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Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Entwicklung eines neuartigen Messsystems
zur Windfeldmessung in der atmosph•arischen Grenzschicht und deren Anwendung
sowohl hinsichtlich der Analyse von r•aumlichen turbulenten Strukturen im heterogenen
Gel•ande als auch Str•omungsmessungen um eine Windenergieanlage.

Das innovative Messsystem besteht aus einer Flotte von 35 Quadrotoren UAS (un-
manned aerial systems), wovon maximal 20 simultan eingesetzt wurden. Dieses
Messsystem erm•oglicht 
exible simultane r•aumlich verteilte Messungen des Wind-
vektors in der Grenzschicht. Zur Messung des Windes wurde ein Algorithmus en-
twickelt, welcher auf den Lage- und Beschleunigungssensoren des UAS basiert und
ohne zus•atzliche externe Windsensoren auskommt. Der Algorithmus setzt die Sen-
sordaten ins Verh•altnis zu den angreifenden Windkr•aften und wird mit Hilfe von
Referenzmessungen an einem 99-m meteorologischen Mast kalibriert und validiert. Das
Potential der UAS-Flotte f•ur Windfeld- und Turbulenzmessungen zeigen Vergleiche
zu Doppler-Wind-Lidar- und Ultraschallanemometer-Messdaten.

Des Weiteren wurde ein spezielles Flugmuster, bestehend aus r•aumlich horizontal
verteilten Messungen, kreiert, mit dem horizontale Turbulenzstrukturen untersucht
werden k•onnen. Dabei wird zum einen die Grenze der G•ultigkeit der Taylor-Hypothese
der eingefrorenen Turbulenz untersucht. Zum anderen konnte die unterschiedliche
horizontale r•aumliche Auspr•agung von Turbulenzstrukturen unter unterschiedlichen
atmosph•arischen Bedingungen gezeigt werden. Weiterf•uhrend wird die Korrelation von
unterschiedlichen Skalen im Frequenzraum mittels Koh•arenz untersucht. Dabei zeigt
sich im Vergleich zu Koh•arenzverfallsmodellen eine auf neutrale Schichtung begrenzte
G•ultigkeit der Modelle. Insgesamt stellt sich eine geringere Koh•arenz f•ur laterale als
f•ur longitudinale Separationsdistanz ein.

In einer abschlie�enden Messkampagne wurden die gewonnenen Erkenntnisse und ein
verbesserter Windalgorithmus zur Analyse der Umstr•omung einer Windenergieanlage
(WEA) eingesetzt. Dabei wurden gleichzeitig Messungen im Nachlauf und in der
Zustr•omung der WEA durchgef•uhrt. R•aumlich verteilte Messungen im nahen Nachlauf
einer 2 MW WEA zeigen deutlich das erwartete Windgeschwindigkeitsde�zit. Dabei
deuten lateral verteilte Messungen im Nachlauf unter stabiler und nah neutraler
Schichtung auf eine Doppelgau�-Verteilung des lateralen Geschwindigkeitsverlaufs hin.
Unter konvektiven Bedingungen wird die turbulente Mischung verst•arkt, was bereits
im nahen Nachlauf zu einer Messung einer einfachen Gau�verteilung f•uhrt. Weiterhin
zeigen horizontale turbulente Flussmessungen den erwartbaren Energieeintrag von
au�erhalb des Nachlaufs in die Randbereiche des Nachlaufs. Dar•uber hinaus konnte
herausgearbeitet werden, dass zus•atzlich in stabiler und nah neutraler Schichtung
ein turbulenter Fluss vom Zentrum des Nachlaufs hin zu den Randbereichen des
Nachlaufs messbar ist. Au�erdem wurde das Auftreten von Wirbeln, resultierend aus
den Druckunterschieden an den Rotorblattspitzen, untersucht.
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Abstract

This thesis deals with the development of a unique measuring device for wind �eld
measurement in the atmospheric boundary layer and its application to examine spatial
turbulence structures in heterogeneous terrain as well as 
ow measurements around a
wind turbine.

The innovative measuring system consists of a 
eet of 35 quadrotors UAS (unmanned
aerial systems), of which a maximum of 20 were used simultaneously. This measuring
system enables 
exible, simultaneous, spatially distributed measurements of the wind
vector in the boundary layer. An algorithm was developed to measure the wind that
is based on the position and acceleration sensors of the UAS and does not require
additional external wind sensors. The algorithm puts the sensor data in relation
to the acting wind forces and is calibrated and validated with the help of reference
measurements on a 99-m meteorological mast. The potential of the UAS 
eet for wind
�eld and turbulence measurements is shown by comparisons with Doppler wind lidar
and ultrasonic anemometer measurement data.

Furthermore, a special 
ight pattern with spatially horizontally distributed measure-
ments was developed to allow for the examination of horizontal turbulence structures.
On the one hand, the limit of validity of the Taylor hypothesis of frozen turbulence
is tested. On the other hand, it is demonstrated how turbulence structures di�er
in their horizontal spatial characteristics depending on the atmospheric conditions.
Additionally, the correlation of di�erent scales in the frequency domain is examined
using coherence. In comparison to models of the decay of coherence, the validity of
the models is limited to neutral strati�cation. Overall, the coherence is smaller for
the lateral separation distance than for the longitudinal one.

In a �nal measurement campaign, the knowledge gained and an improved wind
algorithm were used to analyze the 
ow around a wind turbine (WT). At the same
time, measurements were carried out in the wake and in the in
ow of the WT. Spatially
distributed measurements in the near wake of a 2 MW WT clearly show the expected
wind speed de�cit. Laterally distributed measurements in the wake under stable
and near-neutral strati�cation indicate a double-Gaussian distribution of the lateral
velocity pro�le. Under convective conditions, the turbulent mixing is enhanced, which
leads to a measurement of a simple Gaussian distribution already in the near wake.
Furthermore, horizontal turbulent 
ow measurements show the expected energy input
from outside the wake into the edge areas of the wake. In addition, it could be
shown that a turbulent 
ow from the center of the wake to the edge areas can also be
measured in stable and near-neutral strati�cation. Also, the occurrence of vortices
resulting from the pressure di�erences at the rotor blade tips was investigated.
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Chapter 1

Introduction

The lowest layer of the atmosphere, up to an altitude of about 1-2 km over land and
about 0.7 km over the ocean during daytime, is known as the atmospheric boundary
layer (ABL) (Foken, 2021). Due to surface friction, variations in moisture content,
and heat transfer to the air during the day and in the reverse direction during the
night, the Earth's surface has an impact on the ABL. In o�shore situations however,
the diurnal circle typically has a minor e�ect. As the weather and climate on the
Earth's surface are determined by the ABL, it is crucial to study and understand the
mechanisms involved in this layer.

In addition to the signi�cance of having a broad understanding of the ABL's processes,
the ABL has a direct impact on a wide range of applications, including the production
of renewable energy, particularly wind energy, the loads on large buildings, and
agriculture. The wind in the lower part of the ABL close to the surface (also referred
to as the surface layer< 200 m) is of major interest to wind energy science. In
particular, turbulent structure and coherence analysis are crucial in wind energy
science (Saranyasoontorn et al., 2004) and industrial aerodynamics (Midjiyawa et al.,
2021). However, while a multitude of wind measurements exist in atmospheric
science, none of them enable 
exible, spatially distributed simultaneous turbulence
measurements. The aim of the novel developed measurement system is to evaluate
wind �elds and turbulent structures simultaneously with numerous UAS. This allows
spatial correlations and coherence measurements in almost fully 
exible arrangements
to analyze various phenomena in the ABL. The wind and turbulence structures in
the ABL under various conditions and for varied objectives are the main focus of this
study.

This section �rst explains the ABL and its turbulence structure, including correlation
and coherence studies. The theoretical background of ABL 
ows is then applied to
wind energy research. The 
ow around wind turbines (WT) is examined in detail
and an overview of experimental studies on WT is given. Subsequently, existing wind
measurement methods in the ABL are pointed out, followed by a detailed review of
UAS (unmanned aerial systems) used for wind measurements in the ABL. The section
ends with the introduction of the SWUF-3D 
eet (Simultaneous Wind measurements
with Unmanned Flight systems) and the objectives for the present study.

1



1.1 Atmospheric Boundary Layer

The layer that is directly a�ected by the Earth's surface at timescales shorter than
an hour is known as the ABL. In general, in fair weather conditions and over land,
the ABL experiences a diurnal cycle. When the cycle starts at midnight, the ABL is
typically stable with an ABL depth of less than 200 m. In a stable boundary layer,
the potential temperature increases with height due to radiative cooling at the surface
and the turbulence level is typically low. The unstable mixed layer begins to evolve at
sunrise (a sunny day is assumed) and grows taller as the day progresses. On a sunny
day, the potential temperature usually decreases with height due to the solar heating
of the surface, which results in buoyancy forces. Due to that, additional turbulence
is produced, which typically leads to higher turbulence levels in convective ABLs.
Between stable and convective conditions, neutral conditions are characterized by
little cooling or heating from the surface, for example, in overcast situations Stull
(2016). Since the current thesis is primarily focused on wind measurements in ABL,
only the wind and turbulence of the atmospheric 
ow is examined in detail.

1.1.1 Turbulence Structure of ABL 
ows

In the ABL, the wind is mainly driven by large-scale pressure distribution and
is additionally a�ected by surface parameters such as roughness, topography and
obstacles near the Earth's surface. In near-neutral strati�cation, the mean velocity
over height is typically approximated using the logarithmic wind pro�le, which starts
at zero velocity at the bottom and grows logarithmically with increasing height. The
mean velocity pro�le alone does not fully characterize the total 
ow situation since
atmospheric 
ows, particularly under convective conditions, are highly turbulent. In
order to analyze the turbulence, the wind speedu can be divided into a mean part �u
and a 
uctuation part u0 according to Reynold's decomposition

u = �u + u0 : (1.1)

In atmospheric measurements the average interval is typically 10, 30 or 60 min (Foken,
2021). The turbulent motion itself can be described as a quasi-random, nonlinear 3D
phenomenon with a duration of seconds to minutes, according to Stull (2016).

In atmospheric 
ows, turbulence can be generated either mechanically (shear) from
surface drag or by buoyancy forces in convective ABL. The characterization of tur-
bulence is a crucial part of understanding the processes within the ABL. The size of
the turbulence eddies (swirl of a 
uid) is one aspect that characterizes the turbulence.
However, in ABL 
ows, they range from millimeters to kilometers, as illustrated in
Fig. 1.1a, which poses a challenge for the measurement setup.

The energy spectrum of atmospheric motions from synoptic scales (> 2000 km) to
microscales (< 1 km) is depicted in Figure 1.1. This spectrum shows how the various
scales contribute to the overall energy of the velocity 
uctuations. The low energy
region, also called the spectral gap, in the mesoscales (2 - 200 km) distinguishes
between local turbulent 3D motions and 2D (sub-)mesoscale non-stationary motions
(Liang et al., 2014; Mahrt, 2009). The peak in the large scales in Fig. 1.1a is associated
with the 4-day synoptic peak; the following peak is associated with the diurnal cycle;
and the signi�cant increase in energy in the microscales is de�ned as the turbulent
peak.

The existence of a spectral gap is also con�rmed by earlier studies (Lumley and
Panofsky, 1964; Kaimal and Finnigan, 1994). However, according to Lars�en et al.
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(2016), the gap may or may not be visible, depending on the relative contribution of
the microscale and mesoscale to the spectrum. In the presence of 
ow features such
as rolls, low-level jets, and open cells, the spectral gap is not observable (Smedman,
1991; Smedman et al., 1995; Heggem et al., 1998; Lars�en et al., 2019). Lars�en et al.
(2016) showed that the gap region in the spectrum can be superimposed by the meso-
and microscale spectra (in o�shore and 
at terrain near the coast). As the height
increases, the depth of the gap in the spectrum decreases.

Figure 1.1: Energy spectrum from microscales to synoptic scales re-plotted from
Van der Hoven (1957) a) and turbulent spectra from von K�arm�an (1948) in b).

The marked region in the overview spectrum in Fig. 1.1a) is de�ned as the turbulence
spectrum and ranges from small mesoscales (> 10� 3 Hz), including the turbulent peak,
to the microscales. This spectrum is divided into three parts (from large to small
scales): the production zone, the inertial subrange and the dissipation range (Pope,
2000). The production zone is also known as the energy-containing range, implying
that most of the turbulence energy is based in this region. From this production zone,
the eddies break up into smaller ones and energy is transported to smaller scales until it
is dissipated into heat by molecular viscosity at the Kolmogorov scales. This transport
of energy is called the turbulent energy cascade. Following Kolmogorov, the inertial
subrange and the dissipation range can be referred to as the universal equilibrium
range. In this range, the turbulence has a universal isotropic character and the decay of
the turbulent energy over the scales follows a clear relationship. Through dimensional
analysis, Kolmogorov (1941) found the law of� 5=3 for the decay of the turbulent
energy distribution over the scales (see Fig. 1.1b), which was already stated empirically
by Richardson (1920). In Fig. 1.1b the von K�arm�an spectra (von K�arm�an, 1948) is
shown as representative of the turbulent spectra. This �gure describes the theoretical
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energy distribution across the scales at one position, including the production zone in
the larger scales and the inertia subrange with the corresponding� 5=3 law. This
knowledge about the theoretical behavior of the turbulence spectrum can be used to
validate the turbulence measurements. However, this spectrum only describes the
distribution of the turbulence energy over the scales at one position. In this study, the
focus is on the examination of spatial turbulence structure under various conditions
and for di�erent objectives, which is performed with spatial cross-correlation analyses.

In atmospheric science, various systems are used to measure turbulent 
ows. Direct
point measurements are derived from ultrasonic measurements (Rajewski et al., 2013;
Mauder and Zeeman, 2018), and spatial averages of turbulence parameters can be
measured with Doppler wind lidars (DWL) (Smalikho et al., 2005; Wildmann et al.,
2020b). These techniques are limited in their spatial resolution for studying the
spatial extent of turbulence structures and their temporal evolution. Additionally,
assumptions about the state of the atmosphere are necessary for the application of
DWL. For the calculation of spatial information from point measurements, Taylor's
frozen turbulence assumption is used (Taylor, 1938). This hypothesis states that the
turbulence remains unchanged for a certain time while, for example, being advected
through a measurement device. This assumption enables the translation from a time
domain to a spatial domain using the mean advection velocity.

Taylor's assumption of frozen turbulence has been examined in multiple experiments
using arrays of sonic anemometers (Horst et al., 2004) and DWL (Schlipf et al., 2010;
Higgins et al., 2012). The validity of Taylor's hypothesis is theoretically examined
by Mizuno and Panofsky (1975). They proposed that the validity of the hypothesis
depends on two conditions. First, the similarity of the turbulent 
ow expressed by
the coherence in the longitudinal direction should remain unity. Second, the local
velocity should equal the advection velocity of the eddies (also called the translation
speed of the eddies (Panofsky, 1962)). This study focuses manly on the �rst condition
using coherence measurements but also examines the second one with spatial cross-
correlations within the UAS 
eet (see Sect. 2.2 and A3).

Correlation functions are often used to estimate the scales of turbulence. Additionally,
cross-correlations can be used to compare temporal autocorrelations of single-point
measurements with `true' spatial correlations of two-point measurements separated in

ow direction (Panofsky, 1962). An indicator for the horizontal shape of turbulence
structures can be derived from the comparison of longitudinal and lateral spatial
cross-correlations. The literature also frequently analyzes the structure's inclination
angle, which is derived from a two-point correlation map of vertically separated
measurements representing the vertical shape of turbulent structures (Hutchins and
Marusic, 2007; Chauhan et al., 2012).

Coherence

The correlation functions consider the time series as a whole, including all scales. On
the other hand, the similarity of 
ow structures at di�erent scales can be studied
by the coherence between spatially distributed measurements. The coherence can
be thought of as a correlation in the frequency space (Ropelewski et al., 1973).
The mathematical de�nition of coherence is the normalized cross-spectrum. On the
one hand, assuming frozen turbulence, the time series of two spatially separated
measurements would be identical and thus the coherence across all scales would be
unity. On the other hand, for example, small-scale motions with a large separation
distance show weak cross-correlations, which lead to coherence values close to zero. A
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typical curve of coherence in the ABL as a function of frequency (see Fig. 2.10) shows
high coherence at the large scales with a decay towards the small scales until nearly
zero coherence (Davenport, 1961). Experimentally, the coherence is examined by two
spatially separated measurements.

A �rst model of coherence in ABL 
ows, formulated by Davenport (1961) in the
early 1960s and still widely used, proposed an exponential decay function of the
coherence with increasing frequencyf (decreasing eddy size). This model is based on
observations of vertically separated measurements. The Davenport model predicts a
decrease in coherence with increasing distance �z and decreasing mean velocity�u.
The exponential function of the model is scaled with a dimensionless decay parameter
a


 z(f ) = e
� a

� z
�u

f
: (1.2)

The exponential characteristic of the coherence decay is con�rmed by Pielke and
Panofsky (1970) with observations from vertically separated measurements. They also
found a decrease in coherence with increasing atmospheric stability.

Horizontal coherence over sea and on land is examined by Ropelewski et al. (1973) in
di�erent heights and for various horizontal separations. Their measurements outline
higher decay parameters for lateral than longitudinal separations. Furthermore, the
dependency on atmospheric stability is lower for longitudinal coherence than for lateral
coherence. The lateral decay parameter tends to increase in unstable conditions.

Since the coherence is crucial in wind energy science in terms of aerodynamic loads
and energy production, Saranyasoontorn et al. (2004) studied the longitudinal and
lateral coherence in the Longterm In
ow and Structural Test (LIST) �eld campaign
with sonic anemometers. The experiment outlines an increasing decay parameter with
increasing vertical and lateral distances for the streamwise velocity 
uctuations, based
on the Davenport model. Additionally, reasonable agreements were shown with the
isotropic turbulence model of von K�arm�an (1948). Comparisons with the von K�arm�an
model outline a slight overestimation of coherence.

In the COTUR project, o�shore turbulence is studied using remote sensing techniques.
The lateral coherence is measured with multiple DWL for many di�erent separation
distances depending on the incoming 
ow direction, including a detailed study on
coherence for separation distances around �y = 21 m (Cheynet et al., 2021). The
authors extended the Davenport model by taking two directions into account, the
lateral and the longitudinal coherence. Furthermore, large eddy simulations (LES)
are used by Simley and Pao (2015) to examine longitudinal coherence in the in
ow
of a WT. From these simulations, lidar-based scan strategies are derived for in
ow
coherence measurements at a WT. A theoretical turbulence model for spatial coherence
is evaluated by Mann (1994) in extensive experiments.

1.2 Wind Measurements in the ABL

In atmospheric science, a multitude of measurement systems exist for analyzing the
wind in the atmospheric boundary layer. Established and reliable wind measurement
devices are sonic anemometers. Mounted on a meteorological mast, they are a
powerful tool for long-term high-frequency studies at a �xed location in the ABL.
Sonic anemometer measurements on meteorological masts are often supplemented
by cup anemometers, which have a limited temporal resolution but are robust and
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inexpensive. These masts, which can be up to 300 m high, are used for fundamental
research, for example in heterogeneous terrain in Lindenberg (Beyrich and Adam,
2007), in a cluster for analyzing complex terrain 
ows in the context of wind energy
research Fernando et al. (2019) or also for long-term observations and wind assessments
for WTs Gryning et al. (2013). For more than a decade, Doppler wind lidars (DWL)
have extend the remote sensing possibilities of wind in the atmosphere for a variety
of applications, for example in wind energy research (Wildmann et al., 2018b) or
fundamental turbulence structure analysis (Cheynet et al., 2016). Flexible in situ
measurements are achieved with airborne measurements (Platis et al., 2018).

The measurement results of the mentioned methods and systems are reliable and
valuable. However, these systems cannot be used very 
exibly and typically involve
a high level of logistical e�ort. Precisely because of these disadvantages, unmanned
aerial systems (UASs) are becoming increasingly important to support or augment
conventional atmospheric measurement techniques. The possible 
ight paths and thus
the 
ight patterns with these vehicles are almost unlimited. In addition, the simulta-
neous use of several UAS in a campaign has the potential to measure atmospheric
quantities in situ at 
exible positions simultaneously. This enables new measurement
strategies which are not possible with conventional measurement systems.

1.2.1 Unnmaned Arial Systems

Two possible but fundamentally di�erent architectures exist for UAS. One has �xed
wings and the other one is comparable with helicopters, in which only the thrust of
the rotors provides lift for the vehicle (so-called rotary-wing UAS). The advantages of
�xed-wing UAS are their long range and long 
ight times, which allow for studies at
high altitudes. Various research groups use this approach for atmospheric research
(van den Kroonenberg et al., 2008; Wildmann et al., 2015; Reuder et al., 2016; Mauz
et al., 2019; Hamilton et al., 2022). The rotary-wing approach has the advantage that
the vehicle can be used 
exibly without the need for a runway. The vehicle can be
placed 
exibly at the point of interest in the atmosphere and measure the 
ow at
this speci�c position while hovering. Additionally, this approach enables the use of
multiple vehicles simultaneously in order to resolve 2D or even 3D wind �elds. Since
the aim of the present study is to measure wind �elds and turbulent 
ows at multiple
positions, only the multirotor approach is pursued.

Various approaches to measuring wind speed with multirotors are described in the
literature. The obvious approach is to mount an external wind sensor such as hot wire
probes (Cuxart et al., 2019; Molter and Cheng, 2020) or sonic anemometers (Shimura
et al., 2018; Reuter et al., 2020; Thielicke et al., 2021; Nolan et al., 2018). Another
approach is to use the motion of the UAS itself as a sensor without additional external
sensors. Therefore, the onboard sensors of the avionic system of a multirotor are used
to derive the wind vector (Palomaki et al., 2017; Brosy et al., 2017; Neumann et al.,
2012; Neumann and Bartholmai, 2015; Gonzalez-Rocha et al., 2017; Gonz�alez-Rocha
et al., 2019; Wang et al., 2018; Bartholmai and Neumann, 2011; Bell et al., 2020).
The overall goal of the project is to achieve a 
eet of up to 100 individual UAS; due
to this high number, the complexity should be as low as possible to ensure robust
methods and comparatively cost-e�ective solutions. For this reason, I focus on the
approach that only uses the onboard sensors without the need for additional wind
sensors (see Sect. 2.1 and A1, A2).

In general, this approach relates the orientation and acceleration measured by the
UAS's Inertial Measurement Unit (IMU) to wind forces. Most of the approaches cited
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assume the vehicle is hovering, which is reached on the basis of the GNSS (Global
Navigation Satellite System), such that the remaining movements can be attributed
to reactions to external wind forces. Neumann et al. (2012) took the inclination angle
of the UAS and related the obtained drag forces by the Rayleigh drag equation to the
wind speed. The drag coe�cient and the projected area were estimated using analytic
tools and wind tunnel experiments. However, the experiments were performed with
�xed rotors, which neglect the major part of the aerodynamic drag of a multirotor
(Schiano et al., 2014). For this reason, Neumann et al. (2012) calibrate a direct
relation between the inclination angle and wind speed, resulting in a second-order
polynomial �t. The velocity based on GNSS data is used by Brosy et al. (2017)
as a reference to calibrate a regression function in 
ight experiments between wind
speed and inclination angle. The result was a root-function with limited validation of
< 6 m s� 1. Based on wind tunnel experiments, Gonz�alez-Rocha et al. (2019) claim
a linear relationship between the angle of inclination and wind speed for their UAS.
The wind algorithm developed in this study is described in detail in Sect. 2.1.1.

1.3 Flow Field around Wind Turbines

Besides the more generalized theoretical analyses of turbulent 
ow structures in the
ABL, the understanding of the 
ow around WTs and their optimization is highly
relevant for the society. To achieve the International Energy Agency's (IEA) net-
zero emissions targets by 2050, renewable energy generation capacity must increase
dramatically. Veers et al. (2019) named the atmospheric 
ow one of the grand
challenges for future wind energy research.

The performance and mechanical loads of WTs are primarily driven by the atmospheric

ow, particularly the turbulence. Also, the wake of a WT is a�ected by atmospheric
conditions. Larger WTs with high power generation or additional, closer staggered
WTs in wind farms will be necessary in the future to ful�ll the increasing demand
for wind energy in the limited available space. The e�ciency of wind farms is mainly
determined by whether additional wake losses, which are caused by upstream wind
turbines, can be reduced. Due to the energy extraction of a WT, a wake develops
downstream of the WT and is characterized by a low velocity region. If this region
encounters a downstream turbine, its e�ciency is signi�cantly reduced. The wake
also increases loads and fatigue on the downstream turbine due to the induction of
turbulence. Therefore, smaller relative separation distances of WTs, due to repowering,
and larger WTs, which cause more prominent wakes, make understanding WT wakes
crucial for wind farm optimization.

The 
ow around a WT follows a generalizable pattern with characteristic short-term

ow features and mean velocity distributions. This universal and rather theoretical

ow �eld around a wind turbine is described below to allow a better understanding of
the velocity measurement carried out on a wind turbine in operation.

In Fig. 1.2, the 
ow �eld around a WT is illustrated, including the di�erent zones.
The WT a�ects the ambient atmospheric 
ow downstream and upstream. The area
upstream of the WT where the blockage e�ects of the WT reduced the wind velocity
is described as the induction zone. Simley et al. (2016) proposed an estimation for
the reduced wind velocity based on the induction factor.

As illustrated in Fig. 1.2 and proposed by Vermeer et al. (2003) the downstream
regime of a WT can be classi�ed into a near wake and a far wake. Complex and highly
heterogeneous 
ow distributions characterize the near wake. This zone is in
uenced
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by the current conditions and operation of the WT as well as their design. The extent
of the zone is shown in Fig. 1.2 and de�ned by Wu and Port�e-Agel (2012) with a
distance of two to four rotor diameters D . One dominant 
ow feature in the wake is
the tip vortex, which develops at the tip of the rotors due to the pressure di�erences
between the suction and the pressure side. These tip vortices form a helical vortex
that wraps around the wake and separates the wake from the freestream, as shown
in Fig. 1.2. In contrast to the near wake, the regime further downstream, de�ned as
the far wake, is more uniform. No speci�c 
ow features are present and the velocity
distribution depends only slightly on the operation and the speci�c design of the WT.
Therefore, the velocity distribution is more uniform and can be assumed to be of
universal character. The recovery of the velocity de�cit, also called wake recovery, is
completed at 8 D downstream of the WT (Port�e-Agel et al., 2019). This distance can
increase multiple diameters further downstream under stable atmospheric conditions
and for increased sizes of WTs (Fuertes et al., 2018).

Figure 1.2: Schematic 
ow �eld around a WT. Blue eddies result from interactions
with WT and grey origin in the ABL. Potential in
ow and wake measurements with
the SWUF-3D 
eet are illustrated with drone icons.

1.3.1 Measurements at WTs

Since modern WTs have existed for decades, their operation and wake have been
widely examined with numerical methods.Jensen (1983) developed a basic analytic
model that is still implemented in current fast computing wake models of single
turbines. More advanced wake models designed for fast optimization of entire wind
farm operations and design were developed by (Bastankhah and Port�e-Agel, 2014).
Nowadays, for detailed studies of the WT wake, large-eddy simulations (LES) with
high-resolutions are state-of-the-art (Mehta et al., 2014; Englberger et al., 2020).

Besides numerical simulation, WTs have been studied in numerous experiments in wind
tunnels and �eld campaigns. In the examination of laboratory 
ows, the particle image
velocimetry (PIV) method has contributed a great deal to a better understanding of
wake 
ows of WT in the last decade (Sherry et al., 2013; Bastankhah and Port�e-Agel,
2017). In �eld campaigns with full-size WTs, mostly remote sensing systems are
deployed to measure the 
ow �eld. In recent years, often DWLs are used, which are
deployed at the ground to study the development and characteristics of the wake, for
example, in complex terrain (Menke et al., 2018; Wildmann et al., 2020a). Further
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wake analysis can be performed using DWLs, such as the in
uence of atmospheric
stability on the wake length (Wildmann et al., 2018a) and the wake-center localization
(Wildmann et al., 2018b). Besides ground-based lidars, they are also deployed on the
nacelle for 
ow measurements which are used for LES validation (Doubrawa et al.,
2020) and for detailed WT wake studies (Aitken and Lundquist, 2014; Machefaux
et al., 2015; Fuertes et al., 2018). Additionally, in the optimization of active yaw
control, spinner-integrated lidars provide valuable measurements (Mikkelsen et al.,
2012).

As a supplement or also for independent experiments, in situ measurements are
becoming more prominent in 
ow analysis in wind energy research. In this research
�eld, di�erent airborne systems are used. Analysis of entire o�shore wind parks are
carried out with crewed research aircraft (Platis et al., 2021) and for measurements
around single WTs UAS rotary-wing (Thielicke et al., 2021; Li et al., 2022; Wetz
and Wildmann, 2023) and �xed-wing con�gurations are used (Kocer et al., 2011;
Wildmann et al., 2014; Reuder et al., 2016; Mauz et al., 2019; Alaoui-Sosse et al.,
2022). Due to the fact that only one system is used in the listed measurements, no
simultaneous measurement of a 
ow �eld is possible. Multicopters enable only one
spatial position, while �xed wings only provide a single time step at certain positions.
However, by using multiple or even a 
eet of quadrotors, multiple time series can be
measured at di�erent spatial positions, which enables the simultaneous measurement
of a wind �eld with high temporal resolution. For the application of wind energy
research, with this measurement system detailed wake analyses are possible while
simultaneous even observations in the in
ow can be carried out. The results of the
measurement are analyzed in Sect. 2.3.

1.4 Measurement System

In this study, a novel measurement system is developed to measure the wind at di�erent
spatial positions simultaneously. Various 
ight systems were tested for this purpose.
As mentioned previously, the goal is to resolve a 3D wind �eld with high-resolution
turbulence measurements; only multicopters ful�ll this requirement. Since accessibility
of the sensor data from the IMU (inertial measurement unit) is mandatory for the
wind algorithm, only a multirotor with the open-source Pixhawk autopilot, which
allows both accessibility and adjustments, is pursued. Adjustability is important for
the integration of additional sensors such as temperature and humidity or, for example,
external systems for position control in indoor environments without GNSS, which is
necessary for wind tunnel experiments.

Due to its simple architecture and possible small dimensions, a multicopter with four
propellers, a so-called quadrotor, is selected for this study. Two di�erent quadrotor
sizes are extensively tested, namely the HolyBro S500 with 500 mm diagonal spacing
between the rotor axis and the HolyBro QAV250 with 250 mm diagonal spacing. The
experiments were carried out both in the �eld and in a wind tunnel. The tests reveal
better dynamic behavior and higher resistance to high wind speeds for the small
quadrotor. Additionally, the smaller size enables the resolution of smaller turbulence
structures. A drawback is the lower potential payload and shorter 
ight time compared
to the larger quadrotor. However, the HolyBro QAV250 (shown in Fig. 1.3) is chosen
due to its better dynamic behavior in turbulent wind conditions.

To reduce the complexity of the wind algorithm the quadrotor is operated in the
`weather-vane' mode. That operation mode controls the yaw angle such that the roll
angle is minimized and the UAS is therefore oriented towards the wind direction.
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The maximal total 
ight time with a battery capacity of 3500 mAh is approximately
17 min. A temperature and humidity sensor (HYT271) is additionally mounted on
the UAS. The weight of the complete system is 0.645 kg.

Figure 1.3: Picture of the quadrotor `HolyBro QAV250' in front of the meteorological
mast at Falkenberg. Photo by Bernd Lammel. This picture and description are taken
from Wetz et al. (2021).

The 
eet consists of a total of 35 UAS, of which a maximum of 20 quadrotors are
operated simultaneously. Since the entire 
eet cannot be controlled manually, they are
monitored by the ground station © QGroundControl, which allows multiple vehicles
to be controlled. The 
eet communicates via an external Wi-Fi router. In most of
the experiments, the measurements of the UAS were performed at a �xed position.
To create the individual 
ight paths, a tool is developed that enables semi-automatic

ight planning, including approach and landing from the target measurement position
of the speci�c measurement patterns. Special attention was paid to the intersection of
the trajectories when 20 UAS are 
ying at the same time.

1.5 Research Objectives

One of the main goals of this thesis is the development of a measurement system
that enables high-temporal-resolution measurements of turbulent wind �elds. For the
turbulence wind measurements, a wind algorithm is developed and calibrated for the

eet of UAS and validated against various references. With this calibrated SWUF-3D

eet, turbulence structures and their horizontal extent in heterogeneous terrain are
analyzed with horizontally distributed measurements. The potential of the SWUF-3D

eet for research application in the 
ow �eld around wind turbines is investigated in a
�eld campaign. In particular, the velocity pro�le in the near wake of an operating
WT is examined in detail together with turbulence analysis and the tip-vortex. For
each of the subject areas, the following speci�c research questions can be derived.

1.5.1 Wind Algorithm of the UAS

ˆ Can a clear relationship between the pitch angle and the wind speed be formulated
for the chosen hardware?

ˆ Does the `weather-vane' mode and thus only the orientation of the UAS, reveal
accurate wind direction measurements?

ˆ How accurate are the mean wind speed measurements?
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ˆ Is the aerodynamic behavior within the entire 
eet comparable, so that the wind
algorithm can be applied to the entire 
eet?

ˆ Which turbulence scales/resolutions are possible and does additional data from
the IMU, for example accelerometer data, improve the dynamic behaviour?

ˆ Does the SWUF-3D 
eet deliver reasonable wind �eld measurements in compar-
ison to lidar and meteorological tower observations?

1.5.2 Examination of Turbulence Structures of the ABL

ˆ Are the separation distances observable in the phase spectrum of two spatially
separated UAS measurements?

ˆ Does the two-point cross-correlation of streamwise separated measurements
agree with the temporal autocorrelation under di�erent atmospheric conditions?

ˆ How does the horizontal shape of turbulent structures vary with atmospheric
stability, regarding the cross-correlations in the lateral and longitudinal direc-
tions?

ˆ Are exponential decay models from Davenport and Schlez appropriate to model
the coherence under di�erent conditions?

ˆ How does the coherence change with atmospheric stability?

ˆ What are the limits of the validity of Taylor's frozen turbulence assumptions?

1.5.3 In Situ Measurements at a 2 MW Wind Turbine

These research questions are adapted from the 4th publication of this thesis (Wetz
and Wildmann, 2023).

ˆ Can a 
eet of UASs measure a double-Gaussian velocity de�cit and turbulence
intensity pro�le in the near wake of a WT?

ˆ Do the horizontal momentum 
uxes point towards the inner wake at the edge of
the wake?

ˆ It is possible to capture the tip vortex with multicopter measurements at the
edge of the wake?

ˆ Do the near-wake characteristics signi�cantly change at di�erent downstream
distances (< 2D)?

ˆ What are the in
uences of atmospheric stability on the near wake regarding the
velocity de�cit and the turbulence intensity?
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Chapter 2

Results

2.1 Wind Algorithm Calibration and Validation

The results presented in this section are based on the two publications Wetz et al.
(2021) and Wetz and Wildmann (2022) (see Appendix A1, A2). The introduced
SWUF-3D 
eet, consisting of 35 quadrotors, is intended to measure the wind vector
without additional sensors. For wind measurements without external sensors, di�erent
approaches were discussed in Sect. 1.2.1. The goal of developing a 1D wind algorithm
is to create a robust method that can be applied to the entire UAS 
eet with only
small individual o�set calibrations. The idea for this robust calibration is based on the
relation between the motion of the UAS and the wind forces. The wind speed can be
derived from the wind forces using the established Rayleigh drag equation (Eq. 2.2).
The data from nine UASs are calibrated with tower measurements and also validated
against lidar data. In the next step, an advanced 2D wind algorithm, based on the
accelerometer data, with improved dynamic behavior, is calibrated for the entire UAS

eet of 35 quadrotors.

2.1.1 Wind Algorithm

Taking the force equation of a ridged body model into account, the inertial forces are
balanced by the gravity forces and the external forces acting on the UAS. Only the
x-direction of the body system is considered, since the UAS is always aligned in the
wind direction due to the activated `weather-vane' mode. The autopilot compensates
for wind forces mainly by increasing the pitch angle to keep the UAS in a �xed position.
For this approach, idealized hover 
ight conditions are assumed; that means that the
inertial forces can be neglected, which results in the simple equation for the wind
forces in the x-direction

Fw;x = mg sin � ; (2.1)

where � is the pitch angle of the UAS, g the gravity and m the mass of the UAS.
Taking the aerodynamic Rayleigh-equation into account

Fw =
�
2

cd A V 2
w ; (2.2)

the wind velocity in the x-direction of the UAS can be calculated

Vw;x =

s
2 Fw;x

cd A �
(2.3)
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with the drag coe�cient cd, the projected areaA and the density � . In this equation,
the term cd A remains unknown and could either be estimated or calibrated. Due to
the complex aerodynamics and shape of a quadrotor, this term is calibrated in this
work. The dependency of the projected area and the drag coe�cient on the attitude
of the UAS is considered with an additional term f (� )

cdA = cd;0A0 + f (� ) ; (2.4)

where cd;0A0 is the drag coe�cient and the area at zero pitch angle and in this study,
it is assumed that the function f (� ) is a linear function.

2.1.2 Measurement Site

In order to calibrate and validate the wind algorithm, the site of the German
Meteorological Service (Deutscher Wetterdienst, DWD) at the Boundary Layer Field
Site (Grenzschichtmessfeld, GM) Falkenberg of the Lindenberg Meteorological Ob-
servatory was chosen, where we participated in the FESST@MOL campaign for two
weeks (July 21-31, 2020). Central to the present study at GM Falkenberg is the 99 m
tower, which is instrumented with sonic and cup anemometers at multiple levels. In
this campaign, 76 single UAS-
eet 
ights were realized, resulting in 4800 minutes of

ight data. Di�erent 
ight patterns were deployed with the purpose of calibrating and
validating the UAS 
eet. The results were compared with reference measurements
from the tower in the `drone tower' 
ight pattern (see Fig. 2.1) where eight quadrotors

y at the same horizontal position but at di�erent altitudes within a horizontal safety
distance of 20 m to the tower. On the map in Fig. 2.1, the tower is illustrated, as
well as the di�erent 
ight patterns. Additionally, a Doppler wind lidar of the type
Leosphere Windcube 200S is installed at the side and used for validation of the UAS

eet. First, in the `lidar-line-pattern', the UASs are aligned in a �xed lidar beam. In
a second pattern, `drone 3x3 lidar', the drones are oriented in a 3x3 vertical grid in
order to compare 2D wind �eld measurements with the lidar data.

2.1.3 Calibration

The parameters from Eq. 2.4 are calibrated agianst the reference measurements on
the tower. The aim of the calibration is to �nd a parameter set ( cd;0A0 and cp) for all
UASs that re
ects the general behavior of the UAS to the wind. For this purpose, a
UAS is selected that has been used in a large wind speed range. In addition to the
general parameter set, an individual pitch o�set � � is calibrated, to account for small
deviations in the misalignment of the installation of the IMU and slightly di�erent
mass distributions of the individual systems. This drone-speci�c parameter can be
calibrated with only a single 
ight.

In a �rst step, a benchmark calibration with individual calibrations of all parameters for
each UAS is performed in order to compare them with the following calibrations. In the
second step, one parameter set is used for all UAS. The comparison to the benchmark
calibration shows that a universal parameter set can be found within the 
eet, which
only leads to a small loss of accuracy with a root-mean-square (rms) deviation of
� u = 0 :25 m s� 1 in comparison to the benchmark calibration � u = 0 :23 m s� 1. This
calibration leads to the universal parameters

cdA = 0 :03� 0:047� � : (2.5)
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Figure 2.1: Map of the experiment site, including the locations of UAS 
eet measure-
ments. © OpenStreetMap contributors 2020. Distributed under a Creative Commons
BY-SA License. The wind rose in the bottom left shows the wind conditions during the
campaign period (21-30 July 2020). Figure and description from Wetz et al. (2021).

In a next step, the pitch o�set � � is calibrated with only one 
ight for each UAS. This
calibration leads to an accuracy of� u = 0 :27 m s� 1 within the entire 
eet, which again
deviates only slightly from the benchmark calibration. The validation plots of the
calibration for all UAS involved can be found in Appendix A1. For a fair validation,
an independent data set from the calibration is chosen. Therefore, the calibration will
only be performed on 
ights from the �rst week, while the validation is executed with
data from the second week.

Besides the wind speed, the wind direction can also be derived from the UAS data.
Since the UASs operate in the `weather-vane' mode, the yaw-angle measured by the
IMU gives a good �rst estimate of the wind direction. However, an additional o�set
calibration of the yaw angle is performed since optimal orientation of the magnetometer
towards the north cannot always be guaranteed. Therefore, a calibration is conducted
with the reference wind direction of the tower measurements. This calibration results
in a mean accuracy of� � = 7 :5 �

2.1.4 Comparisons with Lidar Data

For further validation and the ability to resolve 
ow structures in the ABL, measure-
ment data are compared with DWL data. Two di�erent scenarios were carried out
during that campaign. First, eight quatrotors were distributed along in a �xed lidar
beam. They were placed in equal distance (20 m) in the line-of-sight as the range gate
separation distance of the DWL as illustrated in Fig. 2.1 in the `lidar-line' pattern.
Figure 2.2 shows the comparison of the time series, which were interpolated to form a
continuous horizontal spatial line, over the measurement time. This �gure outlines
the agreement in the measurement of the wind speed variation. For example, at 13:27
UTC, there was a clear gust that was observed with both systems.
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Figure 2.2: Time series of spatial wind measurements with a lidar (a) and eight UAS
(b) along a lidar line-of-sight. The y-axis grid represents the horizontal location of
the range gate centers of the lidar and the UASs respectively. Figure and description
from Wetz et al. (2021).

In a second scenario, a vertical plane with nine UAS is spanned in `drone 3x3 lidar'
pattern (see Fig. 2.1). This pattern is compared with lidar data in that plane, which
were derived from lidar RHI (range-height indicator) scans, in order to validate the
2D wind �eld measurements. The main features of the 
ow are observed with the
UAS and the DWL (see Appendix A1).

These two comparisons reveal that the SWUF-3D 
eet is able to capture spatial
structures, even though direct comparison to the reference instruments is extremely
challenging under convective conditions that were present during these comparisons.

2.1.5 Advanced Wind Algorithm

For the basic 1D wind algorithm, only the pitch angle was used as an input variable
to calculate the wind speed. In a second approach, the acceleration data from the
IMU is now used directly, both in longitudinal and lateral directions, in order to
achieve better dynamic behavior and a 2D wind algorithm. In addition, since the
aerodynamics of the quadrotors are more complex than those of a solid body, the
relationship between wind speed and forces previously described with the Rayleigh
drag equation is not used since most of the drag is caused by the rotors. Therefore, a
general approach to the calibration equation with a variable exponent is chosen.

In this approach, the dynamic part of the equation of motion is additionally taken into
account, which was neglected for the 1D algorithm due to the assumption of idealized
hovering. This means that the acceleration of the UAS is considered when calculating
the horizontal wind force. The additional gyroscopic terms contained in the equation
of motion are negligibly small and therefore the equations for the forces result in

Fw;x = m[gsin(� ) + •x] (2.6)

Fw;y = m[gcos(� ) sin(� ) + •y] (2.7)

In Figure 2.3 the di�erent input data for the wind algorithm are compared. There, it
is clearly shown that the dynamic behavior at small scales can be improved with the
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accelerometer data as input data. With this approach, the turbulence scales can be
resolved until 1 Hz. At even smaller scales, sensor noise dominates the measurements,
as shown in the �gure.

Figure 2.3: Power spectra in longitudinal direction - of the wind velocity spectra derived
from the wind forces: Fw;h;x hover state assumption,Fw;x;a including acceleration data
from the accelerometer of UAS measurements in comparison with sonic anemometer
data. Figure and description from Wetz and Wildmann (2022).

The advantage of a variable exponent in comparison with the root-function (Rayleigh
drag equation) for the relation between wind speed and wind forces is that the
calibration curve can better represent the actual transfer function. Additionally to
the adjusted function, the wind velocity is corrected with the ground speed of the
UAS obtained from the GNSS, which theoretically enables measurements even during
forward 
ights and not only in the hovering state. The equations for the longitudinal
u and lateral v wind velocity result in

V =

0

@
u

v

1

A =

0

@
cx � F bx

w;x

cy � F by
w;y

1

A �

0

@
_xgps

_ygps

1

A : (2.8)

Since the UASs are operating in the `weather-vane' mode, the side wind component
is small. Therefore, the variance� 2

v is used as the target variable for the calibration
of the crosswind component. The additional lateral wind component particularly
increases the dynamic behavior of the wind direction measurements, as not only the
yaw angle of the UAS is taken into account but also the tangent of the longitudinal
and lateral wind components. The target values for the calibration of the along-wind
component are taken from the sonic measurements. In order to increase the dynamic
behavior and the statistic for wind variance measurements, only 2 s time averages are
taken as targets in comparison to 10 min time averages for the 1D algorithm.

The experiment was conducted during the FESSTVaL (Field Experiment on Sub-
Mesoscale Spatio-Temporal Variability in Lindenberg) campaign at GM Falkenberg
in June/July 2021 with the entire SWUF-3D 
eet of 35 quadrotors. During the
experiment, 119 calibration 
ights (see the `calibration pattern' in Fig. 2.5) were
performed with wind speeds ranging from 0 to 8m s� 1 and turbulent kinetic energies
(TKE) from 0.03 to 2.5 m2 s� 2. The resulting calibration parameters for the longitu-
dinal and lateral horizontal directions of the wind algorithm (Eq. 2.8) are listed in
Table 2.1.
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Table 2.1: Speci�cation of wind algorithm parameters for Eq. 2.8 (proportional
parameter c and exponentb). Table and description from Wetz and Wildmann (2022).

direction c b

longitudinal (x) 7.775 0.845

lateral (y) 6.373 0.898

The calibration results for the advanced wind algorithm are shown in Fig. 2.4. A
single data point in this �gure shows the time average of the corresponding 
ight in
comparison with the reference sonic measurement. In order to ensure independent input
data for the validation, the data used for the calibration of the UAS 
eet are excluded
from the validation. In Fig. 2.4a, the mean longitudinal velocity measurements agree
well with the sonic data, with a mean RMS deviation of � u = 0 :25 m s� 1. The accuracy
of the wind speed variance (Fig. 2.4b) with an RMS deviation of� � 2 ;u = 0 :16 m2 s� 2

is signi�cantly improved. The additional correction of the wind direction measurement
using the lateral velocity component results in an average RMS deviation of less than
� � < 5� (Fig. 2.4d).

Figure 2.4: Flight averaged data for all calibration 
ights, di�erent colors and markers
representing di�erent UAS (no. 2-35) measurements in comparison to sonic anemome-
ter wind measurements including the RMS deviation� : a) longitudinal wind speed,
b) longitudinal wind speed variance, c) lateral wind speed variance, d) wind direction.
Figure and description from Wetz and Wildmann (2022).

The turbulence spectra measurements for di�erent 
ight cases were also analyzed
during this campaign (see Appendix A2). These show that in cases of high turbulence,
the UAS measurements follow the sonic measurements and the Kolmogorov slope up
to approximately 2 Hz. For smaller scales, there is an almost constant noise level of
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0:01 m2 s� 1. Due to that, in low turbulence conditions, already at lower frequencies,
the noise of the sensor is signi�cant and disturbs the turbulence measurement due to
the low signal-to-noise ratio.
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2.2 Horizontal Correlations of Spatially Distributed Mea-
surements

Building on the extensively calibrated and validated wind measurements of the SWUF-
3D 
eet, horizontal correlations and coherence of turbulence are examined using
spatially distributed UAS measurements. The results of this study were published in
the journal Boundary-Layer Meteorology (Wetz et al., 2023) (see Appendix A3).

2.2.1 Experiment

At the same �eld site as in the previous campaign, the GM Falkenberg, spatially hori-
zontally distributed measurements were carried out simultaneously with 10 quadrotors
during the FESSTVaL campaign (illustrated in the map in Fig. 2.5).

Figure 2.5: Map of the �eld site of GM Falkenberg, including the 99 m meteorological
mast and di�erent 
ight patterns of the UAS 
eet. Each star represents an individual
UAS at its measurement position. The dark green area is short cut grass, whereas the
light green area was a corn�eld in 2021. The arrows on the left side represent the wind
direction and the corresponding orientation of the `horizontal pattern'. Background
map © OpenStreetMap contributors 2022. Distributed under a Creative Commons
BY-SA License. The wind rose is extracted from the meteorological mast at 98 m
a.g.l. Figure and description from Wetz et al. (2023).

For examining turbulence structures in the ABL, the focus is on the `horizontal
pattern'. In this pattern, multiple UAS are spatially distributed at di�erent distances
longitudinally and laterally to the mean wind direction. In order to adjust the
orientation of the pattern to the current wind direction (illustrated by the red curved
arrow in Fig. 2.5), the 
ight plans are generated and uploaded semi-automatically.
Logarithmic horizontal separation distances were chosen for the `horizontal pattern'
to generate maximal diversity in the potential separation distances for the evaluation
where all UAS are combined with each other. The lateral spacings (�y) are between
10 m to 70 m, while the longitudinal spacings (� x) are between 5 m and 205 m. In
order to ensure comparable results, this particular pattern was not modi�ed during

19



the campaign but was applied under di�erent atmospheric conditions and at di�erent
altitudes.

2.2.2 Validation of Turbulence Measurements

Since coherence and turbulence analysis will be part of this study, in this section
the turbulence spectra of the UAS measurements are checked for plausibility and
compared with reference measurements. In Fig. 2.6a the amplitude spectra of the
along-wind component of two UAS are compared to the corresponding single-point
power spectrum of the reference measurements. Also, the power spectrum of a single
UAS is provided for a fair comparison to the power spectrum of the sonic anemometer.
This �gure demonstrates the ability of the UAS to measure turbulence spectra under
these neutral atmospheric conditions. The agreement of the measurements is good
even though the horizontal distance between the UAS and the reference measurement
is 30 m.

Figure 2.6: Power spectrum density jSuu j of sonic anemometer measurements in
comparison to UAS measurements a) power spectrumjSuu j and amplitude spectra
Auu � x

and b) phase spectra �uu � x
with longitudinal separation of � x = 5 m and

� x = 205 m. The thin orange line represents the measured phase for� < � x. Dashed
lines indicate the theoretical phase resulting from the separation distance �x and the
advection velocity �u as calculated from Eq. 2.10. Figure and description from Wetz
et al. (2023).
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In Fig. 2.6b the phase spectra of two longitudinally separated UAS measurements
(� x = 5 m and � x = 205 m) are shown. Assuming that the turbulence is frozen,
eddies are transported with the mean local velocity�u. Based on this assumption, the
wavelength is de�ned as

� =
�u
f

: (2.9)

The separation distance of the measurement �x is expected at the position of the �rst
maximum of the phase spectrum (360� ) so that � (� = 360 � ) = � x. The theoretical
phase spectra for larger wavelengths, expressed in degrees, can be calculated as

� uu � x
=

� x
�

360� : (2.10)

These comparisons reveal that the phase spectra measured by the UAS is in agreement
with the theoretical phase and the maxima are observed at the wavelength that
corresponds to the separation distances. However, between the theoretical phase and
the phase spectra small deviations are present in the range of shorter wavelengths.
These deviations could either originate from deviations from the `true' separation
distance or from smaller mean local velocities compared to the translation speed of
the eddies.

2.2.3 Spatial Cross-Correlations

The objective of the horizontal pattern (illustrated in Fig. 2.5) is to analyze horizontal
correlation in streamwise and lateral directions. First, the cross-correlation functions
of streamwise separated measurements are shown in Fig. 2.7. For this purpose, the
seven UAS wind velocity measurements at di�erent positions are cross correlated with
the most easterly UAS in this 
ight (as illustrated on top of Fig. 2.7). It is plausible
that the time shifts of the correlation maxima increase and the magnitude of the
correlation maxima decrease with increasing separation distance. From this �gure,
the separation distances can be derived by the time delay from the maxima of the
single cross-correlations. In idealized frozen turbulence conditions, this delay would
be concurrent with the theoretical time delay calculated with the local velocity and
the separation distances. Also, the amplitude of the maxima would be unity if the
frozen turbulence assumption were completely valid. In this particular 
ight case, in
a neutral boundary layer, both the position and the amplitude are close to the frozen
turbulence assumptions.

Typically, the autocorrelation function of single-point velocity measurement is used
to calculate the turbulent integral length scale. From the integral of the temporal
autocorrelation function, the integral time scale (Lenschow and Stankov, 1986) is
obtained and from this the length scale can be calculated using Taylor's hypothesis.
However, the present longitudinally separated measurements allow a spatial cross-
correlation at di�erent separation distances from which a `true' spatial correlation
function for the wind velocity can be derived. The temporal autocorrelation is
compared with the two-point spatial cross-correlation (which corresponds to the
marked points on the y-axis in Fig. 2.7) of all possible cross-correlation combinations
in the longitudinal direction

� 7
2

�
=21 in Fig. 2.8a. In this particular 
ight of a neutral

atmospheric boundary layer (NABL), the spatial cross-correlation is well represented by
the autocorrelation, thus the assumption of Taylor can be considered to be applicable.

In Fig. 2.8b di�erent atmospheric stabilities are compared. The deviation between
the curves of the di�erent correlations increases for stable and convective conditions
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Figure 2.7: Cross-correlation functions of streamwise velocity between the longi-
tudinally separated UAS (separation distance � x). Dashed vertical lines are the
theoretical time lags of the correlation maxima calculated with Taylor's hypothesis.
Colored points mark the intersection between the correlation functions and� = 0.
Figure and description adapted from Wetz et al. (2023). The sketch illustrates the
cross-correlation between the measurement positions of the UASs.

(and for lower altitudes, which are not explicitly shown here but are described in
Appendix A3). The signi�cant drop in cross-correlations under convective conditions
at � x = 80 m and � x > 125 m is related to the UAS in the far west. Technical
errors in the correlation measurements of the speci�c UAS can be ruled out by very
good agreement with reference measurements of 
ights before and after the 
ight
under consideration. Therefore, the di�erence originates in the atmospheric 
ow. At
the speci�c position of this UAS the land use (corn �elds) deviates from the other
UAS locations (grassland), which could be a plausible explanation. The di�erent
land uses result in di�erent surface roughness and could also lead to di�erent surface
heat 
uxes, particularly in convective conditions. Both e�ects will a�ect the shape of
turbulent structures. This outcome of multiple spatially distributed measurements
shows additional observations that would not be visible in an individual measurement.

In Fig. 2.7 the theoretical travel time, equal to the time shift, of the turbulence using
Taylor's hypothesis with the mean local velocity is illustrated by the horizontal lines
and should perfectly agree with the time shift � of the spatial cross-correlation if the
turbulence were frozen. Instead of the time shift, we can also compare the local mean
velocity �u with the eddy transport velocity ue calculated from the time shift and the
separation distances (ue = � � x). If the two velocities would be equal, one of the
validity requirements for the frozen turbulence assumption, according to Panofsky
(1962) would be ful�lled. In this particular case, the agreement between the time
shifts (di�erent velocities) is good, with a slightly faster eddy transport velocity than
the local velocity (ue > �u). In the underlying publication (see Appendix A3) the
comparison of the time lags under di�erent atmospheric conditions is explicitly shown.
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a) b)

Figure 2.8: a) Autocorrelation function � uu � x =0 (� ) of single UAS, solid line, in com-
parison to direct spatial cross-correlations, dots and dashed line, using the intersection
of the cross-correlation function � uu � x and � = 0, marked as dots in Fig. 2.7. b) Same
comparison as in a) but for additional 
ights under di�erent atmospheric conditions
(convective - CABL, neutral - NABL and stable - SABL) in 90 m a.g.l. Figure and
description adapted from Wetz et al. (2023).

Since the spatial cross-correlation gives an indicator of the size of turbulent structures,
the longitudinal extent can be compared with the lateral extent by analyzing the
longitudinal and lateral spatial cross-correlations. The maxima of cross-correlation
functions in dependency of the separation distances (lateral �y and longitudinal
� x) for di�erent atmospheric strati�cations are shown in Fig. 2.9. From the small
ratio between lateral and longitudinal cross-correlations under CABL, no preferential
direction can be derived. Therefore, turbulence structures are expected to be of a
nearly circular shape. Due to the signi�cantly larger ratios under SABL and NABL, the
shape of the turbulence structure will be more narrow. Due to the higher correlations
in the longitudinal direction compared to the lateral direction, the structures are
stretched in wind direction.

Figure 2.9: Cross-correlation maxima for longitudinal and lateral distributed measure-
ment against the separation distances �x and � y in 90 m a.g.l. Figure and description
adapted from Wetz et al. (2023).
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2.2.4 Coherence

The relationship between di�erent UAS time series is depicted by the cross-correlation
function. One step further, the similarity of 
ow structures in the frequency domain is
characterized by the coherence. In this section, the horizontal pattern of the SWUF-3D

eet is used to calculate the coherence of the atmospheric 
ow. These measurements
are performed under di�erent atmospheric conditions and are compared with basic
coherence models.

Mathematically, the coherence is de�ned as the amplitude spectrumAuu �x (f ) nor-
malized by the product of the individual power spectra Suu �x . Additionally, the
root-coherence and co-coherence are used in atmospheric science (Cheynet et al.,
2016). However, the magnitude-squared coherence is exclusively considered in this
study.


 2
uu �x

(f ) =
Auu �x (f )2

Suu(f )Su�x u�x (f )
: (2.11)

Following (Lumley and Panofsky, 1964) unity of the coherence is reached if the
individual Fourier components of the considered time series have proportional ampli-
tudes for the entire ensemble. The coherence is zero if no correlation exists between
the amplitudes.

The results of the coherence measurement of the `horizontal pattern' in longitudinal
a) and lateral direction b) are shown in �gure 2.10. In this section and also in the
following, only the coherence of the streamwise velocity 
uctuations is considered.
The coherence is typically plotted as a function of the frequency (f ). In Figure 2.10
di�erent separation distances are shown for longitudinal (� x) and lateral directions
(� y). Consistent with the literature, the coherence measurements increase with
decreasing frequency and decreasing distance. The coherence of lateral separated
measurements is smaller compared to the longitudinal coherence (see Fig. 2.10). A
pronounced decay of coherence implies only a narrow frequency domain (at low
frequencies) where 
ow similarity is valid.

Coherence Models

The coherence approximation using an exponential decay model is already illustrated
by the dashed lines in Fig. 2.10. The Davenport model is studied for lateral and
longitudinal separations in the present study under various atmospheric conditions.
For longitudinal separations, also the hypothesized dependence on the separation
distance in this model is investigated. Since the decay model from Schlez and In�eld
(1998) does not show any signi�cant improvements compared to the model from
Davenport (1961), it is not taken into consideration in this thesis, but is examined in
the underlying publication (see Appendix A3).

The decay parameterc, which is used to scale the coherence decay model of Davenport,
is calculated from the curve �t of the coherence for separation distances of �x = 5 m
and � y = 10 m. The comparison of the parameters in Fig. 2.11 reveal that the decay
parameter for lateral separations is much larger than for longitudinal separations,
leading to less correlation of the turbulent structures in the frequency domain in lateral
than in longitudinal directions. The classi�cation of the decay parameters in Fig. 2.11
is based on the dynamic stability, which is derived from the bulk Richardson number
(Rib). With regard to the mean decay parameters, for the lateral direction, a decrease
in coherence is visible with increasing stability. The results for the longitudinal
direction show low coherence for stable and unstable conditions, while under neutral
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Figure 2.10: Coherence of streamwise velocity 
uctuations of a) longitudinally sep-
arated UAS measurements and b) laterally separated measurements. In dashed
lines, corresponding approximations with exponential decay function (Eq. 1.2) using
individual decay parameters are shown. Uncertainties of the coherence estimation are
indicated by the yellow shadow for one separation distance in each direction. Figure
and description adapted from Wetz et al. (2023).

conditions the coherence increases. Overall, the decay parameter shows a wide scatter
over di�erent atmospheric stabilities and a constant value for the decay parameter is
not su�cient to describe the coherence for di�erent atmospheric conditions.

As previously mentioned, coherence is a function of separation distance. Davenport
includes this dependency in his model. With the di�erent separation distances
between the UAS measurements of the `horizontal pattern' it is possible to evaluate
this dependency for multiple distances. In neutral conditions, the decay parameter in
the longitudinal direction only slightly varies for di�erent separation distances (see
Appendix A3). In stable conditions, the decay parameter decreases with increasing
distance, which is contrary to the assumption of the coherence model since the
separation distance is already included as a parameter. The spread of the parameter
is wider and a clear trend cannot be seen under convective conditions. Consequently,
the dependence on distances is only adequately represented by the Davenport model
under neutral conditions since the parameter should theoretically be constant over
distance.

2.2.5 Discussion

The Davenport coherence model shows reasonable results only under the neutral
strati�cation conditions for which it was originally formulated. Under convective and
stable conditions, the scatter is wide and not consistent over the postulated dependence
on separation distances. However, estimating the coherence decay parameter with the
Davenport model allows comparison with other studies because it has been widely
used.

The results of the decay parameter in the current study are in the range ofcy = 9 : : : 16
for lateral separations and ofcx = 2 : : : 5 for longitudinal separations. A range of
cy = 10:4: : : 13:6 for lateral separation distances of 40 m is calculated by Shiotani
and Iwatani (1980) without consideration of atmospheric conditions. Multiple studies
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Figure 2.11: Coherence decay parameter for the Davenport approachcx , cy for
longitudinal x and lateral direction y in dependency of the dynamic stability classes
based onRib, with separation distances of � x = 5 m and � y = 10 m. Figure and
description adapted from Wetz et al. (2023).

from various research groups on lateral and longitudinal coherence were listed by
Schlez and In�eld (1998). The resulting parameters vary in the range ofcx = 3 : : : 8
in the longitudinal direction and cy = 19 : : : 40 in the lateral direction. Due to low
measurement heights and large separation distances, as well as di�erent surface types,
the results are not unconditionally comparable with the present study. Another
experiment by Jensen and Kristensen (1979) at the Sotra bridge results in a lateral
decay parameter ofcy = 14 for neutral strati�cation, which is more comparable to the
present results. The increase in the lateral decay parameter with increasing stability
found in Fig. 2.11 is consistent with the results of Ropelewski et al. (1973). Altogether,
the decay parameters in the literature are found to be in the range ofcx = 3 : : : 10 and
cy = 9 : : : 30. These decay parameters are based on di�erent atmospheric stabilities
and di�erent experiments. However, the results are in general agreement with the
results of this study.

The evaluation of the coherence of large separations, particularly in the lateral direction,
reveals that for reliable coherence measurements of separation distances in the range
of integral length scale, measurement times of more than 20 min are necessary in order
to provide accurate coherence estimation for the large-scale structures.

According to Mizuno and Panofsky (1975) the spatial validity of Taylor's frozen
turbulence hypothesis can be evaluated based on the coherence decay parameter and
the integral length scale. This estimate is possible with the present measurements and
results in a validity length of 120 m for a 
ight under stable conditions and a length of
approx. 380 m for unstable conditions, for which frozen turbulence could be assumed.

The results of the cross-correlation analysis of longitudinal separated measurements
show that deviations from the theoretical behavior of frozen turbulence conditions
are small for neutral stabilities. For the considered measurement time under these
conditions, only a small development of the turbulence over the covered measurement
space is observed. Therefore, the frozen turbulence assumption under these conditions
is valid. This assumption is further supported by the coherence measurements of low
decay parameters (for NABL), which indicate a high coherence and thus a large scale
range where the turbulent structures show a large correlation.
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2.3 In Situ WT-Wake and In
ow Measurements

Understanding the 
ow around WTs is crucial for optimizing WTs and their leading
role in future energy production. Detailed and high resolution measurements of the
wind �eld are decisive for this understanding. However, only few high resolution
observations, especially in the near wake exist. The SWUF-3D 
eet can provide
valuable measurement data in this area. In the present study, a �eld campaign at
a 2-MW-WT is used to examine multi-point in situ in
ow and wake observations.
These results have been published in theWind Energy Science journal (Wetz and
Wildmann, 2023) (see Appendix A4).

2.3.1 Experiment

Located on a high plateau, the �eld site is dominated by a river valley to the west
and can be described as complex terrain (detailed description and map included in
Appendix A4). The WT of the type Enercon E-82 E2 has a rated power of 2 MW
at a wind speed of 12.5m s� 1. The comparatively large hub height of 138 m with a
rotor diameter of only D = 82 m is due to the fact that the WT was built in complex
terrain.

For reference purposes, the in
ow is measured at an upstream distance of 2D
simultaneously with the wake. The thermal strati�cation of the in
ow is determined
by calculating the lapse rate during the ascent to the measuring height of 120 m a.g.l.
The wake is studied with two di�erent 
ight patterns. First, the UASs are aligned
across the wind direction and second, the UASs are distributed longitudinally to the
in
ow, as illustrated in Fig. 2.12. Both patterns are conducted at constant altitudes.
The lateral 
ight pattern is carried out at hub height of the WT and the longitudinal

ight pattern at 120 m a.g.l. due to operations in the open category of the EASA
regulations. Those regulations also only allow the simultaneous 
ight of �ve UASs
with dedicated remote pilots during this campaign.

The aim of the `lateral pattern' is to measure the horizontal pro�les of the wake. For
this purpose, one UAS is placed outside the wake aty = 1 D and the other UASs are
positioned inside the wake in order to resolve the pro�le with high spatial resolution.
The UAS are distributed across the in
ow wind direction and the orientation of the
WT. This orientation is adjusted a priori for every single 
ight according to the current
conditions.

Figure 2.12: Di�erent 
ight patterns of the UAS 
eet from the top view. The arrow
represents the wind direction towards the WT. Figure and description adapted from
Wetz and Wildmann (2023).

An overview of the conducted measurements is shown in Fig. 2.13 by the normalized
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wind velocity at the UAS measurement positions. The orientation of the coordinate
system in this �gure is based on the in
ow and is not aligned with the WT orientation.
The reduced wind speed (also called wind de�cit) downstream of the WT is clearly
visible in Fig. 2.13. Also, laterally outside the wake, the freestream velocity can be
seen. The visible deviations in the alignments of the UAS in Fig. 2.13 result from the
consistently observable yaw misalignment of the WT and the consideration of this
orientation for the positioning of the pattern (details can be found in Appendix A4).

Figure 2.13: Normalized wind velocity of UAS measurements�u=�u0 at locations relative
to the reference wind direction. The illustration of the WT de�nes the position and
the lateral dimensions of the WT rotor. Triangle markers represent the longitudinal

ight pattern while circle markers de�ne the lateral 
ight pattern. The arrow indicates
the in
ow wind direction. The standard deviation in lateral position is illustrated by
the grey vertical lines and is calculated from the standard deviation of the in
ow wind
direction. Figure and description adapted from Wetz and Wildmann (2023).

2.3.2 Analyse of Single Flight Case

For a detailed case study, the time series of a single 
ight of the lateral pattern is
examined. The 
ight, shown in Fig. 2.14, was conducted during the early morning hours
(04:53 UTC, 12 May 2022) in the presence of the nighttime stable boundary layer. The
velocity series in Fig. 2.14a shows that the UAS aty = 1 :05 D is located in freestream
with high velocities. The lower velocities and high 
uctuations measurements of
the remaining UAS indicate measurements within the wake. Signi�cantly higher

uctuation amplitudes are observed for the UAS at y = 0 :55 D, which is measuring
at the edge of the WT.

The variability of the freestream wind direction, shown in Fig. 2.14b, varies the relative
lateral position of UAS, as illustrated in Fig. 2.14c). Small changes in the relative
position at the edge of the wake can cause a signi�cant di�erence in the velocity
measurement since measurements inside (5:03 UTC) and outside (04:56 UTC) of
the wake can occur. This correlation between the relative position and the velocity
measurement is supported by a correlation coe�cient of R = 0 :5. Evidently, this
highly 
uctuating and meandering position of the wake causes high turbulence levels at
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that measurement position, as will be shown in the following sections. Overall, these
results of the time series emphasize the challenge of single-point measurements in a
continuously changing environment in �eld measurements at WTs and the sensitivity
of the results to the exact relative location of the measurements.

Figure 2.14: Time series of wind velocity a), wind direction b) and lateral position c)
of a lateral 
ight pattern in stable conditions. The lateral positions are calculated
using the wind direction of the reference UAS measurement, which is shown in the
middle �gure. The black bar in c) indicates the lateral position of the WT rotor.
Figure and description adapted from Wetz and Wildmann (2023).

The possibility of measuring the tip vortex with the UAS located at the edge of the
wake is discussed on the basis of the turbulent spectrum in Appendix A4. From the
rotational speed of the WT the so-called blade-passing frequency can be calculated.
A slight increase in the spectrum can be observed in the range of this corresponding
frequency. In principle, no clear peaks are to be expected in the spectra due to the
comparatively large distance to the wind turbine and the constantly changing position
of the wake due to wake meandering and unsteady in
ows to the WT.

In this part, it is speci�cally discussed whether the signature of the tip vortex may
be observed, at least in the time series. Since the signature largely varies with the
relative position with respect to the center of the vortices, it is generally challenging to
measure the tip vortices at a single �xed position. Despite these uncertainties, the tip
vortex is visible in the time series of the lateral velocity v. In Fig. 2.15 one segment of
the times of the relevant UAS clearly emphasizes the tip vortex. At this particular
location (hub height, north of the WT) and under the conditions (westerly wind)
of the measurement, the vortex �rst appears as a strong increase of the cross-wind
component, followed by an almost instantaneous turn into the reverse direction as the
vortex center passes. Finally, the velocity decays to the ambient velocity while the
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vortex is transported further downstream. This signature can be recognized clearly in
the time series. Detailed theoretical analyses on the direction of rotation of the vortex
and the expected detailed velocity pro�le at the measurement position have been
performed and are in line with the measurements (details can be found in Appendix
A4).

Figure 2.15: Time series of the lateral velocity componentv of the lateral 
ight
pattern.

2.3.3 WT Wake Pro�les

The `lateral pattern', already shown for a single 
ight in Fig. 2.14, is used to derive
lateral horizontal pro�les of the velocity distribution in the wake. Since the WT
extracts energy from the 
ow, a signi�cant reduction of the velocity is expected behind
the rotor plane. The pro�les of the mean velocity de�cit in the (far) wake are often
modeled as a Gaussian distribution. In the near wake, di�erent results can be found for
the velocity pro�le. In this study, lateral pro�les of the normalized wind velocity and
of the added turbulence intensity (� I =

p
I 2 � I 2

0 , see Fradsen, 2007) are examined
under di�erent atmospheric conditions and for di�erent downstream distances x in
the near wake of the WT. At a downstream distance of 0.5D in stable to near-neutral
conditions, a double-Gaussian-like distribution of the velocity is visible in Fig. 2.16a
with a large velocity de�cit at the edge and a small de�cit in the wake center. Under
more unstable conditions, the pro�le follows a single-Gaussian distribution without the
low de�cit region in the wake center. Further downstream, at a distance of 1D , also
under near-neutral to stable conditions, the double-Gaussian shape is less pronounced,
indicating that turbulent mixing inside the wake center balances out the velocity
di�erences.

In order to analyze and compare the distribution of turbulence in the wake, the added
turbulence intensity � I is plotted in Figure 2.16b in the same manner as the velocity
de�cit. As expected, at the edge of the wake, the peak of the turbulence intensity can
be identi�ed. The increase in turbulence in this area is caused by the tip vortex, wake
meandering, and shear layer. Comparable to the velocity distribution, the turbulence
decreases in the inner wake, and therefore the pro�le could also be approximated
with a double-Gaussian distribution for near-neutral to stable conditions. However,
in unstable conditions, the distribution is more uniform and can be described as a
single-Gaussian distribution. The higher 
uctuation of the wind direction and the
higher turbulence in the unstable conditions enhance the turbulence mixing, which
smears out the peaks and supports the breakdown of the tip vortices.
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Figure 2.16: a) Lateral pro�le of normalized wind speed �u= �u0 in the WT wake at
di�erent downstream distances (x = 0 :5 D and 1 D). b) Lateral pro�le of added
turbulence intensity � I at the bottom �gure. Di�erent colors indicate di�erent 
ight
days. The blue color represents stable to near-neutral atmospheric conditions, while
the red color indicates unstable convective conditions (dark red for highly unstable and
light red for less unstable cases). Details about the 
ight cases are listed in Appendix
A4. Figure and description adapted from Wetz and Wildmann (2023).

Another important physical variable that in
uences the wake decay, which is particu-
larly important for estimating the e�ciency of wind farms, are turbulent 
uxes. Since
turbulent 
uxes drive the energy transport into the wake, they signi�cantly a�ect the
wake recovery. The distributions of the horizontal turbulent 
uxes in Fig. 2.17 are
shown in the same manner as the velocity distributions previously. In accordance
with Bastankhah and Port�e-Agel (2017) the nondimensionalization of the 
uxes is
performed with �u2

0 (freestream velocity). As expected, the 
uxes at the edge of the
wake point towards the wake center, indicating energy entrainment into the low-energy
region. As the 
uxes point towards the wake center at both wake edges, the signs of
the 
uxes have to be opposite on both sides in Fig. 2.17. Remarkable are the additional

uxes inside the wake that are pointing from the inner wake towards the outer wake.
These 
uxes could be explained by the double-Gaussian velocity distribution and the
energy transport from the high-velocity zones in the wake center towards the outer
wake with low-velocity regions.

However, these additional 
uxes inside the wake are only observable in near-neutral
to stable conditions, whereas in unstable conditions, due to the absence of the double-
Gaussian distribution, which drives these 
uxes, the 
uxes from the inner wake towards
the outer wake are not visible. The prominent 
uxes from the freestream towards
the wake at the edge of the wake are also visible in unsteady conditions, with slightly
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increased amplitude compared to steady conditions.

Figure 2.17: Lateral pro�le of normalized horizontal momentum 
uxes u0v0=�u2
0 in

the WT wake at di�erent downstream distances (x = 0 :5 D and 1 D). Di�erent
colors indicate di�erent 
ight days. The blue color represents stable to near-neutral
atmospheric conditions, while the red color indicates unstable convective conditions.
Figure and description adapted from Wetz and Wildmann (2023).

Additionally, at the campaign, the development of the wake is studied with longitudi-
nally distributed measurements in the wake center. A decrease in velocity due to the
conversion from double-Gaussian to single-Gaussian lateral pro�les is observed at close
distances to the wind turbine, followed by an increase in velocity at longer distances,
leading to an already incipient wake recovery and increased turbulent mixing. More
details can be found in Appendix A4.

2.3.4 Discussion of the Wake Measurements

In the literature, mostly measurements and velocity pro�les are examined at larger
downstream distances than> 1 D. Only a few publications about observations in this
area exist. However, the double-Gaussian distribution of the velocity pro�le is also
described by Abraham et al. (2019) in the vertical direction near the tower region,
based on �eld experiments with PIV using snow
akes. In the complex terrain at the
�eld site in Perdig~ao, Menke et al. (2018) showed a double-Gaussian velocity pro�le
in one rotor diameter downstream distance based on lidar measurements.

Based on wind tunnel experiments, Krogstad and Adaramola (2011) showed that
the tip speed ratio (TSR) highly a�ects the velocity distribution in the near wake.
In particular, high TSR leads to a double-Gaussian distribution, while for lower
TSRs closer to the design point, the pro�le becomes more uniform and approaches a
single-Gaussian distribution. These �ndings can also partially explain the velocity
distributions in the present cases (more details in Appendix A4). The in
uence of
atmospheric stability on the wake is studied by Machefaux et al. (2015). Based on
LES and nacelle-based lidar, they found that under stable conditions the velocity
pro�le takes on a double-Gaussian distribution, whereas under unstable conditions
the distribution is more uniform, which is in accordance with the present study.

The observed turbulent 
uxes at the edge of the wake, which point from the freestream
to the wake, as shown in Fig. 2.17, are consistent with studies from Bastankhah and
Port�e-Agel (2017). Also, the magnitudes of the normalized momentum 
uxes are in
accordance with this study. Their results are based on wind tunnel experiments using
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PIV measurements. In these results, only the 
uxes from the freestream to the wake
could be observed but not the additional 
uxes at the center of the wake, which could
be measured with the SWUF-3D 
eet. Also, in their velocity pro�le measurements, no
high-velocity region could be observed in the wake center (more of a single-Gaussian
distribution). This would explain the absence of turbulent 
uxes from the wake center
since no large velocity di�erences are found between the wake center and the edge of
the wake that would drive the turbulent 
uxes in this area.
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Chapter 3

Conclusion

In the present thesis, a novel measurement system was successfully established. The
SWUF-3D 
eet was calibrated and validated during two measurement campaigns,
demonstrating that it is possible to achieve accurate wind measurements with a 
eet
of quadrotors by relating the multicopter motions to the wind forces without the need
for additional wind sensors.

In the �rst campaign, a robust 1D wind algorithm based on the Rayleigh drag equation
and the pitch angle was calibrated against data from a meteorological tower. This
calibration shows that similar aerodynamic behavior can be assumed within the entire

eet. The validation of the 1D wind algorithm resulted in precise mean wind speed
and wind direction measurements.

Comparisons with lidar data highlight the possibility for turbulent wind �eld mea-
surements as well as the UAS's advantage over lidars in terms of higher temporal
resolution.

In the second campaign, an advanced wind algorithm for 2D horizontal measurements
with a more 
exible calibration approach was conducted for 35 UAS. Additionally,
the condition of hover 
ight was weakened, and raw accelerometer data were taken
into consideration. The novel approach improved the dynamic behavior of the wind
measurements, allowing turbulence to be measured with a temporal resolution of
1 Hz. The mean wind speed measurements are accurate within� u = 0 :25 m s� 1. The
variance in both streamwise and lateral directions can be resolved with high accuracy.
Furthermore, by accounting for the lateral wind component in addition to the UAS's
orientation in `weather vane' mode, the dynamic behavior of wind direction readings
can be enhanced. The accuracy of the mean wind direction is� � < 5� .

Overall, the calibrated UAS 
eet and chosen strategy demonstrate the desired precision.
Nevertheless, there's still potential for development in terms of campaign logistics,
hardware reliability, automation, and 
eet communication.

For the purpose of analyzing turbulent structures in heterogeneous terrain, the ad-
vanced 2D wind algorithm was employed. Various comparisons of turbulent spectra
with sonic anemometer data demonstrate the potential for precise turbulence measure-
ments. The plausibility of the measurements was further supported by the observable
separation distances in the phase spectra. Spatial cross-correlations along a horizontal
line of spatially distributed UAS enable the examination of Taylor's frozen turbulence
assumption. In neutral atmospheric conditions, the application of the frozen turbu-
lence assumption appears to be valid, since the temporal autocorrelation functions of
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single-point measurements are in line with spatial multi-point cross-correlations. In
addition, under neutral conditions, the coherence for streamwise separations shows the
largest correlation over the scales compared to convective and stable cases. An estima-
tion of the validity length of Taylor's hypothesis is discussed for various atmospheric
conditions, which can be bene�cial for future planning of ABL experiments.

However, in convective conditions the heterogeneous terrain in
uences the spatial
cross-correlations, showing a drop in correlation for UAS measurements over di�erent
land uses. These heterogeneities are not visible in the autocorrelation and would be
ignored if Taylor's hypotheses were used to calculate the turbulent length scale.

The horizontal extent of turbulent structures was discussed based on the comparison
of lateral and longitudinal spatial correlations. This comparison shows that horizontal
turbulent structures are anisotropic and extended in the longitudinal direction under
neutral and stable conditions, whereas they have a more circular shape under convective
conditions. This di�erent shape in convective conditions is driven by higher turbulence
mixing, which uniforms the turbulence structures. The tendency to isotropic structure
of the turbulence throughout the measured scales in CABL is supported by the fact
that the ratio between lateral and longitudinal coherence is highest for NABL and
SABL, as shown in Fig. 2.11, whereas it is small under unstable conditions.

The ability to measure coherence with the SWUF-3D is extensively shown in this study.
With these measurements, coherence models, in particular those after Davenport, are
examined. The calculated decay parameter and the behavior under di�erent conditions
are consistent with previous researches. However, the comparisons with the present
measurements outline that the Davenport model only shows reasonable results in
neutral conditions for various separation distances, while in stable and convective
conditions the validity is limited.

In conclusion, the examination of horizontal correlations and coherence demonstrates
the huge potential of the SWUF-3D 
eet for this kind of study. However, due to the
limited 
ight time, coherence measurements at large separations cannot be delivered
with high accuracy. The coherence decays particularly quickly for lateral and vertical
separations, which emphasizes the signi�cance of the measurement duration and coher-
ence estimation accuracy. Furthermore, turbulent length scales and correlations can
only be estimated for the speci�ed time period, which, depending on the atmospheric
conditions, cannot capture the complete turbulent spectrum.

In this study, at another campaign, a 
eet of UAS was successfully used for the
�rst time to measure the wind 
ow around a WT. Even without any additional �eld
instrumentation, the simultaneous up- and down-stream measurements demonstrate
their considerable potential for comprehensive WT wake research. The results of
the single case study demonstrate that the expected signature of tip vortices can
be measured with UAS using the velocity time series near the wake's edge. Pro�les
of the mean velocity de�cit in the near wake are studied with laterally distributed
measurements. At a downstream distance ofy = 0 :5 D , the measurements of the
velocity pro�le under near-neutral to stable conditions show a double-Gaussian-like
distribution. Due to faster turbulent mixing under unstable conditions, the high
velocity zone at the wake center of the double-Gaussian distribution is mixed out into
a single-Gaussian distribution of the velocity de�cit pro�le.

Momentum 
uxes, which drive the decay of the wake, could be measured at the edge
of the wake in the direction from the freestream towards the wake in both stable and
unstable conditions. Additionally, only under stable and near-neutral conditions can
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turbulent momentum 
uxes be measured in the opposite direction from the wake
center towards the edges of the wakes.

During experiments at WTs, the relative positioning of the UASs in the wake with
continuously varying in
ows is challenging, especially in this complex terrain where the
wake might be diverted both vertically and horizontally. In this study, it is shown that
the relative position in the wake can be accurately predicted with simultaneous in
ow
measurements. However, for larger distances, it would be favorable to capture the
entire wake at its position in more detail. The present study of the 
ow around WT
demonstrates the SWUF-3D 
eet's potential for novel measurements such as horizontal

uxes and high temporal resolution wind measurements at multiple positions; for
more detailed investigations, further 
ights with additional UAS involved would be
required.
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Chapter 4

Future Perspectives

Due to the previously mentioned encouraging results, the overall research with the
SWUF-3D 
eet will be continued in future work. The state of the wind algorithm
presented in this thesis has already been extended by the vertical component and
thus to a complete 3D wind vector by Wildmann and Wetz (2022). The algorithm
for the vertical wind component is based on the motor thrust data and still relies on
the assumption of a mean vertical velocity of zero throughout the 
ight time. The
calibrations in these studies are based on reference measurements of sonic anemometers
at a meteorological tower.

In an ongoing study, the wind algorithm is tested and calibrated in an extensive
experiment in an open-channel wind tunnel. This wind tunnel allows for reproducible
turbulent 
ow scenarios, including gust fronts, sinus waves, or statistical turbulence,
by using an active grid consisting of several 
aps. With this, particularly at large wind
speeds, the understanding and performance of the dynamic behavior of the quadrotors
will be enhanced.

Extending the 
ight time is still a crucial issue for the further development of the

eet. Both the e�ciency of the 
ight system with regard to the propulsion unit and
the capacity of the batteries show some promising improvement potential, making
measurement times of 20 minutes feasible in the near future. Longer measurement
times would signi�cantly improve the potential for coherence measurements over large
distances and cross-wind correlations. Future research could also incorporate the
vertical coherence along with the lateral and longitudinal coherence by using vertically
distributed measurements. Particularly in wind energy science, the lateral and vertical
coherence of the in
ow are crucial for the aerodynamic loads. Wind energy norms
provide a general estimation of coherence, but these estimations could be challenged
with future extended measurement campaigns.

Extensive experiments are planned at the Krummendeich Research Wind Farm
(WiValdi) owned by the German Aerospace Center (DLR) (Wildmann et al., 2022)
(https://windenergy-researchfarm.com). In addition to, two extensively instrumented
3 MW WTs, various meteorological measurement systems will be installed at the site,
including Windlidar (ground-based and on the nacelle) and meteorological mast arrays.
This �eld site will improve the understanding of the interaction of the atmospheric

ow with the WT and how the WT wake a�ects the downstream turbines. The entire

eet of > 20 UASs together with the various measurement systems at the site, will
enable a new quality for the whole dataset and possible studies of the 
ow around
WTs. The lidar data can be used to capture the larger picture of the wake, along with

37



the magnitude and varying position of the wake due to meandering. As previously
mentioned, the coherence of the in
ow of the WT with the 
eet could be examined.
In the wake, di�erent pro�les can be measured simultaneously with multiple UASs
at di�erent distances. In addition, the algorithm also enables measurements during
forward 
ights, creating additional opportunities for examining the wake. The analysis
of the tip vortices shown, could be carried out further with closely staggered UAS.
Several UAS could then simultaneously measure di�erent areas of the vortex, and
from these measurements, the precise position and strength of the vortex might be
possible to determine.

Besides the experiments on the heterogeneous but mainly 
at terrain in Falkenberg
and the investigations of the 
ow around a WT, more applications can be thought
of for the SWUF-3D 
eet. The UAS 
eet is already utilized in a mountain region
near the Inn-valley to analyze slope winds and temperature pro�les in the context of
mountain meteorology. Due to its versatility, the UAS 
eet can be particularly useful
in areas where permanent measurement equipment is logistically di�cult to deploy.
In the upcoming years, further campaigns are planned as part of the TEAMx project.
The SWUF-3D 
eet could also be practically applied in other areas, such as delivering
in-depth wind assessments at airports upon request or supporting regional wind and
weather predictions using spatially distributed observations and vertical pro�les in
conjunction with the WMO.
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Peer-Reviewed First-Author
Publications

A.1 Distributed wind measurements with multiple quadro-
tor unmanned aerial vehicles in the atmospheric
boundary layer

This publication can be found at
https://doi.org/10.5194/amt-15-6789-2022 .
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