numerical parameters (grid resolution (dx),
reynolds number (Re)) and physical parameters (turbulence intensity (TI) and
internal spacing (dS)). The studied outputs are the streamwise components of
velocity and turbulence, as well as the relative power.

The setup of the study

The study was performed on a row of 10 turbines including the long distance
wake up to 6 km behind the wind farm (illustrated by Figure 5.4). The grid
has the cross section 20 R * 20 R with an inner equidistant region of 4 R * 4
R as seen in Figure 5.5. The incoming wind is aligned with the row.
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Figure 5.4. The streamwise wind speed at hub height for
a row of turbines with the internal spacing 14 R. The up-
per portion covers the first part of the domain and con-
tinues (behind the row) in the lower portion showing the
farm wake in which each km (21.5 R) is marked with cir-
cles.

Figure 5.5. The
equidistant region of
the grid is 4 R * 4 R.
The disc is shown by
the circle.

The values of the different parameters are varied one at the time with the
other values set as in the first study of Horns Rev. In this study however air foil
data corresponding to a Siemens SWT93-2.3 MW turbine with a radius of 46.5
m and a hub height of 1.6 R is used. The used wind profile is parabolic/power
law with an exponent of 0.1. The used setup is a compromise between the
conditions at two wind farms of interest (Lillgrund and Horns Rev). The out-
put of streamwise velocity and turbulence are studied at hub height between
the turbines and every km behind the row.

Results and discussion

Beginning with the results for the numerical parameters the Reynolds number
(based on U0 and R) showed relatively little impact on the studied parameters
except for the lowest values as expected and these results are therefore not
shown here. The grid resolution impact on the results for relative production,
shown in Figure 5.6, indicate that the resolution of 0.1 R that is used as the
standard gives results close to the higher resolution, but some grid dependency
can be seen compared to the higher resolutions. For the downstream portion
of the farm no clear trend can be seen. For the recovery of the farm wake the
resolution does have some impact. A higher resolution gives a slower wake
recovery in the long distance wake behind the wind farm.

Concerning the physical parameters the results for the turbulence level are
presented in Figure 5.7. For the results concerning internal spacing the reader
is referred to the paper. The level of the background turbulence has a large
impact on both the relative production and the wake recovery. A higher back-
ground turbulence level gives an increased mixing and a higher recovery of ve-
locity inside and behind the farm. It can also be seen that a higher background
turbulence level gives a clearer trend of increased production downstream in
the farm.

The conclusion from this study was that the numerical parameters in the
model have a limited impact when compared to the physical parameters (i.e.
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Figure 5.7. The impact of turbulence intensity for a) Relative production, turbine 2-10.
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turbulence level). Additionally a trend towards convergence of the relative
production in the first part of the row can be seen when increasing grid reso-
lution. However the grid dependency and the increased relative power in the
downstream portion of the row need additional investigation.

5.3.2 Sensitivity to extensions of domain and turbulence
In the second parameter study (Paper III) the focus was on the sensitivity to
the extensions of the domain, equidistant region and turbulence box as these
parameters potentially (due to blockage, smearing respectively mixing) could
impact the downstream trend seen in the first parameter study. The studied
output parameters are relative production, streamwise velocity and turbulence
components. The study also examines how the flow is preserved throughout
the domain.
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The setup of the study

The study was performed on a row of 10 turbines including the long distance
wake of 6 km as was also used in the first parameter study. In Figure 5.8 the
different studied cases are shown. The reference case shows large extensions
(the best that could be afforded with the current computational capability) for
all studied parameters. This is compared to different simulations with a lower
domain, a smaller turbulence box or a smaller equidistant region. The smaller
values are the values used in the first parameter study. In the results presented
here one parameter is varied at a time. In the paper the results with all exten-
sions equally those in the first parameter study are also presented.

(a) (b) (c) (d) (e) (f)
Figure 5.8. The grid (in the x-y plane) and extension of the turbulence box (marked
with dashed white lines) for (a) Reference case (Ref), (b) Lower domain (Low), (c)
Turbulence box -small (Turb s), (d) Equidistant region: High/narrow: (Eqv h), (e)
Equidistant region: Wide/low (Eqv w), (f) Equidistant region: Small (Eqv s).

The simulations are first performed in the absence of wind turbines in order
to study the preservation of the flow characteristics throughout the domain. As
a second step, 10 turbines are added in the domain and their productions are
analyzed alongside the mean velocities in the domain.

Results and discussion

The results in Figure 5.9 show that in the empty domain the wind speed at hub
height is preserved acceptably throughout the domain. In the paper similar
results can be seen for the wind shear. However, the turbulence increases in
the beginning of the domain and decreases downstream to a stable but slightly
lower value compared to the imposed value. The downstream preservation
of both wind speed and turbulence is impacted negatively by the usage of a
smaller turbulence box.

The relative production in Figure 5.10 shows that for a long row of turbines
the downstream portion is impacted by blockage effects when using a too low
domain. The extensions of the equidistant region has some (but less) impact
on the relative production. An equidistant region with smaller extensions in
any direction shows an increased relative production further downstream. The
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Figure 5.9. Impact on velocity respectively turbulence at hub height, no turbines. Due
to a) height of domain b) size of equidistant region c) size of turbulence box.

parameter with the greatest impact on the relative production was the size
of the turbulence box. The relative production is clearly lower for the small
turbulence box.
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Figure 5.10. Impact on relative production. Due to a) height of domain b) size of
equidistant region c) size of turbulence box.

In Figure 5.11 the flow behind the row of turbines is presented. The size
of the turbulence box also caused the largest differences in the long distance
wake as in the empty domain. The velocity recovery in the farm’s wake was
faster for the reference case compared to the case with the smaller turbulence
box.

The blockage effects (acceleration dependent of the cross section of the do-
main in xy-plane versus rotor size) was investigated using grids with different
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Figure 5.11. Impact on velocity respectively turbulence at hub height, with turbines.
Due to a) height of domain b) size of equidistant region c) size of turbulence box

vertical extents and it was seen that a smaller grid does result in some block-
age effects that can be seen for the downstream rows. The equidistant region’s
extensions also shows the importance of covering the entire wake structure
inside the equidistant region to avoid the wake being smeared (increased nu-
merical diffusion) in the stretched region. The importance of the size of the
Mann turbulence box was also analyzed and shows the importance of having
a larger box to get mixing from the surrounding flow.

5.3.3 Sensitivity to imposed wind shear and turbulence
As seen in the second parameter study, in the absence of wind turbines the
turbulence level increased first downstream from the position where the turbu-
lence planes were imposed and thereafter decreased towards a certain value.
This behavior is studied further in Paper IV. How the turbulence is preserved
downstream as well as how it depends on the wind shear and the imposed
turbulence are the studied outputs. As the turbulence develops downstream
the production changes with different distances from the Mann plane are also
studied.

40



The setup of the study

The study was performed on a row of 10 turbines including the long distance
wake up to 6 km behind them. The setup of the grid, equidistant region and
turbulence box was the same as was used in the reference case in the second
parameter study. Compared to the first parameter study the use of the reference
setup avoids blockage as well as smearing of the wake and mixing from the
surrounding flow is sufficient. In the study, two different profiles were used as
well as three different turbulence levels. In Figure 5.12 two logarithmic pro-
files (WP1, WP2) with different roughness lengths are presented. The Mann
turbulence is based on the same roughness length values as was used for the
wind profiles as well as to a lower value, see Table 5.1.
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Figure 5.12. Normalized wind profiles.

Table 5.1. Used roughness length for the different wind shear and Mann turbulence
boxes.

Roghness length, z0 10−6 10−4 10−2

Mann box M1 M2 M3
Wind profile - WP1 WP2

LMANN

LT2,WTG1

LT1,WTG1

Figure 5.13. Positions seen from above of Mann planes (thick black lines) and turbine
rows (white rectangles) for cases T1 and T2. The equidistant and stretched regions
of the grid are highlighted in light and dark grey, respectively. LT 1,WTG1 = 17R and
LT 2,WTG1 = 168R

The row of turbines is placed at different distances from the Mann plane
according to Figure 5.13, showing the two cases T1-T2, where L is the down-
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stream positions of the turbines. As in the second parameter study, the down-
stream development is first studied in an empty domain.

The output presented is the downstream development of turbulence for the
different combinations of wind shear and turbulence as well as the relative
production for the two distances to the Mann plane. In the paper the flow is
further studied for other parameters.

Results and discussion

The downstream development of the turbulence, seen in Figure 5.14, can be
divided into the region of distortion and the region of adaptation. The first part
is called the region of distortion as the Mann box distorts the flow. This region
is characterized by an increased turbulence level and an increase of energy in
the smaller turbulent scales. It can be seen that a higher imposed turbulence
level gives a higher peak in the turbulence. The second part is called the region
of adaptation as the turbulence level adapts to the imposed wind shear. Further
downstream the level of turbulence stabilizes at a value that is maintained by
the shear-generated turbulence that is given by the slope of the wind profile.
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Figure 5.14. Normalized standard deviations (for the directions z,x,y) in the absence
of wind turbines for different combinations of wind shear and Mann boxes presented
in Table 5.1.
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This development of the flow can be of importance for the trend of relative
production inside the row as the level of turbulence in the surrounding flow
has a large impact on the mixing. Two different positions of the row relative
to the Mann plane were used for studying the relative production, seen in
Figure 5.15. It can be seen that the Mann box has a larger impact closer to
the Mann plane, while further away the levels are mostly dictated by the wind
profile.
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Figure 5.15. Relative power production for the different Mann boxes M1,M3 for
different combinations of wind profiles WP1-WP2 (Table 5.1) and distances between
the Mann box and the first turbine T1-T2 (Figure 5.13).

A parameter that requires more attention in the simulations is the wind shear
in combination with pregenerated synthetic turbulence. It has earlier been
studied by Keck et al. [26] and Troldborg et al. [43] but a shorter domain was
used by both when compared to the current study. Overall the conclusion is
that if the turbines are placed close to the Mann plane the Mann turbulence
level will have the most impact but the turbines will be in the region of distor-
tion which means the surrounding flow will change when going downstream.
If the turbines are placed further away they will be in the region of adaptation
that levels out at a value which depends on the wind profile. There will then
not be any change of the surrounding flow but the turbulence can not be con-
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trolled by the Mann box as the turbulence, as described above, will go towards
a value which is a result of the wind profile.

5.3.4 Sensitivity to wind veer and Coriolis force
As described in chapter 3.1 the atmospheric boundary layer in the surface layer
can be estimated with a logarithmic wind shear. With taller turbines at least
part of the turbine will be higher up in the layer where the Coriolis force will
also have a greater impact. This means the wind will turn with height, i.e. a
wind veer will be seen. The mean wind shear, including the wind veer, can be
included in the simulation using body forces within a FBL approach. In paper
VII a correction of the Coriolis force is introduced to the background wind
shear using the FBL approach. The impact of the Coriolis force is related to
the velocity, this means that the Coriolis force will change inside the wake
flow and in turbulent flows. These changes from the background wind shear
are introduced using the correction of the Coriolis force. In paper VII the
impact of the inclusion of the mean wind veer respectively the above-described
correction of the Coriolis force are compared to the use of a wind shear in only
the streamwise direction.

The setup of the study

The study is performed for one row of turbines according to Figure 5.16. The
wind shear is a logarithmic profile as seen in Figure 5.17. In some cases the
wind shear also has a wind veer (Figure 5.18) which means there is also a
component in the spanwise direction (Figure 5.19). The turbulence is added
at z = 10 R and the first turbine is placed at 100 R. The turbulence intensity is
seen to begin stabilizing at around 5-6 %, see Figure 5.20.

Four different cases are studied with different combinations of mean wind
shears, with and without wind veer, as well as with and without Coriolis cor-
rection, see Table 5.2.
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Figure 5.16. The placement of the turbines (•) in the the row in the LES domain
covering 100 R ∗ 392 R with an equidistant region (marked with the rectangle) of 34
R ∗ 382 R. The turbulence is added at z = 13 R, at the red line.
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Figure 5.18. Wind veer.
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Figure 5.19. Wind shear
with spanwise velocity (U).
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Figure 5.20. The development of the level of turbulence at hub height.

Table 5.2. Four cases are performed with different combinations of setup regarding
mean wind shear and if a Coriolis correction is included.

Case: ws veer ws cor veer cor

Mean wind shear only in streamwise direction X X

Mean wind shear including a wind veer X X

Coriolis correction is used X X

Results and discussion

In Figure 5.21 the deviation from the background flow determined using case
ws in the domain without wind turbines is seen.

The base case ws with no veer and no Coriolis correction can be seen to
the left (Figure 5.21a). Introducing the wind veer in case veer in Figure 5.21b
can be seen to make the wake turn to the right while only including Coriolis
correction in case ws cor in Figure 5.21c turns it to the left. When including
both veer and the Coriolis correction in case veer cor in Figure 5.21d the
resulting turn is to the right indicating the dominating influence of the wind
veer in the studied case. This result is further highlighted in Figure 5.22 that
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shows the contour lines of the streamwise velocity in the wake for the level
0.95.

(a) (b) (c) (d)
Figure 5.21. Streamwise velocity at hub height for a row of turbines compared to the
background flow (without turbines) using Case ws for case: a) ws b) veer c) ws cor d)
veer cor.
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Figure 5.22. Contour lines of streamwise velocity at hub height for a row of four
turbines for the cases ws, veer, ws cor and veer cor shown for the level 0.95.

5.4 Further studies of long distance wakes behind wind
farms

In section 5.2 a first study was performed of the long distance wake behind a
wind farm. To further understand the needed setup and limitations of the LES
simulations when using the forced boundary layer and synthetic turbulence for
studies of long distance wakes a number of parameter studies were performed
in Section 5.3. In the present section two studies of the long distance wake
behind whole wind farms are performed (in comparison to the first study with
periodic BC). The Lillgrund wind farm is used in one study (Section 5.4.1).
The Horns Rev wind farm is used in the second study (Section 5.4.2)

5.4.1 Long distance wakes behind Lillgrund wind farm
In Paper V, the full wind farm of Lillgrund is simulated including the long
distance wake up to 7 km downstream from the last turbine. The wind farm is
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studied both in the mesoscale model WRF and in LES to be able to compare
the two models. The studied parameters are the relative power, compared to
site data, and the downstream development of wind speed as well as horizon-
tal turbulence levels. The downstream development is studied regarding the
velocity recovery, the wake expansion and the internal boundary layer.

The setup of the study

The simulations are performed for one case with a near neutral atmosphere
and a relatively stable wind direction of 222 deg, aligned with the rows.

The used grid in LES has large extensions to avoid blockage. Figure 5.23
shows the extensions, in the xz-plane, of the equidistant regions and addition-
ally the stretched region. In height (y) the equidistant region is 7.5 R and the
total height is 50 R.

As seen in the figure the turbine is added at z =88 R, relatively far away
from the Mann plane at 13 R. The distance is chosen from Figure 5.25 to
avoid the region of distortion with the changing turbulence level and to get the
same turbulence intensity as in the WRF simulations used for comparison.

Also the used wind profile in the LES is based on the WRF results. In
Figure 5.24 the used profile based on a logarithmic fit to the WRF results can
be seen.

Results and discussion

The relative production is shown in Figure 5.26. The LES were shown to
slightly over predict the production compared to the farm data, while WRF
clearly overestimated the production.

In Figure 5.27 LES results for the recovery of the velocity at hub height
and the development of the boundary layer can be seen. The recovery of the
velocity (at 2 km and 6 km) seems to be in the correct order compared to
measurements at other farms (Paper I). The development of the boundary layer
is below compared to the results from WRF.

In Figure 5.28 the velocity deficit can be seen for a) a line at hub height
and for b) vertical respectively c) horizontal profiles at different downstream
positions. The velocity reduction inside the farm is significantly larger for
LES compared to WRF, which can be seen in Figure 5.28. After the farm a
faster recovery is also seen in WRF. In b) it can be seen from the impact of
the farm on the development of the boundary layer that a reduction of velocity
could be found at greater heights in the LES as compared to WRF. From this
figure it can also be seen that the slope of the shear over the farm is sharper in
WRF. For the expansion of the wake in c) the results are in the same order in
both simulation models.

In Figure 5.29 the TKE compared to that upstream of the wind farm (the
TKE added by the wind farm) can be seen for a) a line at hub height and for b)
vertical respectively c) horizontal profiles at different downstream positions.
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along the marked lines and for vertical profiles at the x’s.
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Figure 5.27. Streamwise velocity LES.
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Figure 5.28. Streamwise velocity deficit (compared to z=63.8 R) for a) a line at hub
height and for b) vertical respectively c) horizontal profiles at different downstream
positions, LES and WRF.

It can be seen that the added TKE level is much higher in the WRF results
both inside and over the wind farm compared to the LES results.
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Figure 5.29. TKE (compared to z = 63.8 R) for a) a line at hub height and for b)
vertical respectively c) horizontal profiles at different downstream positions, LES and
WRF.

The differences between LES and WRF can be explained with the wind
turbine parametrization used in WRF in combination with the lower resolution
that is used. This gives a smeared effect on the velocity reduction and provides
no real full wake interaction between the turbines in the wind farm. The faster
recovery can partly be explained by the high added turbulence level and partly
by the sharper shear indicating downward momentum transport.

With a better parameterization and higher resolution in WRF a combination
of the models is seen as a possibility for farm to farm interaction studies.
The WRF model used includes more meteorological parameters and is less
computationally demanding. One possible combination can be to use WRF,
with the above mentioned improvements, for the first farm and use the output
profile from the long distance wake in WRF, in a way similar to that done in
this paper, as input for a LES of the second wind farm.

5.4.2 Long distance wakes behind the Horns Rev wind farm
In Paper VI, the full Horns Rev I wind farm is simulated including the long
distance wake up to 6 km downstream from the last turbine. The general setup
of the study is similar to the Lillgrund paper described above with some up-
dates described in the present section. The wind farm is studied both in the
mesoscale model WRF and in LES to allow comparison of the two models.
The studied parameters are the relative power, compared to site data, and the
downstream development of wind speed as well as horizontal turbulence lev-
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els. The downstream development of the wind speed, the wake expansion and
the internal boundary layer are studied. In this study, site data is also available
from measurements in the long distance wake. A comparison is also done with
the results of the earlier study of HR using periodic BC (Paper I)

The setup of the study

The simulations are performed for one case with a near neutral atmosphere
and a relatively stable wind direction of 270 deg ± 2.5 deg, aligned with the
wind turbine rows.

The grid used in the xz-plane in LES can be seen in Figure 5.30, with the
inner rectangle representing the equidistant region. Outside this rectangle is
the stretched region. The equidistant region is 8 R in height (y) and the total
height is 25 R (1000 m). As seen in the figure, the first turbine is added at z
=85 R, relatively far away from the Mann plane at 17 R (as in Paper V) to let
the turbulence adjust to the wind shear in the domain. The resulting turbulence
level is around 4% at the position of the first line of turbines. Figure 5.30 also
shows where the streamwise, spanwise and vertical profiles presented in the
results below are extracted.
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Figure 5.30. The placement of the turbines (•) in the domain covering 300
R * 400 R with the marked equidistant region of 160 R * 380 R. The flow
is studied along the marked lines (spanwise and streamwise profiles) and for
vertical profiles at the x’s. The met towers are marked with circles.

The wind profile used in the LES is based on the WRF results, as in Paper V,
with the difference that both the components in the streamwise direction (Fig-
ure 5.31) and in the spanwise direction (Figure 5.32) are used. This results in
a wind veer of 0.4 deg over the rotor. Another change from Paper V is that no
turbine-induced TKE is added in the WRF parametrization. Compared to the
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earlier study of HR in Paper I the main difference is that no periodic boundary
conditions at the lateral boundaries are used. It should also be noted that the
turbulence intensity and wind shear also differ.

Results and discussion

In Figure 5.33 the relative production, for the mean of the inflow directions
270 ± 2.5 deg, based on the mean value of the production for the turbines in
rows 2-7 is seen. Compared to the farm data the LES results show a lower pro-
duction in the first portion of the farm and, in contrast to the site data, the level
is relatively constant throughout the farm and ends up at the same production
level at the end of the rows. WRF shows a more gradual decrease of rela-
tive production with downstream distance, especially for the first part of the
wind farm, and reaches a production lower than both the LES and farm data.
Compared to the first study of HR the relative production shares more similar
trends and values with the site data especially for the downstream portion of
the wind farm.

Studying the horizontal velocity in and behind the wind farm in Figure 5.34
it can be seen that the general development downstream is similar in LES and
WRF. As expected, due to the more distinct wake in LES compared to WRF,
larger fluctuations of the wind speed are seen for the LES along row 7 and a
smaller decrease of velocity along a line passing the met towers is also seen.

In Table 5.3 the velocities at 2 km and 6 km behind the wind farm can
be seen. The WRF results show a faster recovery of the velocity compared
to LES at 6 km. The LES results show an improvement when compared to
the earlier study which had more than twice as large overestimation of the
velocities compared to the new results.

The expansion of the wind farm wake is studied for spanwise profiles at hub
height for different downstream distances. The horizontal velocity is presented
in Figure 5.35. Looking 1 km behind the wind farm in LES the rows and
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Figure 5.33. Mean of the relative production for the turbines in row 2-7 for LES, WRF
and wind farm data. The older study using LES with periodic boundary conditions
(Paper I) is included for comparison.

Table 5.3. Normalized horizontal velocity (Uhor) at 2 km respectively 6 km behind the
wind farm for LES, WRF, site data and results LES ref from the older study (Paper I)
using LES with periodic boundary conditions. In brackets the difference in percentage
compared to the site data is shown.

Distance LES WRF Site data LES ref

2 km 0.89 (+5.9%) 0.9 (+7.1%) 0.84 0.95 (+13.1%)

6 km 0.92 (+3.7%) 0.94 (+5.6%) 0.89 1.0 (+12.6%)

the different distances from the last turbine in each row (due to the tilt of the
layout) can be clearly seen. At 2 km the reduction between the rows is actually
higher than that along the rows, which could be due to the lower turbulence
level (Figure 5.38) which causes less mixing from the surrounding flow. At 6
km the impact of the rows is hard to see. The expansion of the wake, outside
the outermost turbines in the wind farm, is about the same at 1 km and 2 km
after which it increases downstream at both 4 km and 6 km. For WRF results
a slightly faster recovery of the velocity behind the wind farm can be seen.

The vertical profiles along row 7, Figure 5.36, show that the distincter wake
in LES gives a larger reduction of the velocity inside the farm compared to
WRF. At heights above the farm a larger reduction can be seen in LES. The
vertical velocity profile overall has a sharper shear over the turbine height
in the farm wake in the WRF results which could explain the slightly faster
recovery of the velocity behind the wind farm.
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In Figure 5.37 the turbulence level at hub height along row 7 and along
the met towers can be seen. A higher turbulence level along the row can be
seen in LES compared to WRF, which in this study adds no turbine induced
turbulence. The less distinct wake in WRF, due to the used resolution, can be
seen in the slightly higher levels of turbulence along the met towers compared
to LES.

The downstream development along spanwise profiles can be seen in Fig-
ure 5.38. At 2 km the increased turbulence along the rows is still seen. The
turbulent fluctuations have at 6 km reached the same level as in front of the
wind farm, however outside the farm the turbulence level is lower. In WRF the
turbulence starts at a lower level and decreases more slowly in the farm wake.
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Figure 5.37. Total standard deviation of the velocity (σtot ) in LES and WRF at hub
height along the met towers and row 7.
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Figure 5.38. Total standard deviation of the velocity (σtot ) in LES (solid lines) and
WRF (dashed lines) along spanwise profiles at hub height for different downstream
distances behind the wind farm.

The improved setup of WRF (compared to Paper V) is the result of the in-
creased resolution and the updated wind turbine parameterization which does
not add any turbine-induced turbulence.
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Overall an improvement could be seen comparing the LES results with the
earlier LES results for the same case. The impact of the wind veer that was
included in the LES to get as close as possible to the profile used in WRF, com-
pared to a wind shear only in the streamwise direction in the earlier studies,
and the change from an infinitely wide wind farm to the full layout are ex-
pected to have contributed to this improvement, although their contributions
to the improvement could not be quantified. The impact of wind veer was
further studied in Section 5.3.4.

5.5 Farm to farm interaction
Paper VII studies the impact of the Coriolis force. The first part of the paper
which focuses on the impact of the Coriolis force on long distance wakes
was presented in Section 5.3.4. The focus in the second part of the paper
is on an idealized farm to farm interaction case and the potential impact of
the Coriolis force on energy production. The general setup was described in
Section 5.3.4 with the different configurations of wind veer and the Coriolis
correction according to the cases listed in Table 5.2.

The setup of the study

Figure 5.39 shows the grid used and the placement of the turbines for the two
wind farms.
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Figure 5.39. The placement of the turbines (•) in the two idealized wind farms in
the LES domain covering 300 R ∗ 392 R with an equidistant region (marked with the
rectangle) of 145 R ∗ 382 R. The turbulence is added at z = 13 R, at the red line.

Results and discussion

The relative production, mean for the four turbines for each row, for both the
wind farms is shown in Figure 5.40. For the first wind farm the impact of
the different configurations for wind veer and the Coriolis correction in the
different cases is relatively small. For the second wind farm larger differences
can be seen, the main impact coming from wind veer which leads to a higher
production.

Looking at the relative production in more detail for the second wind farm
compared to the first wind farm, see Figure 5.41, it can be seen that with wind
veer the loss of relative production is less than 2 % compared to around 7 %
for case ws. The impact of the Coriolis correction is low compared to the
impact from the wind veer. In combination with wind veer it can be seen that
the Coriolis correction decreases the losses.

The change in relative production for both wind farms compared to case ws
can be seen in Figure 5.42. When including wind veer and Coriolis correction
a total increase in production of around 3 % can be seen compared to when
using case ws for this full wake direction.
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6. Conclusions

The development of offshore wind will result in multiple wind farms being
built in the same area and lead to cases where wind farms will interact with
each other. In order to get a better understanding about this farm to farm inter-
action studies of long distance wakes have been performed. The model applied
has been used previously for simulations inside wind farms with satisfactory
results. Longer distances can lead to increased uncertainties that need to be
addressed. Different types of simulations can be used to model long distance
wakes. The Large Eddy Simulations (LES) that are used here are relatively
computationally demanding but with increased computational power they be-
gin to become a viable alternative for farm to farm interaction studies.

The use of LES allows for the most energy containing eddies to be resolved.
The turbines are modeled using an Actuator Disc method (ACD) where the
rotor is represented by body forces calculated from airfoil data. The wind
shear and the turbulence are included in the model by body forces. The forces
needed to get the wanted wind shear are calculated in a prestep. The fluctu-
ating body forces for the turbulence are calculated from the Mann model. By
using the ACD method the resolution can be coarser as the boundary layer for
the blades does not need to be resolved. By using body forces for the pre-
scribed boundary layer the simulation time can be reduced as it allows for the
desired boundary layer in the domain to be reached more rapidly. This allows
for the saved computational power to be instead used to study the wake.

The first study of the wakes behind Horns Rev (HR) showed relatively good
correlation with measurements of relative production and wind speed behind
the wind farm. However it was clear that there was a trend of increased relative
production for downstream turbines and that the velocity recovery behind the
farm was faster compared to the measured values. Parameter studies were
performed on a row of 10 aligned turbines to better understand this behavior
among other properties for long distance wakes.

In the first parameter study the used numerical parameters Reynolds num-
ber and grid resolution were shown to be sufficient. However, the relative
production showed that it was not fully grid independent and for the down-
stream turbines no clear trend could be seen for the relative production. As
for the Horns Rev simulations performed on the first study above, an increase
in the production could be seen for the downstream rows. The greatest impact
on both relative production and wake recovery was seen from using different
turbulence levels.

From the second parameter study’s review of the domain it could be seen
that there were some blockage effects present in the first parameter study

60



which explain part of the downstream increase of relative power. Another part
of the explanation can be found in the use of a too small equidistant region
that smears out the outside part of the wake. Also the turbulence box needs
larger extensions to allow mixing from surrounding flow to a larger extent.
The study of the preservation of the flow conditions throughout an empty do-
main showed a relative constant velocity except when using a small turbulence
box. The turbulence showed first an increase and after that a decrease towards
a lower value. As seen in the first study the turbulence had large impact on
both the relative production and the recovery of the long distance wake. So
this change of turbulence level should have an impact on the mixing from the
surrounding flow.

In the third parameter study the downstream development of turbulence was
studied further including the relationship between wind shear and the charac-
teristics of the used turbulence box. It was seen that in the first part of the do-
main (that we called the "region of distortion") the Mann box had the largest
impact on the turbulence level while further downstream an adaptation could
be seen and the final level was given by the slope of the wind shear. The rela-
tive production of the row of turbines was also studied for different distances
between the imposed turbulence and the first turbine. It was shown that dif-
ferent imposed turbulence levels gave small differences in relative power if
the turbines are placed far away from the Mann plane. Studying the relative
production for different distances from one level of imposed turbulence it can
be seen that both the level and trends for the relative production varies.

In the fourth parameter study the impact of wind veer and the Coriolis force
was studied. It was found that for the studied conditions the Coriolis force’s
impact on the mean wind shear (the wind veer) was greater than its local im-
pact due to the reduction of wind speed in the wake, here included as a Coriolis
correction.

A study was performed of the Lillgrund wind farm looking at both the ve-
locity recovery and the wake expansion. The grid, the equidistant region and
the turbulence plane were chosen with relatively large extensions. To avoid
the region of distortion the first turbine was placed 75 R downstream from
the Mann plane. In this study a comparison was also performed with WRF.
The case was first run in WRF and the LES shear profile was imposed ac-
cording to the profile used in WRF. At the position of the first turbine in LES
the turbulence level was the same as in WRF. Overall the relative production
was overestimated in WRF and the recovery in the long distance wake was
faster. The main reason was the resolution and how it impacts the turbine
parametrization in WRF. Also the added turbulent kinetic energy (TKE) was
higher in WRF. No site data for the wind speed in the long distance wake was
available for this wind farm, but comparing to Horns Rev the recovery using
LES was in the correct order. Comparing the findings from the current study
with the first study of Horns Rev it could be hypothesized that the faster recov-
ery obtained in the study of HR could be due to the use of a, for an offshore
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site, relatively sharp shear (power law with shear exponent 0.15) that could
give a higher downstream turbulence level.

As mentioned earlier the computations in LES are relatively computation-
ally demanding and the used setup also neglected some parameters like the
Coriolis force which is of more importance when studying long distance wakes.
In the current study a first step towards combining mesoscale and microscale
simulations was taken. The mesoscale model WRF includes more meteorolog-
ical parameters and is also less computationally demanding although an update
of the wind turbine parameterization or a higher resolution is suggested to be
used according to the findings of this study.

A second study of Horns Rev following from the first one shows that the
improvements in setup according to the parameter studies improved the results
as compared to the site data. The LES and WRF results were also compared
in this study. The inlet profile in LES, including a wind veer, was taken from
WRF. A higher resolution and an updated parametrization in WRF without tur-
bine induced turbulence led to fewer differences when comparing the results
from LES and WRF.

An idealized farm to farm interaction case was finally performed. The main
question considered was how much impact the Coriolis force might have on
production. Introducing a mean wind veer had the greatest influence on the
total energy production for a full wake direction. Total energy production was
increased in both farms in the order of 3 % with its inclusion.

For real world setup of farm to farm interaction cases the computational
need is very challenging with LES and therefore WRF would be an alterna-
tive. The flow inside the wind farm is better represented when using the finer
grid in LES, due to the fact that the wake flow being is resolved compared
to WRF. The coupling between the used method and mesoscale models is of
great interest for further investigations and future work.
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8. Summary

The focus of the thesis is to obtain more knowledge about the long distance
wakes by performing Large Eddy Simulations (LES) with an Actuator Disc
Method (ACD). This method has been used earlier in studies of wakes in-
side wind farms quite successfully but with the increased distances for farm to
farm interaction the method has not yet been evaluated. Knowledge about long
distance wakes can be gained from both measurements and simulations. Sim-
ulations have earlier been performed using wake models, RANS-simulations
and wind farm parametrization in WRF. Simulations of long distance wakes
using LES have not been performed despite the model’s ability to resolve the
large scales of turbulence due to its requirement for higher resolution, however
as computational power increases LES is becoming an increasingly viable al-
ternative.

The simulations in this thesis are performed as LES in the EllipSys3D
solver. An ACD method based on airfoil data is used for including the tur-
bines. The wind shear is introduced to the domain in a prestep using body
forces. The turbulence is introduced as fluctuating body forces in a plane in
front of the farm and is based on the Mann model. The simulations assume
neutral atmospheric conditions and for most studies do not include any wind
veer. A domain is used with an equidistant region with constant grid resolution
covering the turbines and the wake. Outside this area the grid is stretched.

A first study of the wake behind an existing wind farm (Horns Rev) was
performed. Horns Rev site data for power as well as wind speeds at 2 km and 6
km behind the farm were used for comparison. It was concluded that there was
an increase of the relative power for downstream rows in the simulations and
that the recovery of the velocity behind the farm was faster in the simulations
compared to measurements.

To determine the reason for this behavior and obtain knowledge about the
best way to perform a simulation of long distance wakes a number of param-
eter studies were performed on a long row of turbines and the long distance
wake behind it. A first parameter study looked at used numerical parameters
(grid resolution and Reynolds number) and physical parameters (turbulence
intensity and internal spacing between turbines). The used resolution showed
acceptable grid convergence, but displayed more differences downstream.The
used Reynolds number was sufficiently large. More impact was seen for the
physical parameters, especially the turbulence. The increase in relative power
for downstream rows was seen also in this parameters study.
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The reasons for the increased relative power downstream was further inves-
tigated in two additional parameter studies. The studies looked also at how
well the flow was preserved throughout the domain with and without turbines.

The second parameter study looked at the impact of using different sizes of
the cross section of the domain, of the equidistant region and the turbulence
planes. The wind velocity in the empty domain was relatively well preserved
but larger changes were seen if a small turbulence box was used. For all cases
it can be seen that turbulence first increases and then decreases and goes to-
wards a value lower than the initial one. With turbines inserted into the sim-
ulation and compared to the first parameter study a larger cross section of the
domain was seen to be needed to avoid blockage effects. The extension of the
equidistant region was found to have had less impact. The largest impact on
the relative power and the recovery in the long distance wake was found to
be caused by the size of the turbulence box. This due to the turbulence box’s
impact on the mixing from the surrounding flow.

The third parameter study looked further at the downstream development of
the turbulence and how it behaves for different combinations of wind shears
and turbulence levels. The first part after the turbulence is a region of distortion
with adjustment to the LES solution. After that a region of adaptation is taking
place in which the turbulence goes towards a value which depends on the wind
shear and is not dependent on the initial turbulence. The study also shows that
the distance between the turbulence plane and the turbines is of importance. If
the turbines are placed close to the turbulence plane the flow outside the wake
will be in transition which impacts the level of mixing from the surrounding
flow.

In the fourth parameter study the impact of wind veer and Coriolis force is
studied. It was found that the Coriolis force impact on the mean wind shear
(the wind veer) has more impact compared to its local impact due to the re-
duction of wind speed in the wake (here included as Coriolis correction).

A study of the wake behind an existing wind farm (Lillgrund) was per-
formed. In this study the domain, the turbulence box and the equidistant re-
gion had large extensions. The distance from the plane to the turbine was large
to obtain a more stable surrounding flow. In the study a comparison to a simu-
lation using a wind turbine parametrization in the mesoscale model WRF was
also performed.

The study considered the wake expansion, the internal boundary layer, the
relative power and the flow recovery. LES showed better results on production
and slower, more realistic wake recovery behind the wind farm. With bet-
ter parametrization and higher resolution it was expected that the mesoscale
model would lead to improved results. That model also included more meteo-
rological characteristics like atmospheric stability.

A second study of HR following from the first one showed that the improve-
ments in setup according to findings from the parameter studies improved the
results then comparing with site data. Also in this study the LES and WRF
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results were compared. The inlet profile in LES was taken from WRF and
included also a mean wind veer. A higher resolution in WRF and an updated
parametrization in WRF without turbine induced turbulence gave fewer differ-
ences in the results between LES and WRF.

An idealized farm to farm interaction case was finally studied. The main
question considered was how much impact the Coriolis force might have on
the production. Looking at the impact on the total energy production for a full
wake direction, introducing a mean wind veer gave the most impact with a
total increase of the energy production for both farms in the order of 3 %.

LES using ACD to model wind turbine rotors was used for studies of long
distance wakes. The first study performed on the Horns Rev wind farm showed
an increase of the relative production in the downstream portion of the farm
that was not seen in production data. The parameter studies showed that the
setup used in the simulation was overall satisfactory. It should be noted that
there is need for a large domain cross section to avoid blockage and a large
turbulence box extension so mixing from surrounding flow occurs. It is addi-
tionally important to be aware that the turbulence imposed in a box requires
a rather long distance to adjust to the domain and that it will eventually be
dictated by the shear. It was also shown that including a mean wind veer have
some impact on the results but including a Coriolis correction is of less im-
portance. The studies of the Horns Rev and Lillgrund wind farms also showed
first attempts to combine LES and mesoscale simulations.

LES using ACD is still relatively computationally demanding but can, as
shown, be used in a limited number of cases for studies of long distance wakes
and an idealized farm to farm interaction case. The existing model has some
limitations due to for example the assumption of neutral conditions. Further
work on combining the mesoscale methods and LES when studying farm to
farm interaction is of interest.
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9. Sammanfattning

Allt mer vindkraft byggs. I takt med att allt större vindkraftverk, större vind-
kraftparker och färre tillgängliga platser på land så ökar intresset för att bygga
till havs. När fler vindkraftparker byggs offshore kommer det bli fler tillfällen
när parker byggs relativt nära varandra i så kallade vindkraftparks kluster. I
dessa kluster kommer vaken bakom en park att påverka andra närliggande
parker. Studerar man de planer som finns kommer många parker byggas inom
kritiska avstånd. Med den här utvecklingen så är det intressant att inte bara
studera vaken bakom enskilda vindkraftverk (near and far wake) och vakin-
teraktionen inom vindkraftparker utan också de långa vakarna (long distance
wakes) bakom hela parker och hur de påverkar vindförhållnadet på närlig-
gande platser. Påverkan av de långa vakarna från en vindkraftpark på närlig-
gande parker kallas park-park interaktion (farm to farm interaction).

Avhandlingens fokus är att få mer kunskap om parkvakar genom att genom-
föra numeriska beräkningar (Large Eddy Simulations (LES)) med en disk (Ac-
tuator disc method (ACD)). Den använda metoden har använts med gott resul-
tat för tidigare studier av vakar inom vindkraftparker men har inte utvärder-
ats för användning på de längre avstånden som är aktuella för park-park in-
teraktion. Kunskap om parkvakar kan fås från mätningar och simuleringar.
Tidigare simuleringar har utförts med olika vakmodeller, RANS och vind-
kraftparks parametriseringar i mesoskalemodeller. För LES där man löser upp
de största skalorna i turbulensen krävs högre upplösning, men med ökad da-
torkraft börjar även detta bli ett alternativ för studier av parkvakar.

Simuleringarna utförs som LES i den numeriska lösaren EllipSys3D. En
ACD metod som baseras på bladdata används för att inkludera vindkraftverken.
Vindprofilen introduceras i beräkningsdomänen i ett försteg genom att an-
vända volymskrafter. Turbulensen introduceras som fluktuerande volymskrafter
i ett plan framför vindkraftparken och baseras på Mann modellen. Simu-
leringarna förutsätter en neutral atmosfär och inkluderar för de flesta studierna
inte vindvridning med höjden. Beräkningsdomänen har en inre ekvidistant
region som täcker vindkraftverken och vaken. Utanför den så minskar upplös-
ningen gradvis.

En första studie av vaken bakom en existerande vindkraftspark (Horns Rev)
utfördes. För jämförelse användes data från parken gällande produktion samt
vindhastighet mätt 2 km och 6 km bakom parken. Från resultaten kunde ses
att den relativa effekten för vindkraftverk nedströms i parken överskattades
i simuleringen och att återhämtningen av vindhastigheten bakom parken var
snabbare jämfört med mätningarna. För att förstå orsaken till detta beteende
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och för att få kunskap om hur man på bästa vis utför simuleringar av parkvakar
utfördes ett antal parameterstudier på en lång rad av vindkraftverk och vaken
på långt avstånd bakom den.

En första parameterstudie studerade använda numeriska parametrar (up-
plösning och Reynoldstal) och fysiska parametrar (turbulens intensitet and in-
ternt avstånd mellan vindkraftverken). Den använda upplösningen visades ge
acceptabel konvergens (men med mer variation nedströms) and Reynoldstalet
var tillräckligt. Mest påverkan kunde ses från de fysiska parametrarna, särskilt
turbulensen. En ökning av den relativa produktionen kunde ses nedströms i
raden.

Anledningen till att den relativa effekten ökar nedströms studerades i två
ytterligare parameterstudier. Dessa studier undersökte hur väl flödet bevarades
genom domänen med respektive utan vindkraftverk.

Den andra parameterstudien undersökte påverkan av att använda olika stor-
lek på tvärsnittet av domänen, den ekvidistanta regionen och turbulensen. Vin-
dhastigheten i den tomma domänen var relativt väl bevarad men med större
ändringar om en liten turbulensbox används. Avseende bevarandet av turbu-
lensen kan det i alla fall ses att den först ökar och sedan minskar samt går mot
ett lägre värde än den initiala turbulensen. Med vindkraftverk och jämfört med
den första parameterstudien visade sig ett större tvärsnitt på domänen behövas
för att undvika tunneleffekt. Storleken på det ekvidistanta området hade min-
dre påverkan. Mest inverkan på den relativa effekten och på återhämtningen i
parkvaken hade storleken på turbulensboxen med anledning av dess påverkan
på inmixningen från omgivande flöde.

Den tredje parameterstudien undersökte ytterligare den nedströms utveck-
lingen av turbulensen och hur den påverkas av olika kombinationer av vin-
dprofiler och turbulensnivåer. I den första delen av domänen ses för turbu-
lensen en region med distortion på grund av anpassning till LES lösningen. I
den senare delen av domänen ses en region med anpassning och turbulensen
går mot ett värde som beror på vindprofilen (och är inte beroende på den ini-
tala turbulensen). Studien visar också att avståndet mellan turbulensplanet och
vindkraftverken har betydelse eftersom en placering nära turbulensplanet in-
nebär att flödet utanför vaken då är i en övergångsfas vilket påverkar nivån på
inmixning från det omgivande flödet.

I en fjärde parameterstudie studeras påverkan av vindvridning och Cori-
olis kraften. Coriolis kraftens påverkan på medelvindprofilen (vindvridning)
visades ha större påverkan än den lokala påverkan pågrund av reducerad hastighet
i vaken (här inkluderad som en Coriolis justering).

En studie av vaken bakom en existerande vindkraftspark (Lillgrund) ut-
fördes. I denna studie användes större dimensioner på domänen, turbulens-
boxen och den ekvidistanta regionen. Avståndet från turbulensplanet till första
vindkraftverk var större för att ge ett stabilare omgivande flöde. I studien
gjordes även en jämförelse med simuleringar med en vindkraftparameteris-
ering i mesoskalemodellen WRF. Utöver relativ effekt och återhämtning av
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flödet studerades även vakexpansion och det interna gränsskiktet. LES visade
bättre resultat avseende produktion och en långsammare mer realistisk åter-
hämtning av flödet bakom parken. Med bättre parametrisering och högre up-
plösning kan mesoskalemodellen ge förbättrade resultat. Mesoskalemodellen
inkluderar även mer meteorologi såsom atmosfärisk stabilitet.

En andra studie av HR följde på den första och inkluderade förbättringar
i enlighet med de gjorda parameterstudierna. Resultatet var förbättrat vid en
jämförelse med data från vindkraftparken. Även i denna studie jämfördes LES
och WRF. Vindprofilen i LES togs från WRF och inkluderade även vindvrid-
ning. En högre upplösning i WRF och en uppdatering av parameterisering i
WRF som inte adderar extra turbulens från vindkraftverken och gav mindre
skillnad mellan resultatet från LES och WRF.

Ett idealiserat park park interaktionsfall studerades slutligen. Huvudfrågan
var hur stor påverkan Coriolis kraften har på produktionen. För en fullvaksvin-
driktning så ledde inkluderingen av vindvridningen till störst påverkan på den
totala energiproduktionen. Att inkludera en vindvridning gav en ökning av
energiproduktionen med 3 %.

LES med en ACD modell användes för att studera parkvakar (long distance
wakes). En första studie visade på en ökning av den relativa effekten ned-
ströms i parken, vilket inte kunde ses i produktionsdata. Parameterstudierna
visade att de använda parametrarna överlag var tillräckliga. Man måste dock
vara medveten om att ett stort tvärsnitt på domänen krävs för att undvika
tunneleffekt, turbulensboxen behöver tillräckligt tvärsnitt för att få inmixn-
ing från omgivande flöde och turbulensen behöver relativt långt avstånd för att
så småningom anpassas till vindprofilen. Den sista studien visade på ett första
steg mot att kombinera LES och mesoskalemodeller.

LES med en ACD modell är fortfarande relativt beräkningskrävande men
kan som visats användas för i varje fall ett begränsat antal fall för studier av
parkvakar och ett idealiserat park park interaktionsfall. Den använda modellen
har några begränsningar i form av att den till exempel antar neutral atmosfär.
Ytterligare steg mot att kombinera meoskalemetoder och LES för studier av
park-park interaktion är av intresse.
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