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Abstract

Wind turbines installed in a wind farm are typically subject to increased turbulence
because they are in the wake of upstream wind turbines that generate additional
turbulence. Accurate prediction of turbulence in wind farms is critical as it is
proportional to wind turbine fatigue loads, power losses and prediction of wind farm
lifetime. IEC Standard 61400-1 suggests the use of the semi-empirical turbulence
model called Frandsen model, which was originally proposed in 1999. Since the
development of the Frandsen model, the size of wind turbines and wind farms has
increased significantly. Therefore, this work aims to determine the accuracy of two
versions of the Frandsen model: Standard and Modified, when applied to large
offshore wind farms experiencing a combination of atmospheric stability conditions.
This is done by comparing the estimated wind farm turbulence under specific
atmospheric stability conditions with measurements from Westermost Rough and
Horns Rev 2. It was found that the atmospheric stability distribution and the
distance of the upstream wake inducing wind turbine at the offshore site plays a
significant role in the accuracy of the estimated turbulence from the Frandsen
models. The estimated turbulence intensity from the Standard and Modified
Frandsen models was found to be under-predicted with respect to the measured
turbulence for all atmospheric stability conditions at both wind farms. For wind
directions with wake flow for upstream wind turbines more than 10 rotor diameters
away, the Modified Frandsen model showed better prediction of turbulence intensity
compared to the Standard Frandsen model. On the other hand, for wind directions
with wake flow for upstream wind turbines less than 10 rotor diameters away, the
Standard Frandsen model showed better turbulence intensity estimation compared
to the Modified Frandsen model. Among all atmospheric stability conditions, the
turbulence intensity estimate was closest to the measured data for unstable
conditions. It is suggested that this fact can be attributed to the presence of a
significant number of unstable conditions in the offshore wind farms used for the
design of the semi-empirical Frandsen model.
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Chapter 1

Introduction

1.1 Scope of the Thesis

With global warming at its peak, the focus is on decarbonizing the energy sector to
limit climate change. The Paris Agreement set a climate goal of limiting global
temperature rise to below 2◦C [1]. To achieve this goal, it required the
transformation of the current energy sector with the rapid development of
sustainable energy generation sources. This has led to an accelerated deployment of
wind energy, with an increasing number of wind turbines and wind farms being
installed mainly offshore due to their higher potential. According to a recent study
by IRENA (International Renewable Energy Agency), energy development pathways
to 2050 were investigated in order to meet the Paris climate targets. It was found
that the future wind power sector alone would contribute to more than a quarter of
the total emission reductions required [2]. With the developed pathways and current
trends, a tenfold increase in global cumulative installed offshore wind energy is
expected by 2030, approaching 1000 GW by 2050 [2]. This increased demand in the
future, in addition to the current growing number of wind farms installed worldwide,
requires efficient wind farm design.

Wind turbines installed in a wind farm are typically subject to increased turbulence
because they are in the wake of upstream wind turbines that generate added
turbulence. This increased turbulence is a combination of the free stream ambient
and the turbine added turbulence. Its accurate prediction is critical because it is
proportional to the wind turbine fatigue loads [3], power losses, and the lifetime
prediction of a wind farm [4]. All these factors contribute to an efficient wind farm
design. Since fatigue loads are known as the main design driver for the support
structure, their good estimation based on increased turbulence will act as a key
factor to reduce the overdesign and increase the lifetime of the wind turbine and
consequently reduce the LCoE.

To estimate the fatigue loads for an offshore wind turbine in a wind farm, the
Frandsen model explained in the IEC Standard 61400-1 [5] is used. This
semi-empirical model was proposed back in 1999, where Frandsen calculates a
design variable called effective turbulence intensity assuming neutral atmospheric
stratification to determine the fatigue loads [3]. The effective turbulence is a
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function of the wind probability, ambient turbulence intensity and wake added
turbulence intensity [3]. As the size of wind turbines and wind farms increased, the
accuracy of the model became questionable [6]. Therefore, in conjunction with
established work within SGRE (Siemens Gamesa Renewable Energy), this thesis
aims to determine the accuracy of the Frandsen model for calculating turbulence
within the offshore wind farm under different atmospheric stability conditions. This
research will help to identify the factors contributing to the inaccuracy of the model
which, if removed, would improve the turbulence estimation and consequently the
fatigue load estimation and support structure design.

1.2 Literature review

Wind turbines operating in a wind farm encounter two main problems when exposed
to the wake of an upwind turbine: Power losses due to the velocity deficit and an
increased fatigue load due to the generation of added turbulence intensity [7, 8].
Several studies [9, 10, 11, 12] show that induced vortices increase the turbulence
intensity in the wake with respect to the turbulence level of the incoming
atmospheric boundary layer flow. Recent studies show that the wake decay is
affected by ambient turbulence and turbine-induced turbulence [13]. The wake
recovery rate is proportional to the turbulence intensity, since higher turbulence
increases the momentum transfer between the wake and the outer region [14, 15].
Therefore, wakes decay faster at locations with a higher roughness length than in a
smooth boundary layer[16]. This effect explains the higher wake recovery rate for
onshore sites due to higher turbulence and roughness length compared to offshore
sites, where the wake recovery rate is more dependent on turbine generated
turbulence due to the lower ambient turbulence level [14]. These wake
characteristics - increased turbulence and reduced velocity - are highlighted in an
offshore wind farm due to a lower wake recovery rate, leading to severe impacts -
increased fatigue load and reduced energy production. Therefore, to improve the
lifetime and power efficiency of the wind turbine, an accurate assessment of wake
effects is essential for the design of an offshore wind farm.

1.2.1 Wake turbulence models

Over the past few years, several researchers have worked on developing models to
accurately predict the wind speed deficit caused by wind turbine wake. However,
very little work has been done on developing models to predict the wake added
turbulence intensity. The wake of a wind turbine is divided into two regions: the
near wake and the far wake [7]. In the downwind direction, the near wake region
extends over 2 to 4 diameters [17], followed by the far wake region. Flow in the near
wake region is influenced by tip vortices, stalled flow, and also by the geometry of the
blades, nacelle, and tower [18]. Since it is difficult to model this region, most models
focus on the fully developed wake in the far wake region. Here, the velocity deficit
and the added turbulence intensity are assumed to have a self-similar distribution
and symmetric behaviour across the wake centre [7] as shown in Figure1.1.
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1.2. LITERATURE REVIEW 3

Figure 1.1: Schematic top view of the evolution of the wake structure and
characteristics behind the wind turbine at hub height (Adapted from [19, 20])

Several numerical, analytical and empirical models are proposed to estimate and
study the turbulence intensity of wind farms. Numerical models are capable of
making predictions under highly controlled boundary conditions, using methods such
as RANS (Reynolds-averaged Navier-Stokes) equations and LES (large-eddy
simulation). A detailed review of numerical approaches was provided by Sanderse et
al. in 2011 [21]. Here, LES was the popular method that had to run thousands of
cases for data accuracy. However, this also made it computationally expensive [22].

In contrast, analytical and empirical models are simple and fast and provide
quantitative predictions based on available knowledge and measurements of
practical relevance [18]. Initially, these models were developed and tested for
predicting turbulence intensity behind a single wind turbine [17, 22]. Next, research
was extended to focus on the analysis of turbulence from multiple wakes in arrays.
Since the combined effect of wakes has an impact on the structure of the boundary
layer. This is the order in which the previous models will be presented.

Models based on single wind turbine wake

Several empirical and semi-empirical models have been proposed that looked into
the prediction of added turbulence intensity in the far-wake region of the wind
turbine. Amongst others, Quarton and Ainslie(1990) [23] (Equation 1.1), followed by
Crespo and Hernandez (1996) [24] (Equation 1.2), were the first to present an
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empirical model. Their models were based on wind tunnel and full-scale
measurements from an individual wind turbine wake. They showed a proportional
relation of ambient turbulence (Iamb), thrust coefficient (Ct) [23] and axial induction
factor (a) [24] with the added turbulence intensity. The assess the above mentioned
models they were validated with experimental data. The validation studies [13, 25]
showed consistent over prediction of turbulence intensity in the far-wake region.

Iadd = 4.8C0.70
t I0.68

amb
Xx

Xn

−0.57
(1.1)

where,
Xx - Downstream distance from wind turbine,
Xn - estimated near wake length[26]

Iadd = 0.73a0.8325I0.0325
amb

Xx

D

−0.32
(1.2)

where,
D - Diameter of the wind turbine rotor

Xie and Archer [27] presented another single wind turbine wake empirical model
(Equation 1.3) which was based on the fitting of LES results. The study of LES
results showed that the peak added turbulence intensity was at a downstream
distance of 4-5 turbine diameters.

Iadd = 5.7C0.5
t I0.68

amb
Xx

Xn

−0.96
(1.3)

Lastly, in 2018, Ishihara and Qian [28] proposed a 3-dimensional wake model for a
single wind turbine. This model was validated using LES. Compared to the previous
models, the model of Ishihara and Qian showed the highest correlation between the
predicted wake and the simulations. However, this model still needs to be validated
with measured or experimental data. In general, all the aforementioned models
show a gradual decrease in the added turbulence intensity with increasing
downstream position, in agreement with observations.

Models based on multiple wind turbine wakes

In the literature on wind turbine wake modelling, Lissaman, in 1979 [29] was the
first to propose the idea of linear superposition, i.e., the addition of the turbulence
variance of the various interacting turbulent flows. It is a very strong first
assumption given the fact that it ignores the dynamic interactions between the
turbulent flows. However, it serves as a modelling approach. This assumption was
seen to fail for larger turbulence variance, due to its overestimation when multiple
wakes superimposed. Later, in 1987, Katic et al. [30] proposed the second idea -
linear superposition of the square of the turbulence variance of the wind flow. In this
proposal, the cumulative effect of multiple wakes was smaller than the results
obtained by the linear superposition of turbulence. In addition, this assumption had
better agreement with experimental data.
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In 1992, Teknisk Grundlag [31] presented the assumption that fatigue loading is
proportional to the standard deviation of wind speed fluctuations divided by the
mean wind speed (Equation 1.4), also known as the turbulence intensity. It was also
shown from measurements that this proportionality holds for both wake and
non-wake conditions.

I = σu

U
(1.4)

The aforementioned assumptions later motivated the definition of resultant
turbulence intensity in the wake, Iw, as a combination of ambient turbulence
intensity, Iamb, and added wake turbulence intensity, Iadd , [24]. The resultant wake
turbulence intensity and effective turbulence intensity were then calculated as[32]:

Iw =
√

Iamb
2 + Iadd

2 (1.5)

Ie f f =
√

Iamb
2 + c2Iadd

2 (1.6)

where,
Ie f f - Effective turbulence intensity,
Iw - Maximum Wake turbulence intensity,
c - weighting-factor less than unity [32]

Based on the assumption by Teknisk Grundlag [31], Frandsen [3], in 1999, presented
a semi-empirical model for calculating added wind farm ambient turbulence intensity
(Equation 1.7) in a fully developed indefinitely large wind farm. The added wind farm
ambient turbulence is the turbulence intensity added due to the presence of the wind
farm, where wind turbines are considered as roughness elements. It was estimated
based on the following approximation since it was noted to be fairly insensitive to
geostropic wind speed, hub height and surface roughness.

Iadd,wf ,amb = 1.8
√

Ct

5
√

Ct +psxsy
= 0.36

1+0.2
√

sxsy
Ct

(1.7)

where,
sx - Streamwise turbine spacing normalized by the rotor diameter,
sy - Spanwise turbine spacing normalized by the rotor diameter

Here 1.8 and 5 are empirically estimated coefficients. In an attempt to link the
model of added wind farm ambient turbulence to turbulence in the individual wakes,
in 2007, Frandsen [32] proposed a relation (Equation 1.8) for calculating added wake
turbulence intensity for a narrowly spaced wind farm. In this case, the wind turbines
were installed at 2 rotor diameter or less, perpendicular to the wind direction [32]. It
was also demonstrated by Frandsen [32] that the observed turbulence intensity was
dominated by the added turbulence from the closest wind turbine.

Iadd,wake =
1

1.5+ s 0.8p
Ct

(1.8)
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where,
s - Turbine spacing normalized by the rotor diameter,

Later, in 2015, Niayifar and Porte-Agel [33] proposed a model for the wind farm
turbulence intensity based on the maximum added turbulence intensity resulting
from the closest wind turbine. However, since this model was based on the single
wind turbine wake model, it would require modifications when applied to a wind
farm with greater than 5 rows [5].

1.2.2 Validation of wake turbulence model
Frandsen and Madsen, in 2003, validated the added wind farm ambient turbulence
intensity (Equation 1.7) with met mast measurements from the Norrekaer Enge II
[34]. A comparison between the modelled and the measured wind farm ambient
turbulence was performed at multiple heights using met mast data inside and
outside the wind farm. That showed a good correlation between the two compared
turbulence values above the rotor height. It was noted that the added wind farm
ambient turbulence model neglected the variation of turbulence intensity over the
rotor as a function of height and assumed that the spatially averaged shear forces
acted on the flow at hub height. Whereas based on measured data the shear force
imposed by the wind turbine was noted to be vertically distributed across the rotor.
This observation led to the concept of wind farm ambient turbulence intensity, as an
average of above and below rotor turbulence intensity (Equation1.9). Here,
turbulence was assumed to vary linearly across the rotor with an assumption of
constant turbulence above and below the rotor. The turbulence below the rotor was
chosen to be equal to ambient turbulence (Iamb).As a general rule, this formula is
used for locations within the wind farm where there are more than five turbines
present upstream. This is when the internal boundary layer (IBL) is fully developed
and reaches the height of the atmospheric boundary layer (ABL).

Iwf ,amb = 1
2

(
√

Iadd,wf ,amb
2 + Iamb

2 + Iamb) (1.9)

In 2007, Barthelmie and Frandsen conducted another comparative study of modelled
added turbulence intensity with measured data from Middlegrunden offshore wind
farm, comprising of a single gently curved row of wind turbines [35]. Here, due to
lack of met mast data, the ambient turbulence was estimated based on nacelle
measurements. The unique part about this study was the relatively close spacing of
2.4D in the wind farm that was noted to be beyond the limit of the wake model.
During this study, the modelled added turbulence intensity was calculated using the
expression of Frandsen added turbulence intensity (Equation 1.8) [32]. The results
showed a common trend between the measured and modelled added wake turbulence
intensity with respect to wind direction. However, an under-prediction of the
absolute value of modelled wake turbulence was noted. This could have resulted
from the negligence of stability and coastal effects during the calculation of ambient
turbulence intensity provided by Wind Analysis and Application Program (WAsP).
Another similar study with relatively close spacing of 3.8D in Energy Research
Centre of the Netherlands (ECN) wind turbine test site Wieringermeer was
conducted [36]. There, the comparison between measured and modelled wind speed
standard deviation was observed down a line of five 2.5MW wind turbines. The
turbulence was modelled in terms of the standard deviation of velocity. The single
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turbine velocity variance, σu(r, x)2, across the rotor radius and downstream distance
was modelled as the sum of ambient velocity variance, σamb

2, and wind turbine
added velocity variance, σadd(r, x)2:

σu(r, x)2 =σamb
2 +σadd(r, x)2 (1.10)

The wind turbine added velocity variance was modelled using two
sub-components - decay in stream-wise direction with a power function and
production of two peaks originating at the edge of the rotor disk merging 8D
downstream of the rotor. In the power-law decaying function, the initially added
turbulence was based on the Gunner C. Larsen GCL model [37], taking into account
the thrust of the rotor. The results did not show a good correlation between the
modelled and measured standard deviation, which originated from “un-modeled
spatial variations in wind speed, the un-modelled effect of turbine nacelle on wind
speed, un-modelled effect of upstream turbulence on the decay of added turbulence,
and too gradually modelled decay of wind speed deficit and added turbulence”[36].
The next validation study, presented by Argyle et al, stands out because it was
conducted on a large offshore wind farm (Greater Gabbard offshore wind farm) with
an average wind turbine spacing of 8D [6]. Here, the modelled turbulence intensity
based on the Fradsen model and its proposed simplified version were validated with
measured data. The simplified model disregarded the wind farm turbulence relation
proposed by Frandsen (Equation 1.9), and consequently, the fully developed wind
farm added turbulence intensity (Equation 1.7). Generally, both the original and the
simplified Frandsen model showed good performance in predicting turbulence
intensity. However, the simplified model proved more reliable for the Greater
Gabbard offshore wind farm. Although this research paved the path with great
findings, it is deemed necessary to analyze a greater number of large offshore wind
farms in order to reach definite conclusions.

In addition to the comparison of measured and calculated turbulence from wake
models, another study that dealt exclusively with the measured turbulence of wind
farms yielded interesting results. In this study, wind farm turbulence was estimated
using the rotor effective wind speed from SCADA data obtained at the Lillgrund
offshore wind farm [38]. In this farm with a turbine spacing of 3.3D, SCADA
measurements showed a significant increase in turbulence intensity in the first two
rows, which stabilized in the back rows. In addition, the measurements from Horns
Rev I with a turbine spacing of 7D showed an increase in turbulence intensity for the
first five rows in the wind farm. These results confirmed the guidelines of the
Frandsen model, which suggests that the position of the overall wind farm
background turbulence intensity, representing sufficiently diffused wakes, depends
on the turbine spacing in the wind farm [32].

To further investigate the effects of turbine spacing on wake turbulence intensity,
several wind tunnel experiments were conducted with different wind field
configurations. Chamorro and Porté-Agel [39] found in the experimental wind tunnel
tests with a regularly aligned array (10x3) that the increase in turbulence intensity
became constant after five rows in the wind farm. This finding was consistent with
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the general Frandsen model rule [32] for accounting wind farm turbulence (equation
1.9) when turbulance is calculated for more than five rows into the wind farm.
However, in the same wind tunnel, another experimental study was conducted with
staggered array which showed no significant increase in turbulence intensity after
the first row of wind turbines [40]. This was due to the doubled wake recovery
distance in the staggered configuration compared to the regular one. To further
evaluate the performance of the fully developed wind farm added turbulence
(equation 1.7) in a staggered and aligned configuration, the modelled and measured
hub-height turbulence behind the 11th row were compared [41]. Both configurations
showed good agreement between the experimental and calculated turbulence values.

Besides comparing wake turbulence values with full scale or wind tunnel
measurements, modelled turbulence based on the Frandsen proposed relation in
equation 1.8 was also validated with CFD measurements. Andersen and Sørensen
compared the predicted turbulence with the results obtained from LES of 16 wind
turbines in the streamwise direction [42]. Furthermore, Ishihara and Qian also ran
a comparative study of the modelled turbulence based on the Frandsen proposed
relation in equation 1.8 with LES for wind turbines positioned closer than 2D [28].
Both of these studies were run for a range of ambient turbulence intensities, adding
to which Ishihara and Qian expanded the study for multiple thrust coefficients.
Overall, the modelled turbulence showed good correlation with measured turbulence
in the far wake region but resulted in over-prediction in the near wake region. This
over-prediction was noted to increase for smaller thrust coefficients. The results
show that the Frandsen proposed relation of added turbulence (equation 1.8) is
conservative when it comes to predicting near wake turbulence intensities with
smaller thrust coefficients. Based on this literature review on the validation of wake
turbulence models, it is evident that little work has been done on the development
and validation of large offshore wind farm turbulence models. To add to that, the
performed studies were constrained by limited data from relatively moderate-sized
wind farms, computationally expensive CFD simulations or wind tunnel
experiments.

1.2.3 Wind farms under complex conditions
Another important factor that influences the wind farm turbulence and consequently
the fatigue load is the stability of the atmospheric boundary layer. All of the
aforementioned studies are focused on modelling turbulence in wind farms under
neutral flow conditions over smooth ocean surfaces or flat terrains. To study the
effects of stability conditions apart from neutral conditions, wind tunnel
experiments[43], full-scale measurements [44, 45] and numerical simulations are
conducted [46, 47, 48]. All these studies propose better wind farm performance in
unstable, convective conditions due to increased wake recovery as opposed to the
stable conditions. These conclusions are further supported when the diurnal cycle of
a wind farm is studied [49, 50]. It shows that there are relatively high turbulence
levels in the ambient flow, promoting turbulent mixing and consequently faster wake
recovery due to the positive buoyancy fluxes, creating an unstable atmosphere
during the day. On the contrary, during the night, in a stable atmosphere, relatively
lower turbulence levels in the ambient flow result in slow wake recovery.
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All these studies on the stability conditions look into the effects on wind speed deficit
and consequently the power output. In this concern, no past work of validation is done
on exploring the effect of unstable or stable conditions on the wind farm turbulence.

1.3 Research questions
With respect to the existing literature, Frandsen model [32] gives a relatively good
prediction of the wind farm turbulence intensity, although it was designed for
estimating fatigue loads. This observation is based in the validation studies that
were constrained by limited data from relatively moderate-sized wind farms,
computationally expensive CFD simulations or wind tunnel experiments.
Furthermore, most of these studies have been conducted for neutral wind farm
conditions disregarding the effects of the stable and unstable atmosphere on these
validation studies.

To the best knowledge of the author at the moment, no research has been conducted
that evaluates the performance of the Frandsen model in different atmospheric
stability conditions for the calculation of wind farm turbulence and consequently
fatigue loads in an offshore wind farm. Hence, the comparison of estimated wind
farm turbulence under specific atmospheric stability condition with measurements is
the main objective of this thesis. This leads us to the main research question that
will be answered upon the successful completion of this research:

Is the Frandsen model accurate for estimating of turbulence intensity inside a wind
farm under specific atmospheric stability conditions in a large offshore wind farm?

To answer this main research question it has been sub-divided further into the
following main objectives:

1. Validate the accuracy of the standard Frandsen model and the modified
Frandsen model for different wind farm layouts.

2. Determine factors affecting the accuracy of turbulence in the wind farm.

3. Quantify the change in the validity of the two models for different wind farm
layouts under varying atmospheric stability conditions.

4. Provide insights into the limitations and future recommendations for estimation
of turbulence under varying wind farm atmospheric stability conditions.

1.4 Structure of the thesis
In order to achieve the objectives of this thesis, theoretical background knowledge in
various fields is required. After acquiring the knowledge, the required data modeling
can be better understood and appropriate conclusions can be drawn. For this reason,
this report has been organized as follows:

Chapter 1- Defines the scope of this thesis by presenting the previous literature
studies. Finally, the research question to be answered is stated.
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10 1. INTRODUCTION

Chapter 2- In this chapter, the theoretical background on two key areas - Frandsen
wind farm turbulence model and atmospheric boundary layer with its classification
has been presented.

Chapter 3- In this chapter, the available wind farm data and modeling are explained.
The wind farm layout, its surroundings, wind turbine specifications and wind
distribution of the selected offshore wind farms are presented. Then, the available
data, their filtering and the estimation of the undisturbed conditions are discussed.
Furthermore, the correction considering the external disturbances for each of the
selected wind farms is presented. Finally, based on the filtered data sets, a set of
wind turbines is selected for detailed analysis.

Chapter 4 - In this chapter, the used atmospheric stability classification is defined,
followed by the validation of the turbulence models. The validation study is first
performed for a given wind speed, followed by another validation study for each
individual atmospheric stability conditions.

Chapter 5 - Finally, the last chapter provides an answer to the research question
along with recommendations for future research.

CONFIDENTIAL



Chapter 2

Theoretical background

In a wind farm, wind turbines are subjected to an added turbulence, caused by wake
effects. Therefore, for sound fatigue design of large offshore wind farms, an accurate
prediction of the increased wind farm turbulence is essential. This study focuses on
the calculation of the wind farm turbulence using Frandsen model, which is widely
used by the industry and had also been adopted by the IEC standards[5]. Based on
literature, it is seen that the turbulence intensity estimation from the Frandsen
model is primarily based on wind speed, ambient turbulence intensity, wind farm
spacing and thrust coefficient. Ambient turbulence intensity that serves as the
reference for the wind farm turbulence is highly impacted by atmospheric boundary
layer stability [44]. This chapter will hence, focus on providing the theoretical
background of the two main focus areas- Frandsen wind farm turbulence model and
the atmospheric boundary layer with its classification.

2.1 Atmospheric boundary layer stability and its
classification

Overall ambient TI is dependent on atmospheric stability [44] and shear. Turbulence
intensity at an offshore site is higher at low wind speeds, decreasing to a minimum
at wind speeds between 8-12 m/s, and then increases with increasing wind speeds
[51, 52]. The initial increase in turbulence at low wind speeds is seen due to
thermally derived turbulence, whereas the increase at higher wind speeds is due to
the rise in surface roughness resulting in mechanically driven turbulence [52]. This
changing nature of turbulence intensity, associated with the thermal and mechanical
processes, highlights its dependence on the structure and dynamics of the
Atmospheric Boundary Layer (ABL).

2.1.1 ABL Stability
ABL is defined as the lowest part of the troposphere, typically up to the height of
1km. Its characteristics, such as wind speed, wind shear and turbulence intensity,
are influenced by surface properties like aerodynamic roughness, thermal
stratification and topography. In the past years, wind turbines operated in the
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12 2. THEORETICAL BACKGROUND

surface layer of the ABL, which ranges up to 100m from the earth surface. Here,
localized turbulence is driven by both mechanical and thermal processes. As a result,
all wind farm turbulence models were based on the study of the surface layer of the
ABL. In this concern, traditionally, all these models considered neutral conditions,
where turbulence is mainly produced mechanically by shear of the mean wind
profile. The mean wind profile is defined with the logarithmic profile law for neutral
stability conditions as shown in Equation 2.1.

U(z)= u∗
k

ln(
z
z0

) (2.1)

where,
U(z) - Wind speed at height z
u∗ - Friction velocity
k - von Karman constant
z - Height of wind speed
z0 - roughness length

In a neutral ABL, wind shear results in the inelastic collisions between eddies (i.e
mixing of air parcel with different velocities) transforming the mean flow kinetic
energy into turbulent kinetic energy (TKE). This process continues till the large
scale TKE is transformed into smaller scales and eventually into heat during the
process of turbulent energy cascade. In reality, apart from neutrally stratified ABL,
the atmospheric boundary layer also faces unstable and stable conditions. In both of
these cases, turbulence is produced thermally by vertical heat flux. The unstable or
convective atmospheric condition is observed when the surface is warmer than the
air, leading it to get heated. This heating and consequent lifting of the air parcel add
potential energy to the atmosphere, which is later converted to kinetic energy, while
producing a positive buoyancy effect. The added kinetic energy is expressed as
random thermally induced TKE that enhances vertical transport of momentum and
increases atmospheric turbulence intensity [53]. The stable atmospheric conditions
are observed when the surface is cooler than the air. This situation causes negative
heat flux resulting in negative thermally induced TKE, which acts as a drain,
dampening the shear generated TKE. As a result, in comparison to the neutral and
unstable conditions, the stable atmosphere has lower turbulence.

These effects of varying ABL stability, traditionally, are not considered when
modelling wind turbine loads. Neutral conditions with shear generated turbulence is
assumed to be the only case. This assumption was proven to be wrong when
simulations for NREL 5MW wind turbine were run considering diabatic wind
conditions [54]. There was a significant difference of 17% in tower loads and 13% in
rotor loads compared to loads obtained assuming neutral conditions. For wind
turbines operating in wind farm conditions, the impact of ABL stability on loads was
seen to be further increased [55]. To summarise, the thermal effects on the wind flow
in the ABL cannot be seen as a small variation to neutral conditions, and therefore,
they call for consideration of unstable and stable cases. Since this consideration
leads to changes in turbulence, and consequently in the wake dynamics and wind
farm flows, it plays a significant role in wind turbine loading.
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2.1.2 ABL stability quantification and classification
Having recognized the importance of considering ABL stability, it calls for accurate
quantification and characterization based on available measured data. The ABL
stability classification is typically done using Obukhov length(L).

Obukhov length is used as a scaling parameter (Equation 2.2), L, indicating the
atmospheric mixing conditions in the surface ABL. Obukhov length itself is the
height at which the buoyant production of TKE is more than that produced by wind
shear. A negative value indicates unstable cases, a positive value indicated stable
cases and an infinite value indicates neutral cases. Its absolute value reveals
deviation from neutral conditions, where a small absolute value represents large
deviation from neutral conditions.

L =− θvu∗3

kg(w‘θ‘)s

= θvu∗2

kgθ∗
(2.2)

where,
θv - Mean virtual potential temperature
g - Acceleration due to gravity
(w‘θ‘)s - Surface virtual potential heat flux
θ∗ - Surface layer temperature scale

ABL Stability quantification: Obukhov length from measured data

Direct calculation of Obukhov length requires an input of surface virtual potential
heat flux (Equation 2.2). This heat flux is determined based on the eddy-covariance
method using high frequency observation data. However, when this data isn’t
present, Obukhov length is estimated using the following empirical methods
(dependent parameters):

1. RI methods (Richardson number)

2. Profile methods (Wind and temperature profiles)

These empirical methods can be sub divided into two methods- Bulk method and the
Gradient method. The bulk method considers the atmosphere as one bulk layer by
using surface and atmospheric measurements of wind speed [with U(z0) = 0m/s] and
temperature. On the other hand, the gradient method considers the gradient of wind
speed and temperature by using measurements at two heights in the atmosphere.

RI methods are dependent on the Richardson number (Ri) that shows the formation
of turbulence as a ratio of the buoyancy turbulence to the shear generated
turbulence. In order for the flow to be turbulent, the Richardson number must drop
below the critical value Ric. The glossary of American Meteorological Society defines
the critical Richardson number as “The value of the Richardson number below which
air becomes dynamically unstable and turbulent. This value is usually taken as Ric =
0.25, although suggestions in the literature range from 0.2 to 1.0.” [56].

Ri = buoyancy term
flow shear term

= g4θv 4 z

θv(4U)2
(2.3)
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Where,
g - gravitational acceleration (9.81m/s2)
z - height
θv - mean virtual potential temperature
U - mean wind speed

Richardson number is calculated by using wind speed and temperature
measurements from two different heights within the atmosphere. These selection of
these two measurement heights then defines the bulk-Richardson number (with z1 =
0 and z2 >0) or the gradient-Richardson number(with z1 and z2 > 0). The
Richardson number is then used estimate Obukhov length by Bulk-RI method
(Equation 2.4) and Gradient-RI method (Equation 2.5), implying a critical
Richardson number of 0.2. Here, the dimensionless Obukhov stability parameter,
z/L, is calculated where z represents the average height between the two selected
measurement heights.

Bulk-RI method [57]:

z
L

=
{

10Ri
1−5Ri , if Ri ≥ 0
Ri, if Ri ≤ 0

(2.4)

Gradient-RI method [58]:

z
L

=
{

Ri
1−5Ri , if Ri ≥ 0
Ri, if Ri ≤ 0

(2.5)

Profile methods are based on estimation of surface layer temperature scale (θ∗)
and friction velocity (U∗), assuming that the stability corrected logarithmic wind and
temperature profile is valid. Since the logarithmic wind profile (Equation 2.1) only
addressed neutral conditions, the Monin-Obukhov similarity theory introduced a
stability correction function (ψm). This incorporated the changes in wind shear
profile for non neutral cases by adding a stability correction function, ψm. The
stability correction function (ψ) was introduced to account for the deviation of the
wind profile from the logarithmic function under increasingly unstable or stable
atmospheric conditions. For a neutral atmosphere (ψm), it is equal to zero, resulting
in a logarithmic wind profile. Monin and Obukhov stated that the value of the
stability correction function can be derived from experimental data. In the past,
many empirical studies have been conducted to determine the shape of (ψm) as a
function of ( z

L ) . Table 2 summarizes most of the widely used empirically fitted
functions for the stability correction function found in the literature.
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Table 2.1: Empirical stability correction functions found in the literature

ψm: STABLE ATMOSPHERE (L>0)

BUSINGER-DYER (KANSAS EXPERIMENT) [59] −β z
L

β= 4.7

HOGSTRUM [60] β= 6

HOLTSLAG [61] − z
L − 2

3 ( z
L − 5

0.35 )(exp(−0.35 z
L ))− 10

1.05 -

ψm: UNSTABLE ATMOSPHERE (L<0)

BUSINGER-DYER (KANSAS EXPERIMENT) [59] 2ln( 1+x
2 )+ ln( 1+x2

2 )−2arctan(x)+ π
2 γ= 15

HOGSTRUM [60] x = γ z
L γ= 19.3

GRACHEV-FAIRALL-BRADLEY [62]
3
2 ln( y2+y+1

3 )−p
3arctan( 2y+1p

3
)+ π

3 γ= 10
y= (1+γ z

L )
1
3

Similar to the wind speed stability correction function a stability correction, ψt, is
applied to the logarithmic temperature profile.

U(z)= u∗
k

[
ln

z
z0

−ψm(
z
L

)+ψm(
z0

L
)
]

(2.6)

θ(z)= θ(z0)+ θ∗
k

[
ln

z
z0

−ψt(
z
L

)+ψt(
z0

L
)
]

(2.7)

The profile methods calculates Obukhov length by iteratively solving the following
equation for surface layer temperature scale (θ∗-Equation2.9), friction velocity (U∗-
Equation2.8) and Obukhov length (L-Equation 2.2).

U∗ = 4Uk
ln z2

z1
−ψm

z2
L +ψm

z1
L

(2.8)

θ∗ = 4θvk
ln z2

z1
−ψt

z2
L +ψt

z1
L

(2.9)

Where,
z1 - Lower height
z2 - Upper height

Since friction velocity and surface layer temperature scale estimation assume validity
of stability corrected logarithmic profile, the observation must be carried out in the
surface layer- lower 10% of ABL. Here, wind speed and temperature measurements
from two different heights are required. The selection of these two measurement
heights then defines the bulk-profile method(with z1 = 0 and z2 >0) or the gradient-
profile method(with z1 and z2 > 0).

ABL Stability classification: Obukhov length and ζ

Having defined Obukhov length as the variable for ABL stability quantification the
next challenge is defining the thresholds for unstable, neutral and stable conditions.
Table 2.2 summarizes multiple Obukhov length (L) and ζ (z/L) thresholds proposed in
the previous studies.
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Table 2.2: Ranges for stability classes based on Obukhov length and ζ present in the
literature[63]

Study Very Unstable Unstable Neutral Stable Very Stable Notes

Van Wijk et al.(1990) [64] -200 <L< 0 -1000 <L< -200 |L| >1000 200 <L< 1000 0 <L< 200

North sea offshore
sites - air temp and

wind sensors at
70m

Motta et al.(2005) [65] -200 <L< 0 -1000 <L< -200 |L| > 1000 200 <L< 1000 0 <L< 200

North sea danish
offshore sites - air

temp and wind
sensors at various
heights; max 47m

Gryning et al(2007) [66] -100 <L< -50 -500 <L< -100 |L| > 500 50 <L< 500 10 <L< 50
Inland; 10 or 50m

sonics

Sathe et al.(2011) [67] -100 <L< -50 -500 <L< -100 |L| > 500 50 <L< 500 10 <L< 50

Two North sea
offshore sites - air
and sea temp at
various heights;

max 21m

Högström(1988) [68] ζ < -0.1 -0.1 < ζ < 0.1 ζ > 0.1
Inland - wind

sensors at 3,6,14m

Metzger et al.(2007) [69] ζ < -0.1 -0.1 < ζ < 0.1 ζ > 0.1
Inland - 1.4, 26m

sonics

Rajewski et al.(2013) [70] ζ < -0.05 -0.05 < ζ < 0.05 ζ > 0.05
Inland - 4.5, 6.5m

sonics

ABL stability categorization based on Obukhov length defines five categories
introducing limits for very stable and very unstable conditions. Two main thresholds
for identifying neutral conditions are used with the largest as 1000m followed by a
lower threshold of 500m. Gryning et al [66] based the stability classification on the
respective wind profiles: straight for neutral, curving downwards for unstable and
curving upwards for stable conditions. ABL stability categorization based on ζ

defines three categories: Unstable, Neutral and Stable.

Very unstable and unstable classes represent ABL conditions with low wind shear and
low wind speeds due to the increased mixing. However, high turbulence is present
due to large buoyant eddies. In contrast, very stable and stable classes represent
ABL conditions with high wind shear and low turbulence with an exception of high
turbulence during the presence of low-level jets. Lastly, neutral conditions represent
moderate turbulence and highest wind speeds increasing logarithmically with height
across the rotor. Based on the ranges of Obukhov length L used in the literature, two
main thresholds for defining neutral conditions shown in Table 2.2 are considered for
this study. The final value used for the stability classification used for the stability
classification are reported in Chapter 4.
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2.2 Sten Frandsen wind farm turbulence model
The Sten Frandsen model recommended by the IEC Standard 61400-1 [5] is a
semi-empirical model designed for estimating fatigue loads for wind turbines located
in a wind farm. Wind turbines positioned in a wind farm are normally subjected to
increased turbulence intensity due to wake effects from neighboring wind turbines.
Frandsen based his model on the assumption that “fatigue loading under both wake
and non-wake conditions is proportional to the turbulence intensity”[32]. The
validity of this assumption in terms of fatigue loading was assessed by Frandsen.
The model was proved to be feasible based on satisfactory agreement with
measurements. In order to determine fatigue loads Frandsen calculates a design
variable known as effective turbulence intensity:

Ie f f (U)=
[∫ 180

−180
fwd Im

dir(θ,U)dθ
]1/m

(2.10)

Where,
Ie f f - Effective turbulence intensity for freestream wind speed U.
fwd - Probability of wind coming from wind direction θ for freestream wind speed U.
Idir - Directional turbulence intensity.
m - Wohler slope
θ - Wind direction
U - Wind speed

Since the Frandsen model was developed for determining fatigue loads while
designing a wind farm, it normalizes the turbulence intensity to the freestream
(ambient) wind speed instead of local wind speed at the point of interest. As a result,
the modelled turbulence intensity cannot be compared directly with the measured
turbulence within the wind farm, which accounts for changes in wind speed due to
wake included wind speed deficit.

For design purposes the Frandsen model calculates effective turbulence intensity
based on a representative turbulence intensity which is assumed to be the 90th
quantile of the measured ambient turbulence intensity. The probabilistic
distribution of ambient turbulence in a 10min basis is assumed to follow a normal
distribution, thus enabling the use of the formula:

Irep(θ,U)= Iamb(θ,U)+ 1.28σσamb

U
(θ,U) (2.11)

Where
Irep(θ,U) – Representative turbulence intensity
Iamb(θ,U) – Mean ambient turbulence intensity
σσamb (θ,U) – Standard deviation of ambient turbulence

Since turbulence is a function varying with height, for design purpose, the
directional turbulence intensity is determined at hub height. Frandsen assumes that
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18 2. THEORETICAL BACKGROUND

the hub-height directional turbulence is representative of the loads caused by the
spatially varying turbulence. For this research two different implementations of the
Frandsen model are used for determining directional turbulence intensity. The first
implementation, known as the Standard Frandsen model, is based on the general
concept shared in the IEC Standard 61400-1. The second implementation, on which
this research work is based, is a simplified version of the Standard Frandsen model.

2.2.1 Standard Frandsen model

Standard Frandsen model implementation defines directional turbulence intensity
for a wind direction (θ) based on three different cases that can be present within a
wind farm. Case 1 represents freestream conditions, whereas case 2 and 3 represent
conditions with increased turbulence due to wake of upstream wind turbines. In
order to determine wind directions exposed to increased turbulence, the wake
inducing wind turbines are identified based on a view angle (θw j) which is introduced
in the next subsection.

Wake inducing wind turbine identification

View angle calculated for each wake inducing wind turbine as seen from the wake
facing wind turbine, represents the maximum range of wind directions that result in
wake on the wind turbine of interest. Frandsen model assumes the wake effects on
the wind turbine of interest are present, when more than half of the rotor is within
the wake of the upstream wind turbine. The view angle is derived on the basis of the
wake width, which is defined by the linearly expanding wake model proposed by
Jensen (1983)[]:

D
D0

= 1
1+β0s

(2.12)

Where,
D - Width of the wake at a downstream distance of s
D0 - Rotor diameter
β0 - Wake expansion constant ranging from 0.15-0.2
s - Normalized spacing between wind turbines
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Figure 2.1: Jensen linear wake expansion model implemented by Frandsen for view
angle calculation

Figure 2.1 shows the linear expansion of the wake width with increasing
downstream distance as defined by Jensen wake model. Frandsen assumes a
constant wake expansion coefficient of β0 = 0.17, from the proposed range of 0.15-0.2
by Jensen that varies with increasing ambient turbulence intensity. This assumption
made by Frandsen results in an increase in the wake width, defined as 17% of the
downstream distance (s) with respect to the rotor diameter (D0).

Figure 2.2: View angle as seen from the wake affected wind turbine

Figure 2.2 shows the visual representation of how the view angle is defined by
Frandsen. Here, in order to determine the maximum range of wake-facing wind
directions represented by the view angle, the center of the wake facing wind turbine
is assumed to be positioned at the edge of the wake. The view angle can then be
computed as:

θw j,calc =
[

tan−1(
1

2s j
+0.085)

]
≈ tan−1

(
1

2s j
+5

)
= 1

2

[
2tan−1

1
2s j

+10
] (2.13)

Where,
θw j,calc– Calculated View angle of the upstream wind turbine j
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s j– Normalized spacing between wind turbine j and wind turbine of interest

Frandsen further simplifies the view angle formulation, using a small angle
approximation resulting in the following equation.

θw j = 1
2

[
tan−1

1
s j

+10
]

(2.14)

Where,
θw j– Frandsen proposed View angle of the wind turbine j seen from the wake
effected turbine.

It can be seen in Figure 2.3 that both formulations converge for normalized
spacings greater than 4D. This results in similar view angle values for a greater
range of normalized spacing. Therefore, for all comparisons and calculations made in
this research work, the view angle for each wind turbine is determined using the
Frandsen simplified formulation, which is also recommended by the IEC 61400-1
Standards[5].

Figure 2.3: Calculated view angle and modified Frandsen view angle vs normalized
spacing between wind turbines

Lastly, for each wind direction, wind turbines inducing wake on a turbine of interest
are identified using the following condition:

I f |θ j −θ| ≤ θw j (2.15)
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Where,
θ j – Alignment direction of wind turbine j with respect to wake effected turbine.
θ – Wind direction.
θw j – View angle of the wind turbine j seen from the wake effected turbine.

Direction turbulence intensity calculation

Case 1: Freestream turbulence

The location of interest is assumed to experience freestream turbulence when the
following conditions are met:

1. Minimum normalized distance of surrounding wind turbines is greater than
10D – ensures enough dissipation of wake induced by upstream wind turbine.

2. Large wind farm effects are not present: Large wind farm effects are considered
when there are more than 5 wind turbines upstream or the spacing in the rows
perpendicular to the predominant wind direction is less than 3D.

Idir(θ,U)= Irep(θ,U)= Iamb(θ,U)+ 1.28σσamb

U
(θ,U) (2.16)

Case 2: Wind farm turbulence

For wind directions with more than five upstream wind turbines, where a wind
turbine of interest is not in direct wake of an upstream wind turbine and large wind
arm effects are present [5], ambient wind farm turbulence in experienced. Since
turbulence is a function of height, in order to determine the ambient wind farm
turbulence and consequently the directional turbulence, Frandsen makes the
following assumptions based on measured data:

1. Constant turbulence intensity above the rotor (
√

Iadd,wf (θ,U)2 + Iamb(θ,U)2

2. Constant ambient turbulence intensity below the rotor Iamb

3. Linearly varying turbulence intensity across the rotor

Idir(θ,U)= Iwf ,amb(θ,U)+ 1.28σσamb

U
(θ,U)

Iwf ,amb(θ,U)= A+B
2

= 1
2

(
√

Iadd,wf (θ,U)2 + Iamb(θ,U)2 + Iamb(θ,U))

Iadd,wf (θ,U)= 0.36

1+0.2
√

SxSy
Ct(U)

(2.17)

Where,
Sx - Streamwise normalized wind turbine spacing.
Sy - Spanwise normalized wind turbine spacing.
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Case 3: Direct wake turbulence

Figure 2.4: Direct wake turbulence intensity as seen by the downstream wind turbine.
Red line represents the turbulence intensity as modelled by the standard Frandsen

model. Blue line represents the turbulence intensity as modelled by the modified
frandsen model[32]

For wind directions where the minimum normalized distance of surrounding wind
turbines is less than 10D, direct wake turbulence is experienced from the nearest
wake inducing wind turbine. Frandsen model represents the direct wake turbulence
as the superposition of the hub height representative turbulence and added wake
turbulence. Added wake turbulence as sensed by the downstream wind turbine is
represented by the bell-shaped curve as seen in Figure 2.4.

In the standard Frandsen model implementation maximum added turbulence
intensity (Iadd) is assumed to be constant horizontally across the rotor at hub height
(red line in Figure 2.4). Therefore, the centered hub-height directional turbulence
intensity is represented as:

Idir(θ,U)=
√

I2
add(θ,U)+ I2

rep(θ,U)

Iadd = 1
1.5+ s j

0.8p
Ct(U)

(2.18)

Where,
Iadd – Maximum direct wake added turbulence intensity
s j – Normalized spacing between wind turbine j and wind turbine of interest.

2.2.2 Modified Frandsen model
Modified Frandsen model does not implement the 10D cut off but at the same time it
considers the direct wake added turbulence intensity for all wind directions in the
wake of upstream wind turbines, independent of their distance to the turbine of
interest. The maximum turbulence out of all the direct wake inducing wind turbines
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is considered. Since the direct wake is being considered for all wind directions the
assumption of wind farm turbulence beyond 10D is considered unnecessary.

Frandsen represents the rotor-averaged wake turbulence profile as a superposition of
wake added turbulence and vertical ambient turbulence intensity. Figure 2.4
illustrates the case where the downstream wind turbine is exposed to a
non-symmetric turbulence field. Modified Frandsen model assumes that considering
constant turbulence intensity across the whole rotor as in the center (blue line in
Figure 2.4) results in the same response as the spatially distributed turbulence
intensity.

Assuming a bell-shaped profile for the wake added turbulence intensity:

Idir(θ,U)= max
j=1:N

[
Irep

[
1+αexp

[
−

(
θ−θ j

θw j

)2
]]]

(2.19)

Where,
j – Upstream wind turbines
N – Numbers of wake inducing wind turbines
α – Constant

For the case where θ= θ j, the downstream wind turbine is exposed to a symmetric
turbulent field:

Irep(1+α)=
√

Iadd
2 + Irep

2

α=
√(

Iadd

Irep

)2
+1−1

(2.20)

For wind directions with multiple wind turbines inducing wake on the reference
wind turbine, modified Frandsen model considers the wind turbine with the
maximum wake added turbulence. The figure below represents the directional
turbulence intensity with varying normalized spacing between wind turbines for 2
different wind speed levels and consequently Ct parameters. The black line
represents the representative turbulence intensity assumed to be 0.06 for this
example. Significant increase in directional turbulence intensity is observed for
lower normalized spacing, which decreases exponentially with increased spacing due
to dissipation of the wake. It is also observed that increased directional turbulence
intensity is faced by the downstream wind turbine for higher thrust coefficient
present at lower wind speeds in the below rated region.
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Figure 2.5: Directional turbulence intensity for the case where θ=θ j with varying
thrust coefficient and normalized spacing

2.2.3 Example of wind farm turbulence in a regular wind farm
Having described the theory behind the two implementations of the Frandsen model,
this section exemplifies the estimation of the directional turbulence intensity with
the application of the two models. The artificial wind farm considered is a regular
array consisting of 7x7 wind turbines with a uniform normalized spacing of 8D
(Figure 2.6). The analysis is performed for wind speed of 7m/s assuming a thrust
coefficient Ct =0.826 and a constant mean freestream turbulence intensity of 0.058
along with its standard deviation equal to 0.028.

Figure 2.6: Artificial wind farm layout

The wind turbine of interest for which the analysis is performed is A1 for which all
the 3 cases for determining directional turbulence intensity are considered. The
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standard directional turbulence intensity is determined for every 5-degree sector,
whereas the simplified directional turbulence is computed for every degree.

Figure 2.7: Count of rows upstream of A1 to determine sectors where wind farm
turbulence is considered as per the standard Frandsen model implementation

Figure 2.7 represents the positioning of the neighboring wind turbines with respect
to A1 for all wind directions. Based on the positioning of neighboring turbines, wind
directions from 100-350 degrees represented by the blue shaded region have no
upstream wind turbines. Hence for wind flow from these directions, A1 is exposed to
freestream turbulence. Wind direction sectors in white have wake effects from
turbines positioned at less than 10D. Therefore, for these wind directions the
standard Frandsen model considered direct wake turbulence. The shaded wind
direction sectors in grey are where wind turbines are positioned at a normalized
spacing greater than 10D. Here, to ensure if the standard Frandsen model will
consider wind farm turbulence or representative turbulence, the number of rows of
upstream wake inducing wind turbines is counted. Figure 2.7 shows that for the
range of inflow wind direction from 40-50 degrees the number of upstream rows is
greater than 5D, as a result standard Frandsen model considers wind farm
turbulence.
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Figure 2.8: Standard Frandsen model and Modified Frandsen model based directional
turbulence intensity 0-360 degrees for A1 wind turbine for a 7m/s freestream wind

speed

Figure 2.8 shows the direction turbulence intensity calculated based on the two
Frandsen model implementations. Using standard Frandsen model implementation
highest directional turbulence is recorded for 40-50 degree where wind farm
turbulence in considered since it accounts for the multiple wakes from upstream
wind turbines. Modified Frandsen model on the other hand only considers the direct
wake turbulence intensity from the nearest wind turbines and it estimates a lower
value of turbulence than the Standard Frandsen model. The Standard Frandsen
model is seen to result in constant maximum direct wake turbulence across the
range of wake effected wind directions. Lastly, the modified Frandsen model’s
directional turbulence intensities are also noted to capture increased turbulence due
to upstream wind turbines in the wind direction range of 10-40 degrees and 50-80
degrees. Whereas, for these wind directions standard Frandsen model disregards
any increase in turbulence due to less than or equal to 5 rows of upstream wind
turbines that are positioned greater than 10D.

2.3 Conclusion

The focus of this research is to assess the accuracy of the Frandsen model in
predicting turbulence levels and fatigue loads within in a large offshore wind farm
under specific atmospheric stability conditions. The model is validated for offshore
wind farms with varying spacing and wake situations(single or cumulative) as a
function of wind direction. To assess the accuracy of the predicted turbulence levels,
the representative turbulence intensity (90th percentile) from the Standard
Frandsen model and the modified Frandsen model are compared to the measured
values under specific atmospheric stability conditions. The ABL stability
quantification and classification are based on Obukhov Length L as mentioned in
Section 2.1.2. The modified Frandsen model is similar to the standard Frandsen
model (Section 2.2) except for the following differences:
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1. Unlike Standard Frandsen model the modified Frandsen model considers
direct wake added turbulence intensity for all wind direction sectors.

2. It assumes a bell shaped profile for the wake added turbulence intensity.

3. As the previous change already gives a picture of the wake-related added
turbulence, the use of wind farm turbulence intensity for cases where 5 wind
turbines are upstream is regarded as unnecessary.
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Chapter 3

Wind farm overview: Data
description and modelling

To validate the turbulence models, ambient undisturbed turbulence intensity, wake
added turbulence intensity, and wind speed data are needed. Two offshore wind
farms Horns Rev II and Westermost Rough were selected for this study. In this
chapter, the wind farm layout, its surroundings, wind turbine specifications and
wind distribution of the selected offshore wind farms are presented. Subsequently,
the available data, their filtering and the estimation of the undisturbed conditions
are discussed. Furthermore, the correction considering the external disturbances for
each of the selected wind farms is presented. Finally, based on the filtered data sets,
a set of wind turbines is selected for a detailed analysis.

3.1 Wind Farms

Horns Rev 2 (HR2) and Westermost Rough (WMR) are wind farms owned by Ørsted
(formerly Dong Energy). Both of these farms are located in the North Sea. HR2,
which became operational in September 2009, is located 30 km west of the coast of
Southern Denmark and 60 km from Esbjerg, as shown in Figure 3.1.

Figure 3.1: HR2 location aerial view
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WMR was commissioned in May 2015 and is located 8 km northeast of Yorkshire
Coast, north of Hull, UK, as shown in Figure 3.2.

Figure 3.2: WMR location aerial view

The specific details for the wind farms are provided in the sections 3.1.1 and 3.1.2

3.1.1 Horns Rev II
The wind farm contains 91 SWT-2.3-93 turbines with a capacity of 2.3 MW and a
total generation of 209 MW. The operating range of the wind turbines is from 3 m/s
to 25 m/s, with rated power at 13 m/s. In its vicinity, almost 15 km to the southeast,
is another wind farm, Horns Rev 1. It consists of 80 Vestas V80-2.0 MW turbines
with a cumulative wind farm capacity of 160 MW.

The wind turbines at the HR2 wind farm are arranged in a fan-shaped formation of
35 km2. There are 13 rows along the south-north axis and 7 rows along the east-west
axis with a minimum spacing between turbines of about 5.8 diameters (about 540
m). The layout of the wind farm is shown in Figure 3.3.

Figure 3.3: HR2 wind turbine layout and naming

The wind turbine names consist of a letter and a number. Along the south-north
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axis, a letter is given from A to M, depending on the row. Along the east-west axis, a
number from 1 to 7 is given, depending on the row. The wind distribution at a hub
height of 68 m is approximated by a Weibull distribution with a scale parameter (A)
of 10.52 m/s and a shape parameter (k) of 2.309, giving a mean wind speed of 9.32
m/s. The average air density is 1.24 kg/m3. The wind rose is shown in Figure 3.4,
where the prevailing wind from the southwest till north west wind directions, which
is an open sea wind.

Figure 3.4: HR2 wind rose

3.1.2 Westermost Rough
The wind farm contains 35 SWT-6.0-154 turbines with a capacity of 6 MW, reaching
a total combined generation of 210 MW. The operating range of the wind turbines is
between 3 m/s and 25 m/s, with rated power at 13 m/s. In its vicinity, almost 20 km
to the southeast, there is another wind farm, Humber Gateway. It consists of 73
Vestas V112 3.0 MW turbines with a cumulative wind farm capacity of 219 MW.

The outer boundaries of the WMR wind farm frame a 5.9 km square. There are 7
rows along the southeast to northwest axis with an approximate row spacing of 6.4
diameters and 6 rows along the southwest to northeast axis with an approximate
row spacing of 7.6 diameters. This wind farm layout (Figure 3.5) is unique in that it
leaves a gap in the middle of the farm.

Figure 3.5: WMR wind tubrine layout and naming
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Wind turbine names consist of a letter and a number. Along the southwest to
northeast axis, a letter is given from A to F, depending on the row. Along the
south-east to north-west axis, a number from 1 to 7 is given, depending on the row.
The wind distribution at a hub height of 105.52 m is approximated by a Weibull
distribution with a scale parameter (A) of 10.45 m/s and a shape parameter (k) of
2.39, giving a mean wind speed of 9.26 m/s. The mean air density is 1.235 kg/m3.
The wind rose is shown in Figure 3.6, where the prevailing wind is from the
southwest direction, this is the coastal wind.

Figure 3.6: WMR wind rose

All the information provided above is summarized in Table 3.1 below.

Table 3.1: Summary of Wind farms and its surroundings

WMR HR2

Wind farm
layout

Area 34.8 km2 35 km2

Wind turbines 35 91
Min spacing 6.4D 5.8D
Pattern (rowsxcolumns) 7x6 13x7

Wind turbine
properties

Wind tubrine SWT-6.0-154 SWT-2.3-93
Rated power 6 MW 2.3MW
Rotor diameter 154 m 93m
Hub height 105.52 m 68m
Cut in wind speed 3 m/s 3 m/s
Cut out wind speed 25 m/s 25 m/s
Rated wind speed 13 m/s 13 m/s

Wind farm
operating
conditions

Weibull scale parameter, A 10.45 10.52
Weibull shape parameter, k 2.39 2.309
Mean wind speed, U 9.26 m/s 9.32 m/s
Mean air density, ρ 1.235 kg/m3 1.24 kg/m3

Prevailing wind direction South west West
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3.2 Measurement data
The turbulence intensity is calculated using the measured mean and standard
deviation of wind speed over a 10-minute interval. To estimate undisturbed ambient
turbulence, the required measurements are usually provided by a meteorological met
mast, Light Detection and ranging (Lidar) system, or Sonic detection and ranging
(SODAR) system. However, the accuracy of these measurements is questionable
since they are point measurements at a location distant from the turbine of interest.
In addition, depending on the wind direction, these readings could be in the wake of
upstream wind turbines.

The wind farms selected for this study are not equipped with a meteorological met
mast, Lidar or SODAR system. Therefore, the only data available are the signals
from the Supervisory Control and Data Acquisition (SCADA) system. SCADA is
designed to perform control updates using real-time wind farm data. The signals
from SCADA provide measurements affected by the wake of upstream wind turbines
along with the rotor of the wind turbine being investigated. The measured data
(mean, min, max, standard deviation) for HR2 and WMR consist of 10-minute
samples, and the duration was approximately 1-3 years respectively.

The measured turbine data are obtained from two types of measurement databases:
Wind Farm Database (WFDB) and Turbine Measurements Database (TMDB).
WFDB consists of basic operational parameters that include wind speed
measurement from the nacelle anemometer, wind direction from the wind vane, yaw
position, blade pitch positions, rotor speed, power and nacelle accelerations for each
of the turbines in the wind farm. TMDB contains additional data provided by a set of
distributed sensors in the rotor-nacelle assembly and the tower-foundation structure
of selected turbines in the wind farms. At WMR, only one turbine is equipped with
the advanced measurement system that provides the TMDB signals, while HR2 has
multiple turbines with available TMDB signals. Table 3.2 provides a summary of the
available signals at the HR2 and WMR wind farms.

The two assumptions that have been made with respect to the wind direction are as
following:

1. The Yaw misalignment is always assumed to be zero. This allows the yaw
position (measured with the yaw sensor) to be used instead of the wind vane as
a better estimate of the wind direction. In addition, the yaw position is likely to
be more reliable since it depends mainly on the ability of the control system to
align the rotor with the wind direction within 10 minutes. Unfortunately, the
yaw signals cannot be used as is because they need to be calibrated to north
(equal to zero degrees) by applying one offset per wind turbine. The yaw
position offsets were previously derived by SGRE based on the ratio of the
power deficit between two adjacent wind turbines.

2. The measured yaw position should be the same across all turbines in a wind
farm. Thus, by measuring the yaw direction of only one wind turbine, the wind
direction for the entire farm can be determined. This is true as long as the
wind direction gradients are small at wind farm scale. For large scale wind
farms, this would be a rough assumption, but still reasonable as long as the
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wind speed is high enough. So some small errors can be attributed to this
assumption and further improvements can be part of future thesis reports.

Table 3.2: Measurement data available at HR2 and WMR

Wind Farm Database (WFDB) HR2 WMR
Wind speed

! !

Wind direction
Yaw position

Blade pitch position
Rotor speed

Generator speed
Wind turbine operational status

Power
Turbine Measurements Database (TMDB) HR2 WMR

Blade root edgewise bending moment (blades A, B, C)

!Blade root flapwise bending moment (blades A, B, C) !
Tower-top bending moment

Tower-top torsion
Calculated channels HR2 WMR
Wind speed estimate

! !Turbulence intensity estimate

For both wind farms, "WinAvail" and "TurbEst" are the two calculated SCADA
signals provided by SGRE. Both represent signals faced by the turbine. WinAvail
represents wind speed and TurbEst represents turbulence intensity. Compared to
anemometer measurements, they have lower fluctuations and are less sensitive to
the fluctuations caused by the operating turbine. These signals are calculated from
estimators based on mean values and standard deviations of power, pitch and rotor
speed, calibrated with BHawC simulations. Using the BHawC simulations, the
estimated wind speed is modified until the simulations and measurements give
identical power. Similarly, the estimated turbulence intensity is modified until
identical power is obtained for wind speeds below rated and identical pitch variation
is obtained for wind speeds above rated. It is assumed that this method is accurate
for moderate values of turbulence intensity (less than 25%) and wind speeds between
cut-in and cut-out. It is also assumed that this turbulence estimator may be slightly
inaccurate in the tower resonance exclusion zone.

3.3 Data filtering
This master thesis is mainly concerned with wind turbines operating under normal
wind conditions with normal turbulence intensity (NTM). Therefore, there is a need
to define filters that ensure that these conditions are met, which consequently
reduces the amount of available 10-minute samples. Subsequently, this section
presents the trade-off between sufficient amount of data and satisfactorily filtered
data. The filtering is based on a combination of 7 criteria as follows:
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1. Reasonably reliable values of wind speed and TI from the estimators
2. A valid operation status
3. No significant curtailment
4. A reasonable yaw activity
5. A reasonable generator speed activity
6. A reasonable pitch activity
7. No yaw steering test

All these filters are applied sequentially, i.e., each filter is applied to the data filtered
by the previous filters. The measured dataset of WMR was filtered with all 7 criteria,
while for HR2 only the first 5 filter criteria are applied.

The criterion ’reasonably reliable values of wind speed and TI from the estimators’ is
met by setting upper and lower bounds on wind speed and keeping only positive
values of turbulence intensities. In this case, the bounds are set at the cut-in and
cut-out speeds. The wind speed estimates that fall outside this range are not
considered reliable.

The ’valid operation status’ relies on the wind turbine operational signal, where a
different value is given for each state. Keeping samples with normal production
operational status removes all cases where the wind turbine is idling, encounters
faults or when a power boost is activated.

The ’no significant curtailment’ criterion is established by selecting only samples for
which the 10-minute minimum power limitation value is greater than 95% of the
rated power. The power limitation channel indicates the maximum power that the
wind turbine can produce at a given time. If the value is significantly below the rated
power and the wind speed is sufficient, then the turbine can be throttled.

The next criteria are filtered by using one or both of the methods below:

1. Selection of 10-minute samples in which the difference between the maximum
and minimum values of the measured variables is between the defined
parameters.

2. Selection of 10-minute samples of the measured variables for which the
difference between the standard deviation and the mean standard deviation
per wind speed is smaller than a defined factor of the standard deviation per
wind speed.

A ’Reasonable yaw activity’ for WMR is ensured by using Method 1, and the defined
parameter for the yaw direction is chosen to be 10◦. This method also filters out
cases where the wind direction changes gradually (these are cases where the
standard deviations of the wind direction are large, but the resulting fatigue is
small). For HR2, ’reasonable yaw activity’ is ensured by applying method 2, and the
factor chosen is 3 times the standard deviation of the standard deviation of the yaw
position. This results in the equation shown below:

|SYi – mean(SYi)| < 3std(SYi)

Where,
SYi - std(Y aw position)
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i - 10 min sample i

A ’reasonable generator speed activity’ for WMR is ensured in two ways. First, by
using Method 1 and using 3 rpm as the defined parameter. Secondly, by using
method 2 and keeping 6 as a factor for the standard deviation of the standard
deviation of the rotor speed:

|SRSi – mean(SRSi)| < 6std(SRSi)

Where,
SRSi - std(Rotor speed)
i - 10min sample i

For HR2, ’reasonable generator speed activity’ was ensured by applying method 2
used in WMR. However, the factor was set lower, to 3 times the standard deviation of
the standard deviation of the rotor speed:

|SRSi – mean(SRSi)| < 3std(SRSi)

A ’reasonable pitch activity’ for WMR is ensured by the same methods as ’reasonable
generator speed. But instead of using 3rpm, the factor 10◦ is chosen because
’reasonable pitch activity’ deals with blade pitch values. As for the second method,
the factor is kept the same at 6 times the standard deviation of the standard
deviation of the blade pitch.

|SPi – mean(SPi)| < 6std(SPi)

Where,
SPi - std(Blade pitch)
i - 10min sample i

All data from the last year has been removed from this analysis to ensure that ’no
yaw steering test’ was performed during the available measurement data for WMR.

After the process of sequential filtering, 77% of HR2 and 57% of WMR initial data
was kept.

3.4 Ambient undisturbed conditions
To validate the Frandsen and modified Frandsen model, the undisturbed ambient
wind conditions are required as input. These conditions are encountered by the wind
turbine when there is no velocity deficit or additional turbulence due to the upstream
wake of the wind turbine.

The wind speed measurements obtained from the nacelle anemometer and the wind
speed estimator describe only the local wind characteristics and not the free-stream
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wind characteristics of the selected turbine. For this reason, the free stream wind
conditions are based on the measurements provided by the upstream undisturbed
wind turbines. The following process is followed to determine the ambient
undisturbed conditions for each 10-minute sample:

1. Identify wake inducing wind turbines: It is assumed that all wind turbines
in the farm have the same wind directions (taken as yaw direction, see Section
3.2) as the selected turbine. For each 10-minute sample, all wind turbines (j)
that induce wake on the turbine under study are identified based on the
following search criterion::

abs[θ−θ j]< 3θw, j for θ
Where,
θ - wind direction
θ j - Alignment direction of wind turbine j with respect to wake effected turbine.
θw, j - Frandsen proposed view angle of wind turbine j (Equation 2.14)

2. Remove invalid 10-min samples: According to the filtering criteria defined
in Section 3.3, any wind turbine that falls outside of these parameters will be
rejected. Failure to meet these parameters indicates that the wind turbine is
not operating normally under normal turbulence. Therefore, there is no
guarantee that the upstream wind turbine would induce wake on the
investigated turbine. Examples of such rejected 10-minute samples for WMR
are shown below in Figure 3.7a and Figure 3.7b.

(a) (b)

Figure 3.7: WMR examples of invalid 10-min samples where at least one wind turbine
that is not operating normally generates a wake that could potentially affect F07. The
wind turbine not operating in normal state are D1 in (a) and C2,C3,E3,E4 in (b) for a

wind direction of 180◦

For HR2, the same 10-minute sample rejection criteria are applied, but with
an additional threshold. The threshold states that any turbine that is within
the 20D distance must be operating under normal operating conditions. Any
turbine operating outside the 20D threshold, whether operating normally or
not, is assumed to be far enough to not affect the results of the wind turbine
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under study. An example of a valid and invalid 10-min sample for D5 in HR2 is
shown in Figure 3.8.

(a) (b)

Figure 3.8: HR2 examples of (a) valid 10-min samples where at least one wind
turbine(A5) outside of the 20D threshold may not be operating normally (b) invalid

10-min sample where at least one wind turbine(C5) within 20D may not be operating
normally

Figure 3.9: Wind turbines facing undisturbed free-stream flow (in blue) with respect to
wind direction for HR2. Red markers represent wind directions where the undisturbed
wind turbine induce wake on D5 in HR2

3. Determine ambient undisturbed conditions: If a 10min sample is valid,
then among all the wake-inducing wind turbines the ones which are
experiencing undisturbed free stream conditions are found. From the selected
turbines, the median value of the wind measurements representing the
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ambient conditions is calculated. An example of such a case is shown in Figure
3.8 a, where the undisturbed measurements are based on the median of
measured values from A6 and A4. Figure 3.9 and 3.10 shows all wind turbines
exposed to wake free flow (in blue) in relation to wind direction and highlights
the wind directions (in red) where they induce a wake on the wind turbine of
interest (i.e. F07 in WMR and D5 in HR2).

Figure 3.10: Wind turbines facing undisturbed free-stream flow (in blue) with
respect to wind direction for WMR. Red markers represent wind directions where the
undisturbed wind turbine induce wake on F07 in WMR. Grey area highlights the wind
direction where no free-stream facing wind turbines are present

4. Special cases: Listed below are special conditions that are not covered by
steps 1-3.

(a) When the wind turbine under investigation is not exposed to wake flow,
then the values measured on this turbine represent the undisturbed wind
conditions (Figure 3.11a).

(b) To be used as a reference for estimating the undisturbed wind speed the
wind turbine must be wake-free. However, if all wake-inducing wind
turbines themselves experience disturbed conditions, the value measured
on the investigated turbine is used (Figure 3.11b). This rare situation
only appears when the wind is almost aligned with the rows. It only
concerns a very small portion of the data and is not considered to be
affecting the overall results. For WMR this situation occurs for wind
directions 118−129◦ and 255−263◦ (shown in Figure 3.10)
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(a) (b)

Figure 3.11: Special case (a) F07 is not in the wake of another wind turbine, (b) F07 is
in the wake of wind turbines that encounter disturbed conditions

(c) This scenario, while specific to HR2, states that if all the wake-inducing
wind turbines that face undisturbed wind conditions are not operating in
the normal condition, no estimate of ambient wind conditions can be
found. Therefore, the corresponding 10-minute sample from this study is
discarded (Figure 3.12).

Figure 3.12: Special case (c) D05 is in the wake of wind turbines that cant be
considered undisturbed

3.5 Correcting effects of external disturbances

The undisturbed wind speed for the examined wind turbine is calculated based on
measurements from upstream undisturbed wind turbines (see section 3.4). When
there are more than one undisturbed wind turbines the median of their
measurements is calculated to represent the ambient conditions faced by the wind
turbine under investigation. However, the calculated ambient needs to be corrected
since some velocity gradients are found on the scale of the wind farm. It must be
noted that only the wind speed gradients were corrected herein.
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3.5.1 Westermost Rough (WMR)
For WMR wind speed gradients were found in south west direction due to wind flows
from the shore and in the southeastern wind direction due to the wake of the
neighbouring wind farm (Humber Gateway seen on Figure 3.2). Figure 3.13
illustrates the magnitude of the two observed external disturbances experienced at
WMR. Here the wind speed difference between the wind turbines present in row 1
and row 7 are calculated with respect to wind turbine ’A’. Figure 3.10 shows that row
1 wind turbines experience wake free flow from wind direction 90-200 degrees. For
row 7 wind turbines the wake free flow is present for wind directions ranging from
270-20 degrees.

Figure 3.13: Wind speed differences of row 1 and row 7 wind turbines with respect to
the first wind turbine in the row [71]

Even though wind turbine in row 1 face wake flow for the wind direction of 237
degrees, a positive velocity gradient with a maximum increase in wind speed of
0.5m/s with respect to A1 can be determined based on the trend in Figure 3.13. This
increase in wind speed can be either coastal effect or wind farm blockage effect.
However, since no increase in wind speed was recorded for the wind coming from the
sea, the positive velocity gradient around 237 degrees was identified as coastal effect.

The second velocity gradient observed by WMR due to the wake of the neighbouring
wind farm reaches a magnitude of 1.5m/s for the wind speed of 8m/s. Unlike the
coastal gradient this disturbance results in increasing and decreasing wind speeds
centered around the wind direction of 160◦ (relative position of Humber gateway).
The variation in the wind speed gradient can be explained by the position of the
wake experienced by WMR from Humber Gateway. For the wind direction of less
than 150 degrees a positive velocity gradient is seen in Figure 3.13, since A1
experiences low wind speeds as it is in the wake. However, as the wind direction
increases the position of the wake moves to the right side of the wind farm falling on
F1. As a result the velocity gradient becomes negative.

For wind directions where ambient wind speed is based on upstream wind turbines a
correction factor is applied to correct for the velocity gradients. This velocity gradient
correction is based on a formula developed in-house by SGRE for the WMR site. It
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includes both the southwest velocity gradient correction for coastal effects and the
southeast velocity gradient correction for Humber Gateway’s wake.

3.5.2 Horns Rev II

For HR2 one wind speed gradient was found for the wind flow from the southeasterly
wind direction due to the wake of the neighbouring wind farm (Horns Rev 1 seen on
Figure 3.1). In order identify the magnitude of the wind speed gradient, the wind
speed difference was checked for all 4 sides of the wind farm. That is between
column M wind turbines, column A wind turbines, row 1 wind turbines and row7
wind turbines. Figure 3.9 shows the wind directions where each of the column and
rows in HR2 experience wake free flows.

(a) (b)

Figure 3.14: Wind speed difference along the (a) Eastern side of the wind farm
between M1 and A1 (b) Southern side of the wind farm between A7 and A1 [71]

Figure 3.14 shows the wind direction range where significant speed gradients were
detected (100◦ till 160◦). Similar to wind speed gradient observation due to wake flow
on WMR, HR2 also experienced a variation of increasing and decreasing wind speed
gradient with respect to wind direction. The magnitude of wind speed gradient is
observed to reach a maximum of +1m/s for a wind direction of 119 degree at the wind
speed of 8 m/s. That is when the wake of HR1 falls on A1 whereas M1 experiences
free stream flow. As the wind direction increases to 142 degrees the wake of HR1 is
shifted onto M1, as a result the wind speed gradient of -0.5m/s is observed. These
wind speed gradients are also faced by the wind turbine in column A resulting in
wind speed gradient of +1m/s for the wind directional range of 114-119 degrees.

To correct for the identified wind speed gradient in the measurements of upstream
wind turbines (section3.4), a simplified wind farm wake model developed in-house by
SGRE was used. This modeled the wind speed deficit caused by the Horns Rev 1
wind farm as a Gaussian curve with an amplitude and a width calculated from site
characteristics (turbine type and geometric parameters). The wake is assumed to
propagate linearly and affect only the wind speed (and not the turbulence property).
For HR2 coastal wind speed gradients may have been present, however insufficient
evidence were found to build a corrective model.
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3.6 Selection of wind turbine to investigate
After describing the corrected wind speed and filtering the 10-minute data samples,
a number of wind turbines were selected to further analyze. This selection was based
on several criteria that ensured that the available data for the selected turbine was
sufficient and comprehensive. The criteria are as follows:

1. Sufficient number of 10-min samples to obtain statistically meaningful results

2. Stability of the load measurements over the observed time period

3. Consistent measurements between the three blades of the same wind turbine

4. Multiple wake conditions with respect to wind directions (to test the validity of
direct wake or wind farm turbulence as defined by the Frandsen model)

Based on the criteria, the following wind turbines were shortlisted from the
respective wind farms:

1. HR2: The wind turbine selected is D5, whose final data set is 71.4% of the
initial data.

2. WMR: The wind turbine selected is F7, as it is the only wind turbine with
available data. Its data set amounts to 39.5% of the initial data.

Compared to the percentages of available data after filtering (77% for HR2 and 57%
for WMR see section3.3), these data sets are even more reduced. This reduction in
data is due to the additional filtering introduced while estimating undisturbed wind
conditions. As a consequence the resulting wind rose of the filtered data is no longer
representative of the wind rose of the site as shown in Figure 3.15.

(a) (b)

Figure 3.15: Approximated wind rose of the final dataset (a) F07 WMR (b) D5 HR2

The estimated ambient undisturbed wind conditions for the selected wind turbines
were also validated against the meteorological data (measured) collected prior to the
installation of the wind farm. The 90th percentile of the estimated ambient TI
(Figure 3.16 and 3.17 ) was compared to the 90th percentile of the measured ambient
TI per wind speed. For WMR and HR2, the trend of the estimated TI per wind speed
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was consistent with that of the measured data within the range of 5-13m/s. Looking
at the correlation per wind speed, for both wind farms, the estimated ambient TI was
higher (+0.01 for WMR and +0.005 for HR2) than the measured TI at 10m/s,
probably because of the limitation of the wind speed and TI estimator. Moreover, for
HR2, the estimated ambient TI was smaller than the measured TI for 6-9m/s. This
means that when the estimated ambient TI is used as an input in the Frandsen
model, it will result in the same difference in the comparison of TI and loads from
wake flows.

Figure 3.16: Normalized
Representative ambient turbulence
per wind speed for F7 in WMR

Figure 3.17: Normalized
Representative ambient turbulence
per wind speed for D5 in HR2

Lastly the estimated ambient turbulence for each 10min observation was also
compared with the measured turbulence level as seen in Figure 3.18 and 3.19. Some
estimated ambient turbulence values were observed to be higher than the measured
wake effected turbulence. This could be because of no TI dissipation effects being
considered while estimating values of TI based on upstream wind turbines or due to
some flow acceleration around turbines (between the rows) which increases wind
speed and thus reduces TI values (e.g. the effect of D06 in HR2 around 300 degrees).
For F7 in WMR this overestimation in ambient turbulence levels was mainly in the
southwesterly wind direction sectors with coastal winds. Whereas, for D5 in HR2 the
overestimation in ambient turbulence levels was mainly present in winds direction
sectors (225-315 degrees) facing open sea wind. The wind turbine being investigated
experienced wake flow in the identified wind direction sectors. Therefore, to quantify
the turbulence dissipation on the scale of the wind farm the difference of turbulence
between the upstream wind turbine and the wind turbine being investigated were
calculated for below cut-in and above cut-out wind speed. However due to limited
number of observation no significant evidence of the turbulence dissipation was
found to build a correction model.
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Figure 3.18: Difference between the 10min estimated ambient and measured
turbulence intensity for D5 in HR2 at a wind speed of 9m/s

Figure 3.19: Difference between the 10min estimated ambient and measured
turbulence intensity for F7 in WMR at a wind speed of 9m/s
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Chapter 4

Turbulence model validation

The goal of this study is to assess the accuracy of the Standard Frandsen model and
the Modified Frandsen model described in Section 2.2 for estimating wake affected
directional turbulence intensity under specific atmospheric stability conditions. This
chapter initially defines the used atmospheric stability classification, followed by the
comparative study of the directional turbulence intensity at two specific wind farm
locations.

4.1 ABL stability categorization
The ABL stability classification used in this study is based on the Obukhov length,
which can be estimated using the RI methods or Profile methods (see section 2.1.2).
All of these methods require the input of temperature and wind speed readings at
two different altitudes. Since air and sea temperature data were not available for
this study, the required measurements are obtained using hind-casting mesoscale
models. The New European Wind Atlas (NEWA) dataset based on mesoscale
simulations with the Weather, Research and Forecasting (WRF) model at a
resolution of 3 km x 3 km x 30 min is used for this analysis [72]. The purpose of
using the downscaled dataset is to define the atmospheric stability for each of the
10-min observations. Table 4.1 provides a summary of the height of the extracted
wind speed and temperature readings from NEWA. The height of the extracted
NEWA readings was chosen to be closest to the hub height of each wind farm.

Table 4.1: NEWA wind speed and temperature recording height

HR2 (hub height: 68m) WMR (hub height: 105.52m)
NEWA 75m 10m 100m 10m

The Obukhov length used for stability categorization is provided as a calculated
variable in the NEWA dataset. Before the SCADA observations are categorized into
the atmospheric stability classes, the accuracy of the NEWA dataset is checked. This
is done by comparing the measured undisturbed wind speeds at HR2 and WMR with
the wind speed data provided by NEWA. Since the NEWA wind speed readings
represent 30-minute instantaneous values, they are compared to the 30-minute

47



48 4. TURBULENCE MODEL VALIDATION

SCADA observations for the respective time stamp. To obtain the wind speed at hub
height from the NEWA dataset, the power law was used (equation 4.1), using the
maximum recording height as a reference. Here, the wind shear was determined
using the wind speed readings from the two recording heights given in Table 4.1.
Figures 4.1 and 4.2 show a correlation plot with the correlation coefficient for the
wind speed recordings at HR2 and WMR, respectively. For both wind farms, the
scatter in the correlation plot is present because the high-resolution NEWA dataset
(3 km x 3 km) does not capture the small-scale variations and local effects such as
land-sea transitions that well. For both wind farms, the correlation coefficient
represents a strong correlation, as a factor greater than 0.7 indicates highly
correlated values [73].

Uh =Uhre f

(
h

hre f

)α
(4.1)

Where,
h - height
α - wind shear

Figure 4.1: NEWA wind speed
correlation plot for HR2 with SCADA
hub height wind speed for D05 in HR2

Figure 4.2: NEWA wind speed
correlation plot for WMR with SCADA
hub height wind speed for D05 in HR2

To ensure that the data from the SCADA observation and NEWA were synchronized,
a time shift was applied to the NEWA dataset ranging from -2hrs to +2hrs. Then, the
correlation coefficient between the SCADA wind speed observation and the NEWA
dataset with the applied time shift was determined. Figure 4.3a and 4.4a shows that
the correlation coefficient increased to a maximum when a time shift of about 60
minutes was applied to the NEWA dataset. This could be due to a mismatch in the
reference time used: Coordinated Universal Time (UTC) or Western European
Summer Time (WEST). The time signal in NEWA was therefore corrected to match
the time signal in SCADA by applying a one-hour shift. This resulted in an increased
correlation coefficient of 0.72 for HR2 and 0.68 for WMR, as shown in Figure 4.3b
and 4.4b.
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a b

Figure 4.3: (a) HR2 wind speed correlations coefficient vs applied time shift (b) HR2
NEWA wind speed (shifted by 60 min) correlation plot with SCADA hub height wind
speed for D05 in HR2.

a b

Figure 4.4: (a)WMR wind speed correlations coefficient vs applied time shift (b) WMR
NEWA wind speed (shifted by 60 min) correlation plot with SCADA hub height wind
speed for F07 in WMR.

The monthly distribution of available filtered 10-minute SCADA timestamps was
also examined for possible bias. A significant bias in the monthly distribution of
available 10-min timestamps would result in a bias in the atmospheric stability
distribution present in the complete data set. Since there is an increased frequency
of occurrence of unstable conditions during the summer months and stable
conditions during the winter months [67].

Figure 4.5 and 4.6 show the monthly distribution of filtered 10 min SACAD
timestamps for WMR and HR2. WMR shows a slightly increased number of 10min
observations in the month October-December. However, when looking at the winter
months as a whole, this increased number of 10-min observations is balanced by the
relatively lower number of 10-min observations in the months of Jnauray-March. For
HR2, the significantly increased number of available 10-min observations is seen in
May, as this is the only month present two times during the one-year period of
available SCADA measurements. When considering the winter and summer months
for HR2 together, a roughly equal number of available 10-min observations can be
seen. Since there is no significant variation in the seasonal distribution of available
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10-min observations, it is assumed to have no significant effect on the distribution of
atmospheric stability in the available dataset.

Figure 4.5: Monthly distribution of
available 10min time stamps at HR2

Figure 4.6: Monthly distribution of
available 10min time stamps at WMR

4.1.1 Atmospheric stability classification
This section explains how the atmospheric stability classification has been conducted
in order to assess the turbulence models accuracy under different stability
conditions. Previous works as introduced in Section 2.1.2 have used different
thresholds for neutral conditions (e.g. |L|>500 or |L|>1000). To understand the
choice of the stability classification of |L|>500 or |L| >1000 to classify neutral
atmosphere, a comparative study was performed between the empirical relations
defining the wind profile and NEWA data. The variation in mean wind speed ratio
(U2/U1) and mean stability correction function (ψm) for different neutral
atmospheric stability classification criteria ranging between absolute value of
Obukhov length of 500-1000 were investigated. Using Monin Obukhov length
similarity theory in combination with the stability correction functions the wind
profile is calculated as:

u[z2]
u[z1]

=
ln( z2

z0
)−ψm[ z2

L ]+ψm[ z0
L ]

ln( z1
z0

)−ψm[ z1
L ]+ψm[ z0

L ]
≈

ln( z2
z0

)−ψm( z2
L )

ln( z1
z0

)−ψm( z1
L )

(4.2)

The roughness length (z0) for the open sea is estimated to be about 0.0002 m [74],
which is relatively small to the measurement height (z). Therefore, the second
stability correction term, which is a function of the roughness length, is usually
neglected.

Wind Speed Ratio

In Figure 4.7 and 4.8 the wind speed ratios (U2
U1

) for WMR and HR2 as a function of
ζ = z

L are shown. The wind speed ratios that are calculated using the empirical
relations use a constant roughness length(zo) of 0.0002 m [74]. For increasing stable
conditions, the wind speed ratio increases linearly, whereas for increasing unstable
conditions the wind speed ratio decreases exponentially. The wind speed ratios from
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the empirical relations follow a similar trend as the observed wind speed ratios in
the stable atmospheric conditions. However, under unstable atmospheric conditions
the observed wind speed ratio is lower than what is calculated using the empirical
relations. The term ‘observed’ refers to the wind speed ratio calculated using the
NEWA data.

Figure 4.7: WMR wind speed ratio vs
z/L Figure 4.8: HR2 wind speed ratio vs z/L

Figure 4.9: WMR mean wind speed
ratio for each neutral atmospheric
stability class

Figure 4.10: HR2 mean wind speed
ratio for each neutral atmospheric
stability class

In order to see the difference in the atmospheric classification depending on the
threshold used for the classifying neutral samples, the mean of the wind speed ratio
was calculated from a selected range of ζ defined using the Obukhov length. In the
literature the atmosphere is considered neutral when the absolute value of Obukhov
length (|L|) is greater than 500 or 1000 m. The variation of the mean wind speed
ratio for the neutral conditions defined using the Obukhov length can be seen in
Figure 4.9 and 4.10. It can be seen that with decreasing threshold used for the
classifying neutral samples, the difference between the observed and empirically
obtained mean wind speed ratio increases.

Figure 4.11 and 4.12 show how the empirically obtained mean of the wind speed
ratio varies for each Obukhov length based neutral atmospheric stability
classification. With increasing Obukhov length that defines the neutral stability
class, the mean wind speed ratio obtained from the empirical relations deviates
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further from the mean wind speed ratio defined by the neutral logarithmic wind
profile. From these results it can be concluded that when the neutral atmospheric
conditions are defined with |L| > 1000 they are more representative of the neutral
atmosphere. Whereas when |L| > 500 is used, it considers neutral atmospheric
conditions that are slightly unstable or stable.

Figure 4.11: WMR empirically
obtained mean wind speed ratio for
each neutral atmospheric stability class

Figure 4.12: HR2 empirically obtained
mean wind speed ratio for each neutral
atmospheric stability class

Stability correction function

A similar comparative study like the wind speed ratio was performed for the stability
correction function (ψm). The empirical stability correction function is determined
using the equations defined in Table 2.1. The stability correction function is also
calculated from the observed NEWA data set, using Monin Obukhov similarity
theory with a constant roughness length of 0.0002. Figure 4.13 and 4.14 show the
stability correction factor as a function of z

L . For increasing stable atmospheric
conditions, the stability correction factor decreases linearly whereas for increasing
unstable conditions it initially increases until it reaches a constant value of around
two.

Figure 4.13: WMR stability correction
factor vs z/L

Figure 4.14: HR2 stability correction
factor vs z/L
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Figure 4.15: WMR empirically
obtained mean stability correction
factor for each neutral atmospheric
stability class

Figure 4.16: HR2 empirically obtained
stability correction factor for each
neutral atmospheric stability class

Figures 4.15 and 4.16 show the variation of the mean stability correction factor for
neutral conditions defined using the Obukhov length. For completely neutral
conditions at z

L = 0 the stability correction factor is zero since the wind profile follows
the logarithmic law. The mean stability correction factor from the observations
increases for both WMR and HR2 as the Obukhov length defining the neutral
atmosphere is decreased from 1000 to 500. Here, the magnitude of the mean
stability correction factor and its variation with increasing Obukhov length, which
defines the neutral conditions, depends on the assumed roughness length and the
gradient of the stability correction factor for the neutral conditions, as shown in
Figure 4.13 and 4.14.

Figure 4.17: WMR empirically
obtained mean stability correction
factor for each neutral atmospheric
stability class

Figure 4.18: HR2 empirically obtained
mean stability correction factor for each
neutral atmospheric stability class

Figure 4.17 and 4.18 show a similar variation in the mean stability factor obtained
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from the empirical relation. This variation in the mean neutral stability correction
factor suggests that |L| > 1000 is a better classification for identifying neutral
atmospheric conditions compared to |L| > 500. As the Obukhov length is inversely
proportional to ζ, decreasing the Obukhov length defining neutral conditions from
1000 to 500 increases the bin range of ζ to be considered, leading to the consideration
of neutral conditions that may be slightly stable or unstable.

Selected atmospheric stability classification

On the basis of the comparative study between the empirical relations defining the
wind profile and NEWA data it can be conclude that a neutral atmosphere stability
classification of |L|>1000 ensures that only neutral conditions are considered.
However, when a neutral atmosphere stability classification of |L|>500 is used, it
also considered neutral conditions that are slightly stable and unstable. Based on
this understanding the atmospheric stability classes can be defined as:

Table 4.2: Proposed range of stability classes based on Obukhov length

HR2 WMR
Unstable −500< L < 0 −500< L < 0

Neutral- slightly unstable −1000< L <−500 −1000< L <−500
Neutral |L| > 1000 |L| > 1000

Neutral- slightly stable 500< L < 1000 500< L < 1000
Stable 75< L < 500 100< L < 500

However, to ensure that each class has sufficient number of 10-min observations the
proposed five-stage stability classes are merged to obtain a three-stage stability
classification (Table 4.3). Even though the data-set for HR2 and WMR might seem
large, that won’t be the case when binning is performed per wind speed, direction
and atmospheric stability. In order to avoid contamination of the large scatter found
at the high ends of the scale with the "very unstable" class, the unstable regime is
limited to ζ > −2. An additional bound is added at ζ < 1 for the stable regime to
exclude data with shallow boundary layer height.

Table 4.3: Finalized atmospheric stability classification based on Obukhov length used
in this study

HR2 WMR
Unstable −500< L <−37.5 −500< L <−50
Neutral |L| > 500 |L| > 500
Stable 75< L < 500 100< L < 500

The figures below show the atmospheric stability distribution per wind speed for HR2
and WMR, using the stability classifications defined above in Table 4.3. For both
wind farms an increase in the number of observed neutral conditions is seen with
increasing wind speeds. This observation is in line with the results of variation of
atmospheric stability with respect to wind speed obtained for HR and OWEZ in an
independent study [67].
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Figure 4.19: WMR atmospheric
stability classes per wind speed level

Figure 4.20: HR2 atmospheric stability
classes per wind speed level
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4.2 Turbulence model validation

The validation of the previously introduced turbulence models was performed by
comparing the measured and modelled representative (90th percentile) turbulence
intensities across a 10-degree sector. The sectors width and alignment were chosen
so that the wakes are perfectly aligned with the centre of the sectors. The modelled
turbulence intensity is computed with the Standard Frandsen and modified
Frandsen models using sectorial representative ambient turbulence intensity as the
reference turbulence intensity (input into the model).

This analysis is performed for wind turbine F07 in WMR and D5 in HR2 at the
free-stream wind speed of 9m/s. The value of 9m/s was chosen due to the high
number of 10-min samples (Figure 4.21 and 4.22) and the significant presence of
wake effects at this wind speed level due to the higher thrust coefficient. Following
this line of thought and in order to expand the number of samples analysed, the data
set was extended to the wind speed level of 7 to 9 m/s. This was done to ensure
sufficient number of 10min observations in all the wind direction sectors for each
atmospheric stability condition. As shown in Figure 3.16 3.17, these wind speed
levels were selected because the variation between the representative turbulence is
not significant.

Figure 4.21: Number of 10min
observation per wind speed for F7 in
WMR

Figure 4.22: Number of 10min
observation per wind speed for D5 in
HR2

The selected wind turbines experience a variety of wake situations, as the distance to
the upstream wind turbine strongly varies with the wind direction. Figure 4.23 and
4.24 show the layout of the upstream wind turbine with respect to the turbine being
investigated in WMR and HR2. Since F07 in WMR is located at the northern edge of
the wind farm, it only experiences wake flow from upstream wind turbines
(determined by view angle), when the wind is coming from a range of southeastern
till southwestern directions. In contrast D05 in HR2 experiences wake from all wind
directions, with up to 8 rows of upstream wind turbines in the northern direction.
This allows for testing the validity of the wind farm turbulence proposed by the
Standard Frandsen model as case 2 (see section 2.2) for HR2.
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Figure 4.23: Normalized distance to
upstream wind turbine (in terms of
rotor diameter) with respect to the wind
direction for F07 in WMR

Figure 4.24: Normalized distance to
upstream wind turbine (in terms of
rotor diameter) with respect to the wind
direction for D07 in HR2

For the implementation of the Standard Frandsen model it is initially determined
which of the three defined cases are to be used for each wind direction sector. It is to
be noted that for both the wind farms with reference to the wind turbine being
investigated, the spacing in the rows perpendicular to the predominant western
wind direction is greater than 3D. Therefore, for sectors that do not experience direct
wake, the number of upstream wind turbines needs to be determined. Figure 4.25
and 4.26 show which of the three conditions in the Standard Frandsen model are
used for determining directional turbulence intensity. As seen in Figure 4.25, F07 in
WMR experiences a combination of freestream and direct turbulence for wind flow
from 135-245 degrees. The direct turbulence faced by F07 is as a result of the wake
from F06, E06 and E07, as they are located at a distance less than 10 D. Since the
amount of upstream wind turbines relative to F07 is less than 5 it doesn’t experience
wind farm turbulence. On the contrary, D5 in HR2 does experience wind farm
turbulence for wind flow from 20-50 degrees, with a combination of direct and
freestream turbulence for the remaining wind directions. The direct turbulence faced
by D5 is a result of the wake from upstream wind turbines E05, D04, C05 and D06.

Figure 4.25: Standard Franden model
identification of the case for directional
turbulence intensity estimation and the
count upstream wind turbines for F7 in
WMR

Figure 4.26: Standard Franden model
identification of the case for directional
turbulence intensity estimation and the
count upstream wind turbines for D5 in
HR2
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4.2.1 Directional turbulence validation for a specific wind
speed

WMR and HR2 experience coastal and open sea winds for different wind directions.
F07 in WMR experiences open sea winds for the north eastern wind direction. By
contrast, D5 in HR2 experiences open sea winds for the wind flow from the West.
Figure 4.27 and 4.28 shows the binned representative and mean ambient turbulence
intensity faced by F07(WMR) and D5(HR2) for a wind speed of 9m/s.

Figure 4.27: Binned 90th percentile of the ambient turbulence intensity for F07 in
WMR at the wind speed of 9 m/s

Figure 4.28: Binned 90th percentile of the ambient turbulence intensity for D05 in
HR2 at the wind speed of 9 m/s

For WMR a higher ambient turbulence intensity level are seen in the Northeastern
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wind direction, compared to the relatively lower representative ambient turbulence
intensity in Southwestern wind direction. A significant drop in ambient turbulence
in noted for wind flow from 85-125 degrees and 135-155 degrees, which can be
attributed to lower offshore ambient turbulence intensity or a low number of
recorded observations. For HR2 a decrease in the representative ambient turbulence
intensity is observed for the wind direction ranging from 90-180 degrees, with an
exception for wind direction from 140-160 degrees. This observed increase in
ambient turbulence intensity is because HR2 is in the wake of HR1.

Figure 4.29: Representative directional turbulence intensity estimation from the
Standard Frandsen and Modified Frandsen model for F07 in WMR at a wind speed
of 9 m/s.

Figure 4.30: Representative directional turbulence intensity estimation from the
Standard Frandsen and Modified Frandsen model for D05 in HR2 at a wind speed of
9 m/s.

The representative ambient turbulence intensity shown in Figure 4.27 and 4.28 is
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used as an input in the turbulence models for calculating wake affected directional
turbulence intensity. The Modified Frandsen model initially computes directional
turbulence intensity per degree assuming a constant representative ambient
turbulence intensity within each sector. Since the Modified Frandsen model assumes
a bell-shaped added wake turbulence, a smooth variation can be seen in the
per-degree-output from the model in Figure 4.29 and 4.30. On the contrary, across
the sector Standard Frandsen model considers a constant added turbulence
intensity, which compared to the Modified Frandsen model is the maximum of the
bell shaped added wake turbulence. Since the modelled directional turbulence
intensity is compared with the binned measured turbulence intensity, the
per-degree-output from the Modified Frandsen model is averaged over each sector.
The peaks in the modelled directional turbulence intensity correspond with the
positioning of the nearest neighboring wind turbines shown by the grey dots. For
WMR the Standard Frandsen modelled directional turbulence intensity represented
by the dashed orange line only considers wake from F06, E06 and E07 (Figure 4.29).
For HR2 the Standard Frandsen model considers added direct wake turbulence from
E05, D04, C05 and D06 along with added wind farm turbulence for wind directions
of 20-50 degrees. Figure 4.29 and 4.30 shows that, unlike the Standard Frandsen
model, the Modified Frandsen modelled directional turbulence intensity in both wind
farms also considers increased turbulence due to wake from upstream turbines
positioned greater than 10D. For example for sectors 140-180 degrees for D5 in HR2
and 155-185 degrees for F07 in WMR, we can see that all wind turbines are
positioned at a distance greater than 10D. The Standard Frandsen Model does not
capture the peaks, while the Modified Frandsen model does.

Figure 4.31: F07 in WMR: Comparison of the binned representative turbulence
intensities from the Standard Frandsen and Modified Frandsen model with measured
turbulence intensity

Figure 4.31 and 4.32 shows the measured directional turbulence intensity in
comparison with the modelled results from the turbulence models. The Modified
Frandsen modelled directional turbulence intensity is rather well reproduced in
terms of shape for both the wind farms. For WMR the Modified Frandsen model
consistently underestimates turbulence intensity across all wind directions. Where
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as the Standard Frandsen model provides a better prediction of turbulence intensity
in wind direction sector facing direct wake turbulence. The Standard Frandsen
modelled directional turbulence intensity results for the wind direction of 135-155 in
WMR show a better prediction of the turbulence intensity with respect to the
observation, however due to lower number of observations within this sector no
conclusion on the performance of the turbulence model can be made.

Figure 4.32: D05 in HR2: Comparison of the binned representative turbulence
intensities from the Standard Frandsen and Modified Frandsen model with measured
turbulence intensity

For HR2 the Standard Frandsen model, overestimates the direct wake turbulence
intensity from D04 and D06. For direct wake flow from C05 located at a distance of
approximately ten rotor diameters, the Standard Frandsen model gives a better
prediction of turbulence intensity with respect to the observations. In the wind
direction range where added wind farm turbulence intensity was considered the
Standard Frandsen model initially over-predicts for the wind direction sector at 20
degree, followed by an underestimation of directional turbulence intensity. The
Modified Frandsen model shows a better correlation with representative directional
turbulence intensity for the direct wake sectors in HR2, however underestimating
turbulence intensity in the wind directions with upstream turbines positioned
greater than 10D.

Based on the comparative study of the wake added directional turbulence intensity
in WMR and HR2, it can be concluded that for wind directions exposed to far wake
turbulence, both turbulence models underestimate the turbulence intensity
compared to the observations. However, the Modified Frandsen model provides a
much better estimate of turbulence intensity compared to the Standard Frandsen
model, which does not account for additional turbulence. However, for wind
directions with direct wake turbulence, the Standard Frandsen model provides a
better prediction of the turbulence intensity with respect to the observations
compared to the Modified Frandsen model. It should be noted that the accuracy of
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the predicted turbulence intensity from both turbulence models varies between the
wind farms considered.

Figure 4.33: Relative atmospheric
stability distribution in each wind
direction sector observed in WMR for a
wind speed of 9m/s

Figure 4.34: Relative atmospheric
stability distribution in each wind
direction sector observed in HR2 for a
wind speed of 9m/s

This varying performance of the Modified and Standard Frandsen model in both the
wind farms for each wind direction can be explained by the atmospheric stability
conditions being represented in the measured data. It is to be noted that in each
sector different proportion of atmospheric stability conditions are found. The relative
percentage of atmospheric stability conditions present in each of the defined wind
sectors are shown in Figure 4.33 and 4.34. It is seen that the selected data for both
the wind farms is mainly stable or unstable with a relatively smaller proportion of
neutral conditions.

Figure 4.35: Relative atmospheric
stability distribution in 90th percentile
of turbulence data in each wind
direction sector for WMR at a wind
speed of 9m/s

Figure 4.36: Relative atmospheric
stability distribution in 90th percentile
of turbulence data in each wind
direction sector for HR2 at a wind speed
of 9m/s

Since the comparative study is performed for the representative turbulence
intensities the atmospheric stability distribution in the 90th percentile of the data,
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that is in the upper 10th percentile of available data in each wind sector is more
representative of the measured and modelled turbulence intensity as seen in Figure
4.31 and 4.32. The relative percentage of atmospheric stability conditions present in
the 90th percentile of data in each of the defined wind sectors in WMR and HR2 is
shown in Figure 4.35 and 4.36. After correlating the atmospheric stability
distribution in the 90th percentile of the measured data with the modelled results of
turbulence intensity in each wind direction sectors, the better performance of the
Modified Frandsen model in the direct wake sectors in HR2 can be explained. The
90th percentile of the measured data in the direct wake sectors in HR2 represent
completely unstable conditions. This observation indicates that the Modified
Frandsen model could be better at estimating directional turbulence under unstable
conditions.

4.2.2 Turbulence models performance with respect to
atmospheric stability conditions

In order to fully understand the performance of the turbulence models with varying
atmospheric stability the measured and ambient turbulence data for the wind speed
range of 7-9m/s are categorized into stable, neutral and unstable atmospheric
stability conditions. Here, the considered wind speed range was extended to be able
to have more measurement data. The relative percentage distribution of the
atmospheric stability for each wind direction sector in WMR and HR2 for the
selected wind speed range is presented in Figure 4.37 and 4.38. The overall variation
in the stability conditions with respect to wind direction is very similar to what was
observed with the data in the wind speed bin of 9m/s. However, an increase in the
relative percentage of neutral conditions in each wind direction bin can be seen.

Figure 4.37: Relative atmospheric
stability distribution in each wind
direction sector observed in WMR for a
wind speed of 7-9m/s

Figure 4.38: Relative atmospheric
stability distribution in each wind
direction sector observed in HR2 for a
wind speed of 7-9m/s

Figure 4.39 and 4.40 show the mean ambient turbulence intensity for each
atmospheric stability per wind speed. In both wind farms, highest mean ambient
turbulence intensity levels for the wind speed range of 7-9 m/s are observed under
unstable conditions followed by neutral and then stable conditions representing
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lowest ambient turbulence levels.

Figure 4.39: Mean ambient turbulence
intensity for each atmospheric stability
per wind speed for F07 in WMR

Figure 4.40: Mean ambient turbulence
intensity for each atmospheric stability
per wind speed for D05 in HR2

Figure 4.41 and 4.42 show the sector binned representative ambient turbulence
under each stability condition for F07 in WMR and D05 in HR2. For WMR that is
positioned relatively closer to the coast than HR2, the ambient turbulence intensity
in each stability conditions are more or less the same for coastal wind directions
ranging from 175-290 degrees. This observation can be as a result of coastal wind
being dominated by the land effects such as roughness length and land-sea
temperature variations. In contract to the observation for coastal wind directions,
the ambient turbulence intensity under unstable conditions for the Easterly wind
directions for F07 in WMR, is seen to be significantly higher than the turbulence
under stable or neutral stability conditions.

Figure 4.41: Binned representative ambient turbulence under each stability condition
for F07 in WMR

For D05 in HR2 for the coastal wind directions a significant increase in stable
ambient turbulence intensity is seen for wind directions ranging from 50-60 degrees
that is mainly due to lower number of stable observations in this wind direction as
seen in Figure 4.38. In addition an increase in unstable and stable ambient
turbulence intensity is seen for wind directions from 110-160 degrees that can be as
a result of wind being dominated by land effect in combination with additional
turbulence from the wake of neighbouring wind farm HR. Lastly, for the open sea
wind direction of 280-320 degrees an increase in neutral atmospheric turbulence
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intensity is seen in Figure 4.42, that can be could be attributed to the increased
offshore ambient turbulence intensity and higher number of neutral atmospheric
stability distribution compared to the number of stable atmospheric stability
distribution as seen in Figure 4.38.

Figure 4.42: Binned representative ambient turbulence under each stability condition
for D05 in HR2

This categorized representative ambient turbulence is used as an input into the
turbulence models for estimating directional turbulence. Following this, the
performance of the turbulence models is assessed by comparing:

1. Measured and modelled added turbulence intensity for each of the three
atmospheric stability conditions.

2. Measured and modelled directional turbulence intensity with respect to ζ

defining the degree of stability.

The purpose of this analysis is to understand the relationship between atmospheric
stability and the performance of the turbulence model in predicting the 90th

percentile of directional turbulence intensity. Therefore, the comparative studies
focused only on wind direction sectors with a sufficient number of observations and
all stability conditions present in the 90th percentile of the observed data (see Figure
4.43 and 4.44).

Figure 4.43: Relative atmospheric
stability distribution in 90th percentile
of turbulence data in each wind
direction sector in WMR for a wind
speed range of 7-9m/s

Figure 4.44: Relative atmospheric
stability distribution in 90th percentile
of turbulence data in each wind
direction sector in HR2 for a wind speed
range of 7-9m/s
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Added turbulence intensity comparison

Added turbulence intensities is calculated with reference to the representative
ambient turbulence intensity levels:

Iadd =
√

I2
dir − I2

amb (4.3)

The added turbulence represents the effects of the wind farm on the directional
turbulence levels, independently of the variations caused by the changing ambient
turbulence intensities. Figure 4.45 and 4.46 shows the calculated added turbulence
intensity from the turbulence models at WMR and HR2. The turbulence models do
not differentiate between each atmospheric stability as the added turbulence levels
are similar for each stability conditions. Minor variations in the estimated added
turbulence levels for each atmospheric stability from the Modified Frandsen model
are observed. This variation is related to the term alpha (α - see equation 2.20) in
the Modified Frandsen model, which is defined as a function of the representative
ambient turbulence intensity. This results in a slightly lower added turbulence for
stability conditions with lowest ambient turbulence intensity level in the
investigated wind direction sector.

Figure 4.45: Added turbulence intensity calculated from the turbulence models for F07
in WMR for a wind speed range of 7-9m/s

Figure 4.46: Added turbulence intensity calculated from the turbulence models for D05
in HR2 for a wind speed range of 7-9m/s

The added turbulence intensity from the turbulence models is seen to vary in
magnitude with respect to the distance of the nearest wake inducing upstream wind
turbine. The variation in magnitude of added turbulence with respect to upstream
wind turbine distance was also observed in the measured results as seen in Figure
4.47 and 4.48. In addition, the measured results also presented a difference in the
added turbulence levels for each atmospheric stability conditions. It is to be noted

CONFIDENTIAL



4.2. TURBULENCE MODEL VALIDATION 67

that zero added turbulence within the wake flow of upstream wind turbine, as seen
in Figure 4.47 and 4.48, is seen for sectors where the representative ambient
turbulence was higher than what was measured. Therefore, the results from these
wind direction sectors were disregarded from further analysis.

For F07 in WMR the added turbulence was recorded to be highest under stable
conditions for direct wake situation from F6 and E7. The results for D5 in HR2 also
showed maximum added turbulence under stable condition for direct wake from D6
(270-280 sector). However, this observation is not consistent for the wake flow from
E5, D4 and C5.

To compare the modelled and measured added turbulence intensity, their
dependence with respect to the atmospheric stability and the distance to the
upstream wake-inducing wind turbine is investigated. In the case where several
wind direction sectors have a common distance to the upstream wake inducing wind
turbine, the maximum value of the added turbulence intensity for each atmospheric
stability is chosen to be most representative of that distance of the upstream wind
turbine.

Figure 4.47: Added turbulence intensity calculated from the binned measured
directional turbulence for F7 in WMR for a wind speed range of 7-9m/s

Figure 4.48: Added turbulence intensity calculated from the binned measured
directional turbulence for D5 in HR2 for a wind speed range of 7-9m/s

For F07 in WMR this analysis showed consistent under-prediction of the added
turbulence using the Modified and Standard Frandsen model (Figure 4.49). This
under-prediction of the absolute value of added turbulence was seen to be greater for
the distance of upstream wind turbine greater than 10D (far wake) in comparison
with the distance of upstream wind turbine less than 10D (direct wake).
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Figure 4.49: Added turbulence intensity calculated from the turbulence models and
measured data-set for varying normalized distance of upstream wind turbines in WMR

For direct wake situation the under-prediction in the added turbulence was highest
with respect to stable atmospheric conditions with an absolute difference of 0.0387
and lowest for unstable atmospheric condition due to lower added turbulence
intensity with an absolute difference of 0.0204 as shown in Table 4.4. For far wake
situation non significant difference was seen (Figure 4.49) in the under-prediction of
added turbulence intensity for each atmospheric stability conditions. This
observation is confirmed by the mean absolute difference between measured and
Modified Frandsen model estimated added turbulence intensity (see Table 4.4),
showing similar values with the relatively low under prediction of added turbulence
for unstable conditions. The lower under-prediction of added turbulence intensity for
unstable atmospheric conditions can be explained by increased mixing in the
atmosphere due to the movement of the air parcels that resulting in increased wake
recovery.

Table 4.4: Mean absolute difference between measured and Modified Frandsen model
estimated added turbulence and directional turbulence intensity for F07 in WMR

Mean absolute difference between measured and Modified Frandsen modelled Stable Neutral Unstable

Direct wake (upstream turbine <10D)
Added TI 0.0387 0.0288 0.0204
Direction TI 0.0296 0.0237 0.0169

Far wake (upstream turbine >10D)
Added TI 0.0372 0.0378 0.0326
Direction TI 0.0286 0.0255 0.0204

Figure 4.50 shows how these under-prediction of the added turbulence intensity
translate in the comparison of directional turbulence intensity for each atmospheric
stability condition with respect to distance of upstream wake inducing wind turbine.
Here, in line with the observations from the comparative study of added turbulence
intensity, both the turbulence models show an under-prediction of directional
turbulence intensity. However, it is to be noted that the magnitude of the mean
absolute difference between measured and Modified Frandsen model estimated
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directional turbulence intensity is lower than the absolute difference of added
turbulence intensity. Here, the lowest absolute difference of directional turbulence
intensity is seen for unstable conditions, that is a result of low absolute difference of
added turbulence intensity and high ambient turbulence levels.

Figure 4.50: Directional turbulence intensity comparison for each atmospheric
stability condition with respect to normalized distance of upstream wake inducing wind
turbine in WMR

Figure 4.51: Added turbulence intensity calculated from the turbulence models and
measured data-set for varying normalized distance of upstream wind turbines in HR2
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For HR2 the results of this analysis are presented in Figure 4.51 and 4.53. Figure
4.51 shows the variation of the added turbulence intensity with increasing distance
of upstream wind turbines excluding wind direction sector 20-50 degrees that are
identified as facing wind farm turbulence by the Standard Frandsen model. For D5
in HR2 the Standard Frandsen model estimated added TI for distance of upstream
wind turbines less than 10D is seen to provide a better estimation than Modified
Frandsen model. The Standard Frandsen model estimated added turbulence is in
line with the added turbulence calculated from measured data under stable
atmospheric conditions. The modified Frandsen model consistently under-predicts
added turbulence intensity except for neutral conditions when the upstream wind
turbine is located at a distance of less than 7D. This under-prediction of the absolute
value of added turbulence from the Modified Frandsen model was seen to be greater
for far wake situations in comparison to direct wake situations as seen in Table 4.5.
For far wake situations in HR2 similar observations as WMR can be made, since for
both the wind farms the lowest absolute difference of added turbulence was seen for
unstable conditions.

Table 4.5: Mean absolute difference between measured and Modified Frandsen model
estimated added turbulence and directional turbulence intensity for D05 in HR2

Mean absolute difference between measured and Modified Frandsen modelled Stable Neutral Unstable

Direct wake (upstream turbine <10D)
Added TI 0.0057 0.0243 0.0083
Direction TI 0.0057 0.0242 0.0059

Far wake (upstream turbine >10D)
Added TI 0.0361 0.0364 0.0351
Direction TI 0.0289 0.0208 0.0181

Figure 4.52: Directional turbulence intensity comparison for each atmospheric
stability condition with respect to normalized distance of upstream wake inducing wind
turbine in HR2

Figure 4.52 shows how the difference in the prediction of added turbulence intensity
with respect to each atmospheric stability reflect into the comparison of directional
turbulence intensity. Here, both the turbulence models show similar performance in
estimating directional turbulence intensity as observed from the comparative study
of added turbulence intensity at D05 in HR2. However it is to be noted that the
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magnitude of the under-prediction of directional turbulence intensity, is significantly
lower in comparison with the under-prediction of added turbulence intensity for
unstable conditions in both far wake and direct wake situations(see 4.5). This drop
in the under-prediction of directional TI and added TI can be explained by the higher
ambient turbulence intensity levels for unstable conditions.

Figure 4.53: Comparison of measured and modelled wind farm added turbulence
intensity for D05 in HR2 from wind direction sectors of 20-50 degrees with respect to
normalized distance of upstream wake inducing wind turbine.

For the wind direction sectors (20-50 degrees) facing wind farm turbulence as
identified by the Standard Frandsen model, both the considered turbulence model
show an under-prediction of added turbulence intensity (Figure 4.53). However the
Standard Frandsen model estimated added turbulence is relatively closer to the
measurement based added turbulence. It is to be noted that there are only unstable
conditions present in the 90th percentile of observed data in the wind direction
sectors facing wind farm turbulence. The limitation of the data set makes it difficult
to extract conclusions.
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Directional turbulence intensity comparison

The comparative study of directional turbulence intensity is performed separately
for the ranges of wind direction sectors facing a similar case as identified by the
Standard Frandsen model. This comparison is performed with respect to varying
degree of stability defined by ζ = z/L. The compared directional turbulence intensity
values are the 90th percentile of the 10 min data readings in a bin width of 0.2. It
should be noted that the results shared in the Figures below labeled as modelled TI,
refer to the directional TI calculated from the Modified Frandsen model.

Figure 4.54: WMR directional
turbulence intensity with respect
to z/L for wind direction with distance
of upstream wake inducing wind
turbines less than 10D

Figure 4.55: HR2 directional
turbulence intensity with respect
to z/L for wind direction with distance
of upstream wake inducing wind
turbines less than 10D

Figure 4.54 and 4.55 show the modelled and measured directional turbulence
intensity for wind directions where the upstream wind turbines are positioned at
less than 10 diameters away. For both WMR and HR2 under unstable conditions the
modified and standard Frandsen model, estimate directional turbulence intensity
around the measured value. However, under neutral and stable conditions different
observations are made for both the wind farms. For WMR under neutral and stable
conditions the standard and modified model underestimate the direction turbulence
intensity. For HR2 under neutral and stable conditions the standard Frandsen model
overestimate the directional turbulence intensity whereas the modified Frandsen
provide a better prediction of turbulence intensity with respect to the observation.

Figure 4.56 and 4.57 show the modelled and measured directional turbulence
intensity for wind directions where less than 5 upstream wind turbines are
positioned more than 10 diameters away. For both WMR and HR2 an
underestimation of the directional turbulence intensity is seen for all the
atmospheric stability conditions. The directional turbulence intensity calculated by
the Standard Frandsen model represents the ambient turbulence intensity as the it
does not consider wake effects in the selected wind directions sectors. Here, for far
wake situations the Modified Frandsen model provides better results of directional
turbulence intensity for all stability conditions in comparison to Standard Frandsen
model.
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Figure 4.56: WMR directional
turbulence intensity with respect
to z/L for wind direction with distance
of upstream wake inducing wind
turbines greater than 10D

Figure 4.57: HR2 directional
turbulence intensity with respect
to z/L for wind direction with distance
of upstream wake inducing wind
turbines greater than 10D

Figure 4.58 shows the results of the comparative study of the directional turbulence
intensity in the wind direction sectors (20-50 degrees) identified as facing wind farm
turbulence as per the Standard Frandsen model. Overall Standard Frandsen model
in comparison with modified Frandsen model is seen to provide a better estimate of
measured directional turbulence intensity for all stability conditions. The modified
Frandsen model consistently underestimates the directional turbulence intensity in
all stability conditions. The Standard Frandsen model is seen to underestimated
directional turbulence intensity under unstable and neutral condition, while
providing a better prediction of TI with respect to the observations under stable
conditions.

Figure 4.58: HR2 directional turbulence intensity with respect to z/L for wind direction
face wind farm turbulence (20-50 degrees)

With limited number of measured TI values in each bin of z/L no definite conclusion
can be drawn regarding the performance of the turbulence model from this
comparative study. However, it is to be noted that most of the observation are in line
with the observations made during the added turbulence intensity comparative
analysis.
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Chapter 5

Conclusion and
Recommendations

Wind turbines in a wind farm are subjected to increased fatigue loads due to a
proportional increase in turbulence in the wake of upstream wind turbines. In order
to obtain an estimate of the increased fatigue loads for design purposes, Frandsen
proposed a semi-empirical model to estimate the increased turbulence in the wake of
upstream wind turbines as early as 1999 [3]. However, with the increasing size of
wind turbines and wind farms, the accuracy of Frandsen’s model became
questionable. Therefore, this research focused on determining the accuracy of the
Frandsen model for estimating directional turbulence intensity using measured data
from two offshore wind farms: Westermost Rough and Horns Rev 2. In this chapter,
conclusions based on the turbulence model validation study conducted in Chapter 4
are presented in relation to the research objectives (see Chapter 1).
Recommendations for further research are also provided based on the conclusions.

5.1 Conclusion
The conclusions presented in this chapter answer the research question and
objectives defined at the beginning of this project:

Is the Frandsen model accurate for estimating of turbulence intensity inside a wind
farm under specific atmospheric stability conditions in a large offshore wind farm?

To answer this research question, a comparative analysis of the modelled and
measured sectoral directional turbulence intensity for each atmospheric stability
condition was performed. Based on this analysis, an objective answer to the main
research question would be:

"The atmospheric stability distribution and the distance of upstream wake inducing
wind turbine at the offshore site plays a considerable role in the accuracy of the
estimated turbulence intensity from the Frandsen model. The Standard and
Modified Frandsen model estimated directional turbulence intensity is not accurate
for all atmospheric stability conditions. Both the turbulence models result in an
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underestimation of turbulence intensity that is not preferred from a design point of
view. The directional turbulence intensity estimation from the turbulence models
was noted to be closest to the measured data under unstable conditions. This fact
can be attributed to the presence of significant number of unstable conditions
present in the offshore wind farms, that would have been used to design the
semi-empirical Frandsen model."

Overall, based on the comparative study between measured and modeled directional
turbulence intensity experienced at WMR and HR2, the following observations can
be made regarding the performance of the turbulence models:

Modified Frandsen model:

• The directional turbulence intensity is consistently underpredicted for each
atmospheric stability condition.

• The underprediction of directional turbulence increases with increasing
distance from the upstream wake inducing wind turbine.

• It is found that the model performs relatively better than the standard
Frandsen model for upstream wind turbines located at a distance greater than
10 diameters.

Standard Frandsen model:

• Similar to the Modified Frandsen model, the directional turbulence intensity is
underpredicted for each atmospheric stability condition at WMR. However, a
slight overprediction was found for stable conditions in HR2 for wind directions
influenced by direct wake. This overprediction can be attributed to the
significantly lower number of observed stable conditions and the different
locations of the wind farm with a greater distance from the coast for HR2
compared to WMR.

• It shows relatively better performance than the modified Frandsen model for
upstream wind turbines located less than 10D apart and for wind direction
sectors identified as facing the wind farm turbulence.

• It fails to account for the added turbulence in wind direction sectors with fewer
than five rows of upstream wind turbines located at a distance greater than 10
diameters.

It should be noted that there are several limitations associated with the obtained
results:

1. Imperfect estimation of the values of turbulence intensity, wind speed and wind
direction for free flow. These values are assumed to be constant over the scale
of the wind farm.

2. The measured turbulence intensity is a function of the reduced wind speed in
the wake of the upstream wind turbine. However, the modelled turbulence
intensity is assumed to be a function of the wind speed in the free flow,
resulting in increased turbulence intensity values.

3. Limited observational data for each atmospheric stability in each wind direction
sector.
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5.2 Recommendations
During this study, there were some limitations in terms of available data and some
further assumptions were made considering the time frame of the project. Therefore,
in order to confirm the findings obtained regarding the performance of the Frandsen
model and to continue the research, some recommendations for further work can be
made:

1. Analyse the accuracy of the Frandsen model for several large offshore wind
farms with different atmospheric stability distributions to obtain clear
conclusions. Applying this analysis to multiple sites would not only confirm the
conclusion drawn from this study, but also increase the chance of identifying a
trend in the accuracy of the estimated turbulence intensity.

2. Conduct the study in a wind farm with meteorological measurements of free
wind flow at several heights from different locations in the wind farm.
Consideration of meteorological measurements of free flow would remove
uncertainty in the estimation of free flow conditions. These meteorological
measurements could be from a met mast, SODAR or LIDAR.

3. Develop the external disturbance correction model for free wind flow, separately
for each atmospheric stability. Since the wind speed and turbulence gradient
present at the scale of the wind farm may be different for each atmospheric
stability.

4. Perform a fatigue load analysis using the modelled turbulence intensity levels
for each atmospheric stability. This analysis would provide information on how
the difference between measured and modelled turbulence intensity levels is
reflected in the fatigue load.

5. Develop a wake turbulence model that accounts for the effects of atmospheric
stability distribution on the design site as it is concluded from this study affects
the level of estimated turbulence.
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