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Abstract

In the light of the growing world-wide wind energy production, the optimization of wind
farms has become an increasingly important field of research. Herein, the aerodynamic
interactions between the single turbines through their wakes play a key role. The wake flow
is characterized by lower velocities and increased levels of turbulence, causing power losses
and fatigue loads on downstream turbines. Several different wind farm control concepts
have been proposed, which are all based on the concept of reducing an upstream turbine’s
power extraction for the benefit of additional power available for a downstream turbine. In
this experimental wind tunnel study the most promising three concepts are investigated on
a setup of two or three model-scale wind turbines. Additionally, two model-scale reference
experiments for computational simulation tools for wake and airfoil flow are presented.
A comparison of intentional control of the upstream turbine’s tip speed ratio, blade pitch
angle and yaw angle demonstrated the highest potential for overall power gains through
yaw angle control. The wake flow behind a yawed turbine formed a curled shape at larger
downstream distances and was observed to be slightly asymmetrical with respect to the
upstream turbine yaw angle. However, the power surplus was observed to be penalized
by increased yaw moments on both upstream and an aligned downstream turbine. For
situations in which the turbines are laterally offset, an intentional yaw misalignment could
steer the wake away from a downstream rotor, causing smaller loads and higher power.
Moreover, it was demonstrated that a mitigation of yaw moments on the downstream rotor
operated in a partial wake could be achieved by opposed yawing of the downstream rotor
at a simultaneous increase of its power. For setups of tight inter-turbine spacing and full
wake impingement tip speed ratio and pitch angle control might be applied for a reduction
of upstream turbine thrust loads at an almost constant combined wind farm power. For
higher turbine separation than z/D > 3, however, the additional kinetic energy added to
the wake flow by tip speed ratio or pitch angle control was observed to diffuse into the
freestream and could not be recovered by a downstream turbine anymore.

A comparison of external wake flow predictions by different computational models with
experimental reference data confirmed the supremacy of Large Eddy Simulations combined
with an Actuator Line rotor model as well as hybrid Detached Eddy Simulations in this
field. Both modeling approaches mastered the challenges of a sheared inflow (blind test 4)
and the complex interaction of a partial wake inflow to a downstream turbine (blind test
5) distinctively.
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Introduction

1 Background

1.1 Developments in wind energy

We are confronted with a steadily increasing energy consumption around the world. Ac-
cording to the International Energy Agency (IEA), the global energy demand will grow
by 30% by 2040 [38]. At the same time global carbon dioxide emissions are still seen to
increase, implying severe consequences of climate change. In order to counteract these
developments, carbon-free renewable energy technologies are taking over larger shares in
today’s electricity production worldwide. This development has led to falling|costs and in-
creasing investments in renewable energy technologies during the last decade. On a global
level, China and India are predicted to develop the largest amount of renewable energy
in the coming decades. In terms of newly installed capacity in the European Union (EU),
renewable energy sources already account for 80% today [38]. Due to its applicability on
land and offshore, wind energy is a key technology in this green energy shift. Based on
today’s growth rates, thg TE/A predicts wind energy to hold the biggest share of all energy
producing sources in the EU from 2030 [38]. With its long and uninterrupted history of
wind power utilization, Denmark holds the highest percentage of wind energy production
with almost 40% [29]. In Europe, several countries continuously invest in wind energy, with
Portugal, Ireland, Spain and Cyprus producing well over 20% of the countries’ elettricity. A
noteworthy development has also taken place in Europe’s largest economy Germany, which
is today producing about 16% of its energy with wind power [29]. In Norway, wind energy
still holds a relatively small share of only 1.4% of the total electricity production [62]. This
is due to the dominating role of hydro power in Norway, which already provides around
96% of country’s electricity needs with clean, renewable energy. Nevertheless, enormous
potentials for wind energy production exist along Norway’s long Atlantic coast, opening
future perspectives as a green energy resource for a major part of northern and central
Europe. A huge wind energy project recently began constructions at three sites in the

county of Trgndelag. With a total capacity of about 1 GW, the project is announced as



Europe’s biggest onshore wind farm cluster [57]. Moreover, major Norwegian company
Statoil is currently pioneering the offshore wind energy sector. By realizing the world’s
first floating offshore wind farm ”"Hywind Scotland”, previously unusable deep water off-
shore areas have suddenly become potential sites for wind energy production [74].

A limiting-factor in wind energy production is its relatively large area usage, both onshore
and offshore. Due to high costs for the electrical infrastructure and land, rather com-
pact wind farm layouts are favorable. However, the interaction of densely installed wind
turbines are facing the issue of wake losses. The wake is an area of lower kinetic energy
downwind of a turbine, which has already extracted a significant amount of energy from
the wind. The power total losses in a wind farm are estimated to range between 10 and
20% [5] depending on the site-specific wind conditions and farm layout. In addition to that,
the interaction of the wind with the rotor generates a significant amount of turbulence in
the wake. When a downstream turbine is impinged by the highly unsteady fluctuations in
a wind turbine wake, it experiences higher fatigues loads on its blades and other turbine
components. This leads to a decreased lifetime and higher maintenance costs [25].
Consequently, wind farm planners are challenged to find the most economically feasible
wind farm configuration for a limited farm area. Besides an accurate prediction of wind
resource statistics and terrain effects, the wake interactions between the single turbines
need to be predicted as precisely as possible. This comprises the exact modeling of the
megn-and turbulent velocity field in the wake as well as the power output and fatigue loads
on a downstream turbine operating in this wake. For this purpose simple analytical wake
models were developed from the 1980s, being able to give a rough estimation of the mean
velocity deficit in the wake. One of the first wake models was proposed by Jensen (1983)
[40]. The velocity loss in the wake was calculated from a momentum balance and assumed
to be constant over the entire wake area/In| 1986, Katic et al. [43] further developed this
model by adding a thrustrdependency to the model, which resulted in today’s most com-
monly used Jensen or PARK model. Several alternative models were proposed amongst
others by Larsen (1988, 2009) [51, 52], Frandsen et al. (2006) [23] and Bastankhah and
Porté-Agel (2014) [7].

An accurate prediction of the wake flow behind a turbine, however, is dependent on many
parameters, which are not sufficiently modeled in simplified analytical wake models. At-
mospheric parameters such as atmospheric stability, which is governing the large scale
turbulence, wind shear and veer in the inflow to the wind turbine are for instance not
included. With the rise in computational power in the 1990s, however, a more realistic
representation of the wake flow was attempted to be modeled by applying computational
fluid dynamics (CFD). Besides less expensive Reynolds-Averaged Navier Stokes (RANS)
computations, which are dependent on additional turbulence closure models, more expen-

sive time-resolved Large Eddy Simulations (LES) and hybrid Detached Eddy Simulations
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(DES) became more popular. A comprehensive review of wake experiments and simulations
was presented in 2003 by Vermeer et al. [77], who also addressed-the need for increased
research activities within wind turbine wake aerodynamics. This paper triggered a linger-
ing wave of experimental and numerical wake studies during the last 15 years. Also at the
Norwegian University of Science and Technology (NTNU) investigations on wind turbine
wakes were initiated in the end of 2008. A model scale| win{ turbine rotor was designed
by Krogstad and Lund (2012) [48] and tested in NTNU’s slow-speed wind tunnel. In the
following years, a number of mostly experimental wake studies then investigated the wake
flow behind one and two model turbines in detail [1, 47, 18, 61]. Complementary to that, a
series of blind test reference experiments was initiated, investigating the state of the art in
computational wake modeling by comparing blind simulations of external expert groups

with experimental wind tunnel data [49, 59, 50].

1.2 Wake control approaches

Along with growing knowledge about a wind turbine’s wake characteristics, several ap-
proaches to control the wake flow emerged. Taking the mutual interactions between the
single turbines through their wakes into account, the objective shifted towards an op-
timized control of an entire wind farm. The concept of coordinated wind farm control
was originally prepased by Steinbuch et al. (1988) [75];aiming for a holistic optimization
of a wind farm rather than a single turbine. They indicated the potential of an overall
power increase by downrating the upstream turbine. Several different strategies have been
proposed in the following years, most of which are summarized in papers by Knudsen et
al. (2014) [45] and Gebraad et al. (2015) [27]. The common idea of these strategies is to
reduce the energy extraction of an upstream turbine and thus leave more kinetic energy
in the wake flow, which potentially can be extracted by downstream turbines. Besides the
goal of wind farm power maximization, fatigue load mitigation on the individual turbines
is another important objective of optimized wind farm control. For the purpose of mini-
mizing the total Cost-of-Energy (CoE) a reduction of component failure and an increase
in total lifetime are important objectives.

Wind farm control methods are in general classified in axial induction based control meth-
ods and wake deflection based control strategies. Axial induction based methods follow
the concept of reducing the axial forcing by the rotor on the incoming wind. In other
words, the thrust coefficient is intentionally decreased, in order to leave more kinetic en-
ergy in the wake. This can be realized by decreasing the rotor’s rotational speed through
the torque controller (A-control) or changing the blade pitch angle through the pitch ac-
tuators (f-control). The second class of wind farm control strategies are wake redirection
techniques, in which an uneven load distribution on an upstream rotor is applied to inten-

tionally deflect the wake’s trajectory away from a downstream rotor. This can be achieved
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Fig. 1. Approximated rotor loads fr and mean axial wake velocity distributions Uyqk. for (a)
A-control, (b) S-control and (c) y-control. A top-down-view on the turbines is sketched.

by applyingan intentional yaw or tilt angle on the upstream rotor or pitching the in-
dividual blades cyclically [19]. Herein, the method of intentional yaw misalignment of a
turbine rotor (+-control) iE'concluded to be the most promising. Figure 1 compares the
three investigated concepts of A-, 5- and ~-control. A variation of the tip speed ratio A
from its optimum results in a radially uneven induction over the bl span as sketched in
Figure 1 (a). Consequently, the velocity deficit in the wake also Chﬁes unevenly, making
it possible to re-energize specific areas of the wake. A pitch angle variation, however, as
sketched in Figure 1 (b) evenly reduces the angle of attack and the induction over the
entire rotor area. Both concepts rise the kinetic energy level in the wake, which is then
available for a potential downstream turbine. Figure 1 (c) outlines the basic principle of
wake deflection by yaw misalignment (y-control). Along with a reduction of the axial in-
duction fr, the misaligned rotor additional induces a lateral force component fr . on the
incoming flow. Consequently, the wake flow is laterally deflected, while the kinetic energy

level in the wake is slightly increased due to a lower axial thrust component.

Axial induction based wake control

Axial induction based control methods are able to increase the kinetic energy level in
the wake behind the downrated rotor. Whether a curtailment of the axial induction of
an upstream turbine results in an increase of total power of a wind farm, is dependent
on many parameters. Besides the specific rotor design and its operational characteristics,
the wind farm layout, specifically the inter-turbine spacing, influences the velocity deficit
in the wake impinging on a downstream turbine. With increasing downstream distance
the kinetic energy losses in the wake recover due to an entrainment of higher kinetic
energy fluid from the surrounding freestream. The wake recovery is strongly dependent
on the ambient turbulence intensity ih Ithe atmospheric boundary l@r, as shown by
Barthelmie and Jensen (2010) [6] or Hansen et al. (2012) [34]. The intensity of atmospheric

turbulence consequently also affects the potential for wind farm optimization. Wind farms

[
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are observed to produce less energy for low turbulence intensities in a stable atmospheric
stratification, due to stronger wakes. On the other hand, the potential for wind farm
power optimization is larger in a stable stratifications as small changes in turbine control
affect the wake properties to a higher degree than in a highly convective atmospheric
boundary layer. Furthermore, the atmospheric parameters shear and veer, which describe
the variation of wind speed and direction with height, are important influence factors
on the wake characteristics and thus wind farm performance. As shown by Bromm et
al. (2016) [10], inflow shear and veer created a strongly non-symmetrical skewed wake
development, indicating the importance of these parameters for wind farm optimization
studies. Obviously, also the directional distribution of the wind at a specific site, i.e. the
wind rose, defines the frequency of situations in which the wakes of upstream turbines
interact with downstream turbines.

Applying a mathematical simulation program Steinbuch et al. (1988) [75] obtained an
efficiency increase of 4% by optimizing the tip speed ratios of a turbine array in a modeled
wind farm. They furthermore emphasize the importance of wind farm control for rotor
loads optimization. Another optimization study of an array of eight aligned wind turbines
by Horvat et al. (2012) [36] found an increase of 2.85% in total wind farm power production.
Applying an engineering wake model they slightly reduced the tip speed ratio of the
first three turbines in the array, which resulted in a larger power increase of the last
five turbines. A similar studyrwas performed by Johnson and Fritsch (2012) [42], who
applied a control algorithm on three aligned turbines. They found an increase in wind
farm efficiency for low inflow turbulence by modeling the wakes applying the PARK wake
model. Another theoretical study on axial induction control through pitch was performed
by Lee et al. (2013) [53] on a layout of the Horns Rev wind farm. Based on an eddy
viscosity model for the wake, a total efficiency increase by 4.5% was simulated. The power
production of three in-line turbines was also modeled by Marden et al. (2013) [54] applying
game theoretic methods. The application of a wake-model-free approach strongly simplified
the underlying physics, but showed the potential for a total efficiency gain by optimized
operation. Another control algorithm was implement in a model-framework based on the
PARK wake model by Gonzalez et al. (2015) [30]. Controlling both the individual turbine’s
pitch angle and tip speed ratio a total wind farm power increase of 7.55% was calculated for
aligned turbines. The application of simple engineering wake models for axial induction
based wind farm optimization was recently challenged by Annoni et al. (2015) [4]. A
comparison of high fidelity Large Eddy Simulations to a simpler engineering wake model
framework was performed. A curtailment of the upstream turbine showed up clear over
predictions in total efficiency by the simple engineering model, while the results of the
high fidelity simulations indicated that the energy lost on an upstream turbine could not

be fully recovered by a downstream turbine.



High-fidelity Large Eddy Simulations were recently performed by Nilsson et al. (2015) [56]
on the tightly spaced Lillgrund offshore wind farm and the simulations results_compared
to real production data. After validating the simulations with measurement data, a pitch
angle variation of the front row turbines was simulated. This curtailment strategy did
however not result in an increased farm production. Another simulation based on an
Eddy viscosity model for the wake was conducted by Kim et al. (2016) [44]. For a row
of ten aligned turbines separated x/D = 4 the study found a wind farm power increase
of 4.1% when the energy extraction of the upstream turbine was reduced to 82.5%. A
recent computational study by Santhanagopalan et al. (2017) [64] focused on a combined
performance and loads optimization for different incoming wind turbulence. The simulation
based on a relatively fast RANS solver optimized the tip speed ratios of five aligned
turbines, achieving a reduction of fatigue loads while the combined wind farm power was
held stable. Only small power increases of about 1.3% were simulated for low background
turbulence.

An early theoretical and experimental study on the power output and axial loads in a
model wind farm was conducted by Corten and Schaak (2003) [14]. Their experiment
consisted of a eight times three turbine model wind farm installed in a wind tunnel, in
which the turbines’ pitch angles could be adjusted. A variation of the front row turbines’
pitch angle to 7.5° lead to a overall wind farm power increase of 4.5%. Corten and Schaak
motivated their experiments on axial induction based wind farm control by an extension of
the one-dimensional momentum theory to an array of two turbines. These considerations
show that a reduction of an upstream turbine’s induction results in a combined power
increase for an array of two ideal wind energy converters. The detailed theory is therefore

shortly revisited in the following section.

One-dimensional momentum theory

The one-dimensional momentum theory is well-known for one rotor and included in most
wind energy textbooks, e.g. by Hansen (2013) [35]. The theory describes influence of a
rotor on the axial momentum balance in the surrounding flow. For this purpose the axial
induction factor a is introduced, which indicates the reduction of the inflow velocity to
the wake velocity. The rotor is represented by an non-rotating actuator disc, meaning that
the theory is by no means a physical representation of the energy extraction of a real
wind turbine. It is important to mention that the wake flow is not recovering and thus
neither the turbine separation distance nor turbulence characteristics play a role in these
considerations. To begin with, the axial momentum theory for one rotor is recalled. After
introducing the axial inducti@ factor arp =1 — %, the theoretical power coeflicient can

be obtained from Eq. 1.
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I,

Fig. 2. One-dimensional axial momentum theory: sketch of the wake velocity levels behind one
and two aligned wind turbines.

)

(1)

Cpr =4ar1(1 —ar)

The induction factor at which the power is max@um is obtained by derivating Eq. 1

dCp 11
dar

= 0 and finding its maximum.

1
ar1(CPr1,maez) = 3 (2)

Inserting this induction factor into Eq. 1 the maximum possible power to be extracted by

a wind turbine is calculated to be 59.3%, which is commonly known as the Betz-limit.

16
CP,Tl,maac = E ~ 59.3% (3)

The objective is here to investigate the potential for a total power increase Q an array
of two wind turbines by a reduction of the upstream turbine’s axial induction. For this
purpose the one-dimensional momentum theory is expanded to two in-line turbines. A
sketch of two aligned wind turbine rotors is shown in Figure 2, defining the locations of
the different velocity levels. The velocities are defined to decrease from the left to the right

as the two actuator discs extract kinetic energy from the flow (see Figure 2).
Uup > UT1 > UW1 > ur2 > Uw?2 (4)

A second axial induction factor for the downstream turbine T2 is defined accordingly.

2
apy =1 — 2= (5)
Uw1

Under the assumption that up = %(uo + up1) the total efficiency of the two aligned

turbines can be expressed as



10

U <
Cpiot = Cpr1 + (ulol)‘3 -Cpr2 (6)

Expressing the velocity ratio ux‘gl = 1 — 2a7; as a function of the induction factor a;,

the total efficiency can then be expressed as

Cpiot = Cpri(arl) + (1 — 2a71)? - Cpra(ars) (7)

In a traditional control approach, at which each turbine extracts the maximum possible
power from the wind, the upstream turbine and the downstream turbine would be operated

at arp = % This would result in a total power of the turbine array of

1 448
Cpiotlar = g) = 729 ~ 61.5%. (8)
The maximum combined power of both turbines is found by 7dg;;’t1“t :E|0. The following

expression is found, which is still dependent on both induction factors ap; and ars.

6(1 — QCP7T2(0/T2)) . a%«l — 4(2 — 3CP,T2(aT2)) -ar, + (2 - ?)CPA’TQ(CLTQ)) =0 (9)

Given that Cp12mac = C'p,Tg(%) = %—g simplifies Eq. 9 to a quadratic equation only

depending on arj.
5a%, +dar —1=10 (10)

Solving the quadratic equation for ay gives the positive solution a7y = % for the optimum
induction of the first turbine in a two turbine in-line array. For this induction factor the

maximum extractable power of the upstream turbine T1 would reduce to

1 64
mazx =-)=— = 51.2%. 11
Cprimaz(ary = ¢) = 15r ~ 51.2% (11)

The maximum total power of the two turbine array, however, would then amount

1 16
OP,tot = Cp}Tl(aTl = g) + (1 — 2aT1)3 . CPVTQ(QTQ) = — =64.0% (12)

25
This combined power extraction for a curtailed upstream turbine of 64.0% is higher thaE|
the power found for the traditional control approach of 61.5% in Eq. 8, meaning that a
reduction of upstream turbine axial induction factor ap; from % to % in theory leads to an
combined power increase of 4.1%. However, this is based on a number of simplifications,
which are deemed not to reflect the real physics. Nevertheless, a deeper experimental
investigation of this strategy should give more insight into the physical processes in the

wake behind a curtailed rotor.
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Deflection-based wake control |:|

A different approach for optimized wind farm control are deflection based wake control
methods. A similarity to the previously discussed axial induction based control methods
is the intentional load reduction on the upstream turbine in deflection based control for
the benefit of a downstream turbine. The load reduction in deflection based methods is
however not symmetrically distributed over the rotor area, as a lateral forcing of the flow
is intentionally created in order to deflect the wake flow-(see Figure 1 (c)). By deflecting
the low kinetic energy wake partly or entirely away from a potential downstream rotor,
the downstream turbine is able to extract more energy from the wind. Due to increased
asymmetrical loads on the rotors, a detailed assessment of these loads and their impact
on component fatigue has to be taken into account when optimizing a wind farm’s control
strategy. Three different wake deflection mechanisms have been compared in a compu-
tational study by Fleming et al. (2014) [19]. The techniques (1) individual pitch angle
control, (2) tilt angle variation and (3) yaw angle actuation were discussed with regards
to added power in the wake and rotor loads. Individual pitch control was observed to
cause higher structural rotor loads, while most turbine designs do not feature a degree of
freedom in tilt direction. Yaw angle control is easily implementable due to available yaw
actuators on all modern turbines and therefore concluded to be a promising wind farm
control technique.

The aerodynamics of a yawed rotor are much more complex than those of a non-yawed ro-
tor. In the course of a rotation a blade experiences significant load variations. The angle of
attack on the blades varies cyclically, which is causing instationary flow on the blades. For
high yaw angles the cyclic variation can even cause dynamic stall as stated in a detailéd
theoretical description of rotor aerodynamics in yaw by Schepers (2012) [69]. Measured
axial blade forces and velocities for different azimuth angles of a turbine operated in yaw
were compared to a number of simulations by Schepers et al. (2014) [70] in the Mexnext
project. Besides an assessment of the simulations tools’ capability of to model flow and
forces correctly, the measurement showed up some complex unsteady flow phenomena
around the blades during yaw.

A number of experimental and computational studies on the wake behind a yawed rotor
have been cdmducted in the past two decades. An early set of experimental wind tunnel
studies on vortex tracking in the wake of a yawed turbine was reported from Grant et al.
(1997) [31] and Grant and Parkin (2000) [32]. The tip vortices behind a model turbine were
tracked by the means of optical methods, which allowed them to estimate the wake de-
flection. In a follow-up study the wake circulation was measured for positive and negative
yaw angles by phase-locked particle image velocimetry (PIV) indicating clear asymmetries
between positive and Tlegative yaw angles. Similar observations were reported by Haans

et al. (2005) [33], who measured asymmetric locations of the tip vortices behind a yawed
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model turbine. A full vector field in the wake behind a yawed model turbine was mea-
sured by Medici and Alfredsson (2006) [55]. A cross-stream flow component was observed
in the center of the wake laterally deflecting the flow. A prediction model for the wake
deflection at different yaw angles was later developed by Jiménez et al. (2010) [41], which
was derived from large eddy simulations (LES) on a yawed actuator disc. Measurement
in the near wake have also been reported by Krogstad and Adaramola (2012) [47], who
showed that the wake deflection varies significantly for different tip speed ratios of the
rotor. The far wake behind a yawed drag disc was measured by Howland et al. (2016) [37].
The study described the formation of a curled wake shape by a large-scale vortex pair at
higher downstream distances. An comprehensive contribution to the field of yawed rotor
wakes was recently made by Bastankhah and Porté-Agel (2016) [8]. In their experimental
and theoretical work they developed a new analytical model for the far wake from full
field wind tunnel measurements. Many features of the wake are such as the formation
of a counter-rotating vortex pair are explained by conservation laws. All these studies
confirmed a lateral deflection of the wake behind a yawed rotor. The deflection results
are observed to vary significantly due to different quantification methods, modeling ap-
proaches and turbine models used. However, the wake deflection for high yaw angles of
~v = 30° is observed to converge to a value of roughly half a rotor diameter in the far wake.
This implies that the wake cannot be fully|deflected away from a downstream turbine
located directly behind the yawed upstream turbine rotor.

Moreover, recent research investigated the potential of intentional wake steering through
yaw misalignment for a potential wind farm power gain. A wind tunnel investigation by
Adaramola and Krogstad (2011) [1] demonstrated a combined power gain on two aligrled
model wind turbines with increasing upstream turbine yaw angle. A maximum power gain
of 12% compared to a non-yawed reference case was found for a yaw angle of v = 30°. A
similar experimental study was performed by Schottler et al. (2016) [71], who measured an
increase in array power of about 4.0% when the upstream turbine was yawed to v = —18°.
The combined power output of the two turbines was found to be clearly asymmetric with
respect to the upstream turbine’s yaw angle. The study confirmed computational results
reported by Fleming et al. (2015) [20], who found a similarly asymmetric profile for the
combined power. Their simulation found a maximum combined power increase of 4.8% for
an upstream turbine yaw angle of v = 25°. These studies all confirmed a gain in combined
power output through upstream turbine yawing but also showed that the optimum yaw
angle and the relative power gains are dependent on the rotor geometry and modeling ap-
proach. A recent model-scale experiment by Campagnolo et al. (2016) [11] investigated the
combined power of three laterally offset turbines. A yaw-optimized configuration resulted
in a combined power increase of 21% compared to a non-yawed reference case. This study

indicates that power gains might be even larger for laterally offset turbine positions, in
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which the biggest part of the wake can be deflected away from the downstream turbine.
A yaw control and layout optimization study on a existing wind farm layout was recently
conducted by Fleming et al. (2016) [21]. Optimizing the yaw control resulted in a perfor-
mance increase of 7.5%, while a power density gain of 62% was calculated for combined
layout and yaw control optimization. The first reported field test of wake steering in a real
offshore wind farm was recently reported by Fleming et al. (2017) [22]. By demonstrating
a good correlation of measured power data of two turbines with their prediction models,
they demonstrated the applicability of wake steering in a full scale wind farm.

Despite the large potential for wind farm power gains, a yaw-misaligned upstream rotor
experiences increased loads. As angle of attack varies through the course of a rotation, the
blades are exposed to cyclic loads. Depending on the yaw angle and the specific rotor design
these unsteady loads vary in magnitude. A simulation by Kragh and Hansen (2014) [46]
quantified blade load variations for different inflow conditions. A recent study by Damiani
et al. (2017) [16] describes which impact blade load variations can have on damage equiv-
alent loads and extreme loads under yaw misalignment. The load distributions measured
on a fully instrumented utility scale wind turbine turbine are observed to be dependent
on the inflow for different yaw angle offsets. Another study by Schreiber et al. (2016) [72]
describes a method to estimate the relative position of a partial wake impinging on tthe
rotor and the strength of a sheared inflow by measurement of the azimuthal blade load
variation. All of these studies underline the importance of an assessment of blade loads for
wind farm optimization studies. An investigation of both loads and power of two turbines
during yaw misalignment was modeled by van Dijk et al. (2017) [76] for different lateral
turbine offsets. For this purpose a computational framework of a blade element momen-
tum (BEM) code, wake model and gradient-based optimizer was used. Upstream turbine
yaw misalignment was found to increase the combined power, while it was shown to also
reduce blade loads in partial wake overlap situations. The study indicated that wind farm
control though intentional yaw misalignment might only be beneficial for laterally offset

positions of the downstream turbine.
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2 Motivation and objectives

Wake control experiments

The main objective of this thesis is to investigate the effectiveness of three different wind
farm control approaches with respect to power and loads optimization in model scale. For
this purpose the effect of variations in tip speed ratio A, blade pitch angle § and yaw
angle v on the mean and turbulent wake flow behind the turbine shall be systematically
investigated for different downstream positions. As a second step, a downstream turbine
is set up in the same location as the wake measurements were performed in order to mea-
sure the downstream turbine’s power and thrust loads for different operating points of the
upstream turbine. As the inter-turbine spacing is considered a main influence factor on
downstream turbine power and loads, different streamwise turbine separation distances
are investigated. The relative position of two wind turbines to each other varies with a
changing wind direction. Thus, the effect of partial wake impingement on the power and
yaw moments on a laterally offset downstream turbine shall be investigated. Partial wake
situations are considered to be especially relevant for yaw angle control, as downstream
turbine loads might be mitigated by upstream turbine yaw control.

Moreover, the wake characteristics are strongly dependent on the ambient turbulence level
[5] and inflow shear [10]. Therefore, a further objective is to assess the influence of different
inflow turbulence levels as well as a vertical shear on the effectiveness of wind farm control
approaches. Special attention is given to the effect of these parameters on the mean and
turbulent wake characteristics.

A review of publications on axial induction based control methods indicated a wide range
of possible combined power, from slight power losses around 1% (Annoni et al., 2015) [4] to
considerable increases of more than 7% (Gonzalez et al., 2015) [30]. The different modeling
approaches might be accountable for the variations in results, motivating a further exper-
imental study under controlled boundary conditions. Here, the focus shall be directed on
a combined power and loads optimization. The influence of induction based wake control
shall also be investigated for an array of three aligned model turbines. The objective of this
is to investigate whether first or second turbine curtailment has any significant influence
on a third turbine or if the problem can be reduced to an array of two turbines.

In the case wake deflection control through yaw, the potential for combined power in-
creases seems to be very promising based on a literature review. However, a number of
important questions yet remain open. The effects of inflow turbulence and shear on the
yawed wake characteristics and its deflection therefore shall be investigated in more detail.
A recent computational study by Vollmer et al. (2016) [78] showed the wakes’ dependency
on different atmospheric stabilities. However, the effects of inflow turbulence, shear and

veer on the wake flow have not been investigated isolated from each other. Moreover, the
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reasons for the asymmetries in the wake shape with respect to positive and negative up-
stream turbine yawing are not completely clear yet . Studies by Fleming et al. (2015) [20]
or Schottler et al. (2016) [71] showed clear asymmetries in the combined power output,
yet no coupling to the upstream turbine’s wake flow has been performed. For this purpose,
the wake deflection shall be investigated for both positive and negative yaw angles. Also,
the influence of inflow turbulence and non-uniform shear on the wake symmetry shall be

investigated.

Validation experiments for computational codes

The results of the wind tunnel experiments are not necessarily representative for full scale
wind farms, as insurmountable scaling issues occur. Aside from an incorrect geometrical
scaling, the Reynolds number is one to two magnitudes lower in wind tunnel model exper-
iments than in full scale. Furthermore, solid wall blockage is an inevitable issue in wind
tunnel experiments distorting the measured quantities. It is very difficult to generate re-
alistic wind conditions, accurately reflecting a variable atmospheric boundary layer flow
which full-scale wind turbines are exposed to. However, the inflow wind conditions and
operational states of the wind turbines can be manipulated in a controlled manner, making
it possible to draw direct conclusions to input parameter variations.

Wind tunnel data are mareover very valuable for the validation of computational simula-
tion tools. Therefore, another objective of the thesis is to set up blind test experiments
for the validation of CFD wake flow simulations. Following the footsteps of three previ-
ous blind test experiments by Krogstad and Eriksen (2013) [49], Pierella et al. [59] and
Krogstad et al. [50], a fourth blind test shall explore the capability of different state of the
art computational codes to predict the wake development and performance of a turbine
array exposed to different inflow turbulence and shear. Outside the scope of this thesis, a
fifth blind test is initiated comparing computational predictions of the complex wake flow

behind one and two turbines operated in yaw.

Airfoil testing at low to moderate Reynolds numbers

As previously mentioned, the Reynolds number in model scale wind turbine experiments
is one to two magnitudes lower than in full scale experiments. However, the rotors of the
model turbines are designed based on the NREL S826 airfoil, which originally was intended
for Reynolds numbers of at least one magnitude higher. Several modeling approaches, such
as the blade element momentum (BEM) method, which is widely used for rotor perfor-

mance and loads calculation or the actuator line (ACL) technique for wake modeling, are
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based on airfoil polars at the operational Reynolds number range. This issue was already
discussed in the first blind test workshop in 2011, whereupon measurement campaigns
on a wing section of the airfoil were initiated at Denmark’s Technical University (DTU)
(Sarmast and Mikkelsen, 2013) [68] and Middle East Technical University (METU) (Os-
tovan et al., 2013) [58]. The two experimental datasets showed different characteristics at
the transition to stall and very low Reynolds numbers. Consequently, it was decided to
perform a third experiment on a wing section of the NREL S826 at NTNU’s slow speed
wind tunnel. The experimental dataset consisting of lift and drag polars as well as surface
pressure distributions shall serve both as a reference experiment for aerodynamic modeling

as well as input data for BEM and ACL models.
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3 Thesis structure

The thesis is a collection of six papers, four of which share the thesis’ main focus of
wind turbine wake control methods. A graphical structure of the thesis and its papers is
presented in Figure 3. Besides a classification of the single papers to a field of research,
the experimental setup and the main parameter variations are sketched. In PAPER 1
the effects of 8- and A-control on the wake flow and downstream turbine performance
are compared. PAPER 2 focuses on the comparison of the wake flow behind one and
two turbines and investigates effects of tip speed ratio variations on the second and third
row turbine. In PAPER 3 the effects of inflow variations on the wake behind a yawed
turbine are analyzed. PAPER 4 focuses on the power and yaw-moments of two yaw-
controlled turbines in different offset configurations. The last two papers’ objective is to
present two reference experiments for computational models. The experimental setup for
the two reference experiments is however completely different. While PAPER. 5 compares
computational predictions of the wake flow behind a model turbine, PAPER 6 discusses
modeling of the flow around an airfoil. The common ground is the low Reynolds number
performance of the NREL S826 airfoil, on which the model turbine’s rotor design is based.

For a complete list of all papers, their authors and journals, see Section 7.

. ] . Reference experiments for
Experimental studies on wake control I
Axial-induction-based control Wake-deflection-based control
PAPER 1 PAPER 2 PAPER 3 PAPER 4 PAPER 5 PAPER 6

Experimental Experimental Wind tunnel Wind tunnel Blind test Performance of
testing of axial study on power experiments on study on wake comparison of the NREL 5826
induction based curtailment of wind turbine wakes steering at two the performance airfoil at low to
wake control for three in-line in yaw: Effects of model wind and wake flow moderate
wind farm turbines inflow turbulence turbines operated between two in- Reynolds
optimization " - and shear inyaw line wind numbers: A
> s turbines exposed reference
A H to different experiment for
e —fQ— turbulent inflow CFD models
AV conditions

B A A B C A B A B C A

TS 1333005 1335 1333000
5 5 3 5 35 255%

Fig. 3. Sketch of the setup of each paper, showing the main parameter variations. A, B and C'
denote three inflow conditions (see Section 4.4). 8, A, v and « denote variations in blade pitch
angle, tip speed ratio, turbine yaw angle and angle of attack, respectively. /D and z/D denote a
variation in streamwise and lateral separation distance between the turbines. Dotted lines indicate
that wake measurements have been performed.
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4 Methods

In this section some of the experimental techniques used in the scope of this thesis are
shortly summarized. For a more detailed description of the methods used for a specific

campaign, it is referred to the methods sections of the attached papers.

4.1 Wind tunnel and turbine models

All experimental data presented in this thesis was measured in the closed-loop low-speed
wind tunnel at NTNU in Trondheim. test section is 11.15m long, 2.71 m wide and
1.81m high. The inflow speed is controlled by a measurement of the differential pressure
at an inlet contraction, and can be varied between Uy 1o,y =0 —-30m/s. The suction type
wind tunnel is driven by a 220kW fan located downstream of the test section.

Three model wind turbines of the same blade geometry were mainly used for the research
presented in this thesis (Figure 4). The wind turbine model referred to as Turbine 1 (T1)
has a rotor diameter of Dp; =0.944m while Turbine 2 (T2) features a slightly smaller
diameter of Dy =0.894m. A slightly different hub geometry of the turbine rigs causes
the difference in rotor diameters; the blade geometry is however exactly the same. Tur-
bines T1 and T2 were used for the m@surement campaigns in PAPER 1 and PAPER
5. For the test presented in PAPER 2, T1 was used as an upstream turbine, while two
model turbines of the exactly same rotor and hub geometry by METU were used as down-
stream turbines. For the measurement campaigns in PAPER 3 and PAPER 4, a new
test rig was designed (Figure 4 (c)). In order to have a smaller influence of the nacelle and
tower structures on the wake in yawed operation, the Laterally Angled Rotating System
1 (LARS1) features a significantly slimmer tower and shorter nacelle than T1 or T2. All
three turbines rotate counter-clockwise when observed from an upstream point of view.

T1 and T2 are both driven by a 0.37 kW electric motor via a transition belt, which is

ondhe P
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Fig. 4. Model wind turbines installed in NTNU’s low-speed wind tunnel: (a) T1, (b) T2 and (c)
LARS1
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controlled by a Siemens frequency inverter. This enables the rotational speed to be var-
ied from about 100 to 3000 rpm. LARSI1 is directly driven by a Panasonic electric servo
motor located inside the nacelle. For all turbines, the frequency-controlled motor ensures
constant rotational speed, while the excessive power produced is burned off in an external
load resistance. The rotors were designed by Krogstad and Lund (2012) [48] based on a
NREL S826 airfoil, which is discussed in more detail in the following section. The blades
are milled from aluminum, ensuring an accurate representation of the airfoil geometry.
All three turbines have a design tip speed ratio (TSR) of A = 6. Aside from the low-
Reynolds operation another drawback is the considerable blockage of the model turbine
of the wind tunnel. The rotor swept area of one turbine model blocks about 12.8 % of the
wind tunnel’s cross sectional area. The blockage’s influence on turbine performance can
be estimated with blockage correction models, e.g. by Ryi et al. (2015) [63]. A sensitivity
stu the ince of blockage on wake characteristics behind the same rotor was per-
formed through a LES investigation in domains of different sizes by Sarlak et al. (2016)
[67]. The mean wake velocity was seen to be affected by blockage ratios higher than 10.0%,
although the blockage did not significantly affect the mixing rate in the wake. Technical
drawings of the model wind turbines T, T2 and LARS! are presented in Figures A.1,
A.2 and A.3, respectively, in Appendix A.

Furthermore, experimental campaigns were conducted with turbine models designed at
the ForWind center at the University of Oldenburg (Dperwing = 0.580m) for paper PA-
PER 9, PAPER 12 and PAPER 13 as well as a downscaled version of the NTNU
rotor (DnTNUsmait =0.450m) used in PAPER 14 and PAPER 15. Results of these

campaigns are not directly included in this thesis.

4.2 NREL S826 blade geometry and airfoil model

The NREL S826 airfoil was created by Somers (2005) [73] at the National Renewable
Energy Laboratory (NREL). The airfoil was designed for the blade tip of horizontal-axis
wind turbines of a rotor diameter of 20 —40m, where it is supposed to operate at Reynolds
number of Re = 1.0 x 105. The design objectives were aiming for a high lift coefficient
Cr, > 1.40, low sensitivity to roughness and low profile drag [73]. Despi1E| the original
design for Re > 1.0 x 108, the airfoil is used at Reynolds number about one magnitude
lower in the model experiments (Ret;, = 1.0 x 10%). Figure 5 (b) shows a cross section of
the airfoil at the blade ti here it has a chord length of Cf, 1;, =0.026 m at the blade tip.

xﬁj’ of the NREL S826 airfoil are documented in Table B.1 and
sketched Figu@l in Appendix B. The bl@ chord length and twist angle is defined
in Table B.2 and depicted Figure B.2 in Appendix B.

The normalized coordi

In order to investigate the airfoil’s characteristics at lower Reynolds mﬁlbers a non-twisted

upscaled model of the airfoil has been built (Figure 5 (c)). The wing consists of three
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Fig. 5. NREL S826 airfoil: (a) airfoil coordinates definition, (b) airfoil in twisted blade geometry
and (c) airfoil in upscaled 2D wing section.

sections, a main wing section in the center of the wind tunnel and two dummy sections
close to the wind tunnel floor and roof. The dummies are not connected to the main wing
section nor the force measurement and are designed to cancel out interactions with the
floor and roof boundary layer of the wind tunnel. The single airfoil elements were CNC-
milled from the polyurethane based board material ebaboard 1200, which were thereafter
painted in gloss paint to feature a hydraulically smooth surface. At mid-span the wing
is equipped with 32 pressure taps around the circumference to enable measurements of
surface pressure distributions. The wing is mounted vertically in the wind tunnel and has
a chord length of Cp, wing=0.45m and a total height of hyoq;=1.78 m. For more details, it
is referred to the experimental setup section in PAPER 6.

4.3 Measurement techniques

The test rigs of T1 and T2 are equipped with a HBM torque transducer of the type T20W-
N/2-Nm, which is installed inside the nacelle and connected to the rotor shaft through
flexible couplings. Moreover, the rotational speed is assessed via an optical photo cell also
installed inside the nacelle. A multiplication of rotational speed and mechanical torque
enables the calculation of the mechanical power on the rotor.

In order to also assess thrust forces and yaw moments on the model turbines these can
be placed on a fully rotateable six-component force balance by Carl Schenck AG, which is
located underneath the wind tunnel floor. The same force balance is applied for measure-
ments of lift and drag characteristics of the S826 wing model. For this setup, the central
main section of the wing is connected to the force balance through two iron rods.

For the measurement of the mean and turbulent wake flow behind the model turbines,

the well established measurement techniques Hot-wire anemometry (HWA) and Laser-
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Fig. 6. Normalized mean velocity @/uy.y and turbulence intensity v’/% measured in the empty
wind tunnel at the turbine position /D = 0 and wake measurement positions z/D = 3 and
x/D = 6. Inflow velocity was u,.y=10 m/s in all cases. The figure is adapted from PAPER 3.

Doppler anemometry (LDA) have been applied. A single hot-wire was used in constant
temperature mode (CTA), sampling every measurement point for 45 s at 20 kH z. To avoid
distortion by noise and low-frequency fluctuations the signals were filtered appropriately.
The LDA system is a two-component Dantec FiberFlow system, which was used in Dif-
ferential Doppler Mode. LDAs do not have a constant sampling rate, as they measure the
Doppler-shift of the scattering by a randomly passing particle. For wake flow measure-
ments 5 x 10 samples were recorded over a period of approximately 30s, resulting in an
average sampling frequency of 1666 H z. The temperature in the wind tunnel is measured
with a thermocouple. The assessment of the flow temperature is crucial for temperature
corrections in hot-wire measurements and calculations of the air density p.

For measurements of surface pressure on the wing model an Electronically Scanned Pres-
sure (ESP) transducer of the type DTC Initium is used. The single sensors of the pressure
scanner are made of piezo-resistive silicon. A digital temperature compensation counter-
vails temperature fluctuations in the wind tunnel. Pressure Measurements are sampled for

60 s with a sampling rate of 500 H z.

4.4 Generation of turbulent inflow

The influence of different inflow conditions on the wake flow is investigated in PAPER
3, PAPER 4 and PAPER 5. Three different inflows are tested in order to estimate the
influence of inflow turbLﬁnce and shear. The normalized streamwise mean velocities and
turbulent fluctuations measured at different positions in the empty wind tunnel are pre-
sented in Figure 6. Inflow A can be characterized as a typical laboratory flow, in which
the turbine is exposed to the low turbulent, uniform, clean inflow of the wind tunnel
(T'14=0.23%). Inflow B is a grid-generated uniform inflow of higher turbulence intensity
(TIp=10.0%). The grid is placed two rotor diameters upstream of the turbine position.
Further downstream, the turbulence decays to 5.5% at «/D=3 and 4.0% at 2/D=6. The

third inflow C is generated by another custom-made grid with non-uniformly spaced hor-
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Table 1. Characteristics of the three different investigated inflow conditions

Inflow TI [%] spatial uniformity power law coeff. «

A 0.23 uniform 0
B 10.0 uniform 0
C 10.0 non-uniform 0.11

izontal bars, which is described in detail in PAPER 5. A vertically sheared flow profile
is observed to establish at all downstream positions. The profile can be approximated by

the power law

“ :( Y ) (13)
Uref Yref

in which « describes the strength of the shear. For this flow, a shear coefficient of & = 0.11 is

seen to give a good approximation. Inflow C also has a turbulence intensity of TIo=10.0%
at the turbine position, making it a representative inflow for an onshore site at neutral
atmospheric conditions [81]. The inflow velocity was set to u,ey = 10.0m/s for the model
turbine experiments in PAPER 2, PAPER 3 and PAPER 4, while an inflow velocity
of upey = 11.5m/s was used in PAPER 1 and PAPER 5.

4.5 Measurement uncertainties

The uncertainty in measurements of the power, thrust and mean velocity is calculated
according to the procedure by Wheeler and Ganji (2004) [82]. Random errors are com-
puted from repeated samples of a measurement and calculated based on a 95 % confidence
interval. Moreover, systematic errors in the calibration and setup procedures are taken
into account, wherein error estimates found by Pierella (2014) [60] and Eriksen (2016)717]
are taken as reference values. Herein, a systematic error of about +1.0% in the velocity
calibration is seen to be the major contributor. The uncertainty in turbulent quantities is
computed according to the method by Benedict and Gould (1996) [9]. The measurement
uncertainties are included as errorbars in the blind test measurements in PAPER 5. For
the purpose of a better comparability, errorbars have not been included in the plots of the
other papers; however, representative error calculations have been performed and included
in the text of a dedicated section. For the results shown in this summary section, error
estimates basically follow the values given in PAPER 4. The total uncertainty in Cprq
at its design point is calculated to ecpr1=0.011 which corresponds to 1.9% of the total
value. When varying the blade pitch angle to S71 = 2°, the uncertainty in the power co-
efficient rises to ecp1=0.023 corresponding to 5.0% of the total value. The main reason
for the increased value is an additional uncertainty in the adjustment of the pitch angle.

The uncertainty also rises with a variation of the turbine yaw angle. At a yaw angle of
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~r1 = 30° a total uncertainty of ecp71=0.017 (3.9%) is measured. The uncertainty in the
thrust coefficient is observed to follow similar trends as in the power coefficient. At the
design operating point an total error of ecr,71=0.013 (1.4%) is calculated. The uncertainty
in normalized yaw moments M;,T1 is assessed to epry«,71=0.0032, which corresponds to

almost 15% of the absolute measurement value at yr; = 30°.
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5 Summary of key results

In this section some of the key results of thesis are discussed. Results from purely exper-
imental wind turbine wake and interaction studies are summarized in Section 5.1, while
Section 5.2 reflects on key findings in the reference experiments for computational models.
The figures presented in the single papers are not included in this section. For a more
in-depth analysis of the single results it is referred to the papers, which are appended to
this thesis.

5.1 Wake control for wind farm optimization

This section directly compares three wake control methods for a setup of two aligned
turbines. The upstream turbine operating characteristics, mean wake velocities and down-
stream turbine power, thrust and yaw moments are analyzed. This is done for one inflow
condition (uniform highly turbulent inflow B, TI5 = 10.0%) only. For a direct comparison
of all three wake control methods, several figures from PAPER 1 and PAPER . 4 are
combined. The results for a variation of inflow condition, lateral offset of a downstream
turbine, or an array of three turbines, however, are discussed but not accentuated by any
additional figures. For a deeper analysis of those results it is therefore referred to the single

papers.

Upstream turbine power characteristics

At first, the measured operating characteristics of the upstream turbine are presented for
variations in tip speed ratio Arp, blade pitch angle S71 and yaw angle 1. In Figure 7
the turbines operating characteristics are shown for one parameter being varied at a time.
The model turbine’s design operating point in all cases is A\p1 = 6, 571 = 0° and yp; = 0°.
For a combined variation of tip speed ratio and pitch angle it is referred to PAPER 1,
while a combined variation of tip speed ratio and yaw angle can be found in PAPER 3.
At the turbines design point a maximum power coefficient of Cpr1 op¢ = 0.468 is measured
at a tip speed ratio of Ay; = 6.0. For variations in tip speed ratio from Ay = 4.0 — 8.0
the power curve shows almost symmetrical characteristics around its maximum. When
the blades are pitched towards feather, a decrease in power coefficient of ACp = 0.027/1°
is observed. Pitching the blades towards stall has beenptested, but was not considered
further for wake control studies. The power output of the upstream turbine dependency
of its yaw misalignment is shown in Figure 7 (c). The power output is observed to be
almost, but not perfectly symmetrical with respect to the yaw angle. The variation of the
yaw angle up to v = 4+40° may seem very high, as a full scale wind turbine probably
would not be operated in these regions. In the first reported full scale field test of wake

steering by Fleming et al. [22] the maximum yaw misalignment was set to v = 25° for
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Fig. 7. Upstream turbine power coefficient Cp 1 in dependence of (a) its tip speed ratio Ay,
(b) blade pitch angle 871 and (c) yaw angle yr;. The design operating point is A7y = 6, 871 = 0°
and vy = 0°.

limiting loads on the turbine. A variation of the tip speed ratio, @ch or Q/ angle are
seen to cause losses in upstream turbine power. However, the power lost on the turbine
will be added to the wake flow and might be partially recovered by a downstream turbine.
For a holistic optimization approach it is also important to take the thrust loads and yaw
moments at the turbines into account. The characteristics of the upstream turbine’s thrust
coefficient and yaw moments are shown in Figures 12 and 13 together with those of an

aligned downstream turbine.

Control-dependent wake flow

The concept of wake control has the primary purpose to add kinetic energy to the wake,
which then can possibly be extracted by a downstream turbine. For this purpose wake
measurements at different downstream positions 2z/D have been performed for different
operating states of the upstream turbine. In Figure 8 the contours of the added mean
velocity in the wake at z/D = 3 for an operation at a reduced tip speed ratio of Ay = 4.5,
an increased pitch angle of S = 2° and a yaw angle of v :EPO are compared. Only
one of these parameters is varied at a time, while the other parameters are kept constant
at the designed value.

For the case of reduced tip speed ratio in Figure 8 (a), it can be observed that kinetic
energy is mostly added to the rotor swept area of a potential downstream turbine. How-
ever, a significant part of the added kinetic energy has diffused outside the rotor plane
due to the expansion of the wake and cannot beljecovered by a potential downstream
turbine anymore. A similar distribution of added mean velocity is measured for a pitch
angle of fr; = 2° as shown in Figure 8 (b). At the downstream distance of z/D = 3 a
smaller amount of the added kinetic energy seems to have diffused into the freestream.
The main difference in tip speed ratio and pitch angle control is the radial distribution of
the added kinetic energy to the wake. When pitch angle control is applied, the induction
is reduced at an equal rate over the entire blade span. Consequently, the mean velocity

in the near wake increases almost evenly over the rotor swept area as observed for the
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Fig. 8. Contours of normalized added mean velocity Au/u,.; in the wake x/D=3 at operatig
points different than optimum (Ap1=6.0, r1=0°, y71=0°). (a) TSR controlled upstream turbine
operated at Ar; = 4.5, (b) Pitch controlled turbine operated at Sr; = 2° and (¢) Yaw controlled
turbine operated at yr; = 30°.

wake profiles at /D = 3 in Figure 9 (b). Adjusting the rots tip speed ratio away from
its design point, the induction does not change constantly along the blade radius. The
angle of attack is radially varied causing a non-constant induction on the flow. When the
tip speed ratio is reduced to Ap; = 5, for instance, smaller velocities are measured in the
center of the near wake, while the wake’s kinetic energy content increased in a circular
region behind the outer blade elements (Figure 9 (a)). The opposite effect is observed for
tip speed ratios higher than rated, in which case the velocity level in wake center is in-
creased. A more detailed comparison of the two axial induction based control mechanisms
is given in PAPER 1. With increasing downstream distance variations in the upstream
turbine’s induction ﬁve less effect on the wake flow. Small variations in tip speed ratio
and pitch angle (871 = 2°) are seen to leave hardly any footprint in the wake profiles at
/D = 6 and especially /D = 9 anymore. Q higher downstream distances more kinetic
energy is already diffused outside of the rotor swept area as indicated in the wake pro-
files in Figure 9 (b). These findings are consistent with LES computations on a full-scale
turbine by Gebraad et al. (2015) [27], who also show an increased diffusion of the kinetic
energy at higher downstream distances. This is assumed to be the main reason that both
axial induction based turbine control methods are deemed to be more efficient for smaller
turbine separation distances.

A completely different distribution of the added kinetic energy in the wake is obtained
when the upstream turbine’s yaw angle is changed as shown in Figure 8 (c¢). The wake is
partially deflected away from an aligned virtual downstream rotor, resulting in a curled
distribution of mean added kinetic energy. This method therefore offers great potential for
steering the low kinetic energy fluid away from a downstream turbine and consequently
increasing a wind farm’s total power production. A detailed analysis of the symmetry,
inflow effects and turbulence characteristics of the wake flow behind a positively and neg-
atively yawed turbine is performed in PAPER 3. With increasing downstream distance a

counter-rotating vortex pair is observed to create a kidney-shaped velocity deficit. Due to
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Fig. 9. Nor ized mean velocity profile measured at hub height y/D = 0 in the wake /D = 3, 6
and 9 behind—the rotor. The upstream turbine (a) tip speed ratio Arq, (b) blade pitch angle
Br1 and (c) yaw angle v is varied according to the legend. Line wakes for the yawed case are
measured behind a smaller rotor of D=0.45m.

this complex three-dimensional shape, horizontal wake profiles at hub height as shown in
Figure 9 (c) are not representative for the kinetic energy content in the wake. Nevertheless,
the figure indicates a larger wake deflection with increasing downstream distance. As an
increasingly large part of the low kinetic energy wake is deflected away from a potential
downstream turbine, the effectiveness of yaw control for possible power gains might be
higher for larger turbine separation distances. This is the opposite effect as for axial in-
duction based wind farm control, which is considered to be most effective for small turbine
separation distances. As shown for the downstream distance /D = 9, larger upstream
turbine yaw angles yp; cause a stronger lateral wake deflection.

The rotor generated turbulence profiles in the wake of a yawed wind turbine are shown in
PAPER 3. It is observed that turbulence profiles peak as expected in regions of strong
mean velocity gradients. However, the expansion of the turbulence footprints in the wake
is observed to have a slightly wider expansion than the mean velocity profiles, which also
should be taken into account in wind farm control models. An investigation by Schottler
et al. in PAPER 12 on the same measured wake dataset furthermore shows that an even
wider wake should be defined when taking also locations of high flow intermittency into
account. Heavy-tailed distributions of velocity increments are found in a ring surrounding
the velocity footprint. This may be interpreted as instable flow state in this area, in which
the flow is switching between wake and unaffected freestream.

An investigation of the effects of inflow turbulence and shear was also performed in PA-

PER 3. A moderate shear flow was observed not to have any significant influence on
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Fig. 10. Maximum downstream turbine power coefficient Cpp; in dependence of the upstream
turbine’s tip speed ratio Ari, blade pitch angle S71 and yaw angle y71. The downstream turbine
is operated at fSpe = 0° and ype = 0°.

the wake characteristics. However, more measurements at stronger shear flows should be
performed in order to assess the wake flow’s sensitivity to this parameter. In contrast to
that, a variation of the inflow turbulence is observed to have a more distinct influence on
the wake’s shape and deflection. Besides the obvious effects of a faster wake recovery and
smoother mean velocity gradients with increased inflow turbulence, the curled wake shape
is not as pronounced as for a low inflow turbulence level. Moreover, the wake behind a
positively and negatively yawed turbine appear to feature a higher degree of symmetry

than for low inflow turbulence. The interaction of the rotor wake with the tower wake is

[

deemed to be weaker in this case.

Power output of an aligned downstream turbine

The power output of an aligned downstream wind turbine operated in the wake of a A-,
(- or y-controlled upstream turbine is shown in Figure 10. Three different streamwise tur-
bine spacings /D = [3, 6, 9] have been investigated for the axial induction based control
techniques, only the two first spacings for yaw-based wake deflection control. The main
reason for that is that a significant interaction of the deflected wake flow and the wind
tunnel side walls would have occurred at a downstream distance of /D = 9. At /D = 6,
however, the wake deflection was observed to be influenced by side wall blockage only to a
very small extent, as shown in comparisons of wake measurements behind yawed turbines
of different sizes (PAPER 3). As expected, the power of an aligned downstream turbine
shows the opposite behaviour the upstream turbine for all control mechanisms. In
case the power of the upstream turbine reduces, it increases on the downstream turbine.
As observed in Figures 10 (a) and (b) the A- and - control-dependent downstream tur-
bine power curves have the highest slope for the smallest turbine spacing /D = 3. That
means that at this small separation distance, upstream turbine control has clear effect on
the downstream turbine power output. In contrast to that, the downstream turbine power
curves at ©/D = 9 are significantly flatter, meaning that the effect of upstream turbine

control is felt less at the downstream turbine.
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The downstream turbine power’s dependency on turbine spacing z/D is observed to be
different for the case of upstream turbine yaw control as shown in Figure 10 (c). A higher
slope of the downstream turbine power is measured for /D = 6 than for /D = 3. As
previously shown, the wake is further deflected at higher downstream distances, making
the control method more effective for larger streamwise turbine spacings. The downstream
turbine power curves are also observed to be slightly asymmetric with respect to the up-
stream turbine yaw angle 7. Higher downstream turbine power coefficients are measured
for negative upstream turbine yaw angles. The previously discussed asymmetry in wake
deflection is deemed to be the main reason for that observation. As shown in the wake de-
flection quantifications in PAPER 3, the wake deflection is larger for negative upstream

turbine yaw angles than for positive angles in all inflow cases.

Combined power and loads

The crucial question with respect to all wind farm control approaches is whether the
method is able to increase the overall power of the wind farm. For the presented test
cases this question is limited to the investigated two—‘u@ne array. There the question is
reduced to whether the downstream turbine is able to recover or even surpass the power
lost on the upstream turbine. For this purpose a normalized combined power is defined as
the fraction of the combined power in off-design operation divided by the combined power

in design operation as defined in Equation 14.

Pri(Ar1, Br1, v71) + Pra(Ar1, Bri, v71)
PTl,design + PTZ,design D

P 7*“1+T2 = (14)
Therein, Pri gesign refers to the power extracted at Ap; = 6.0, fr1 = 0° and y710° and
Pr3 design to the respective maximum power extracted of the downstream turbine for design
operation of the upstream turbine. As shown in Figure 11 (a) a marginal combined power
gain of about 0.5% is measured for Ar; = 5.5 at the smallest turbine spacing of /D = 3.
This combined power gain has approximately the same magnitude as the measurement
uncertainty and therefore is considered as insignificant. For higher turbine spacings, no
combined power increase could be achieved. For slightly lower than designed tip speed
ratios A7; = 5.0 — 5.5, the combined power is observed to be kept approximately constant.
That means that the major part of the power losses on the upstream turbine could be
recovered by the downstream turbine. For higher than design tip speed ratio, the combined
power was seen to decrease.

Pitching the upstream tm)ine’s blades did not results in any combined power gains as
shown in Figure 11 (b). At the smallest tested pitch angle variation of Sr; = 1°, about
98.5% of the combined power in the designed case were produced of the two turbines. At

even higher pitch angles more combined power is lost. As shown in Figures 12 (a) and
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Fig. 11. Normalized combined power Pf,, p, in dependence of the upstream turbine’s tip speed
ratio App, blade pitch angle f8pr; and yaw angle yp;. The downstream turbine is operated at
Bra = 0°, yr2 = 0° and a Apg at which maximum Cp 1y is reached.

(b) the upstream turbine thrust is reduced at approximately the same value for a pitch
angle reduction of 1° and a tip speed ratio reduction of —0.5 (ACT 71,48=10 = 0.062 ~
A(@-ym, Ax=—0.5 = 0.059). The fact that the combined power in the tip speed controlled
case is slightly higher, might have to do with the radial variation of the thrust along the
length of a blade. While the kinetic energy was added at an approximately constant rate
over the entire rotor swept area for the pitched case, kinetic energy was added in a ring at
r/R = 0.50 — 0.75. This was previously shown in the wake profiles at /D = 3 in Figures
9 (a) and (b). As the downstream wind turbine converts more energy on the outer blade
elements of the rotor than the inner, tip speed ratio control is assumed to be the more
effective method in this case. At larger downstream dist s the choice of axial induction
based method does not play an important role anymore.
Although, no significant power gains could be achieved for realistic turbine spacings z/D >
6 anymore, axial induction based control could possibly be used to mitigated loads on
the upstream turbine. As shown in Figures 11 (a) and (b) the upstream turbine thrust
coefficient decreases at a larger rate than the downstream turbine thrust rises for all
investigated turbine separation distances. The upstream turbine thrust coefficient reduces
at a rate of ACr 1 = 0.118/1Apq while the thrust coefficient of the downstream turbine
located at /D = 6 increases only with Cr,r26p = 0.017/1A7;. This implies that a small
variation in upstream turbine tip speed ratio or blade pitch angle, could be an effective
method to mitigate upstream rotor load@hile keeping the combined array power constant.
More significant gains in combined power could be achieved for upstream turbine yaw
control. As shown in Figure 11 (¢) the maximum combined power is obtained for an
upstream turbine yaw angle of 71 = +30°. The combined power profiles are moreover
observed to be asymmetric with respect to the upstream turbine yaw angle. Higher power
gains are generally obtained for negative upstream turbine yaw angles. As discussed above,
the asymmetry in the mean velocity deficit in the wake was deemed to be the main reason
for that finding. For the larger turbine spacing of /D = 6 a relative power increase of 8%

was assessed at an upstream turbine yaw angle of vy = —30° . When the turbines were
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Fig. 12. Upstream turbine th@t coefficient Cr 71 and downstream turbine thrust coeflicient
Crr2 in dependence of its tip speed ratio Agq, blade pitch angle Br; and yaw angle ypi. The
downstream turbine’s positions are z/D = 3, 6 and 9.

separated /D = 3, only 3.5% increase in combined power were measured at the same
yaw angle. The thrust coefficients of the upstream and downstream turbine at z/D = 3
are shown in Figure 12 (c¢). As expected, the downstream turbine thrust shows the exact
opposite trends compared to the upstream gunbine thrust. The gradients in the yaw-angle-
dependent thrust curves of both turbines to be very similar for this test case. Due
to asymmetric loads in the yaw control test case, yaw moments on the upstream and
downstream rotor were measured in addition to the power and thrust. The normalized
yaw moments for the upstream turbine and an aligned downstream turbine located at
z/D = 3 are presented in Figure 13. As indicated by the black line for M 1, the obtained
power gains for yaw angles vy # 0° were at the cost of increased yaw moments on the
upstream rotor. High yaw moments are an indicator for unsteady flow conditions on the
rotor blades during the course of one rotation. Therefore, increased loads on the blades
and other structural components like rotor bearings are expected. The upstream turbine
yaw moments were observed to linearly with increasing yaw angle; however, they
were seen to be asymmetric with respect to the yaw angle as well. Moreover, yaw control
also directly influences the yaw moments on a downstream rotor M;,Tz as indicated by
the green line in Figure 13. For aligned turbine positions, the downstream turbine yaw
moments are observed to grow similarly as for the upstream turbine. For wind directions in
which the turbines are aligned, upstream turbine yawing might therefore not be beneficial

from a loads perspective.

Combined power of three aligned turbines

An array of two wind turbine models can be regarded as the smallest unit to study wake in-
teraction effects. Power measurements on a row of aligned full-scale turbines by Barthelmie
et al. (2010) [5] suggest that the single turbines’ power production levels out after the sec-
ond row. The largest change in turbine power output is confirmed to happen between the
first and secofifl row in LES studies by Churchfield et al. (2012) [12] and Andersen et al.

(2017) [3]. Andersen et al., however, show a dependency of these characteristics on the
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turbine spacing and turbulence intensity level in the inflow.

For a more detailed investigation of wake interactions in a larger unit of turbines, an
experimental setup of three aligned model wind turbine was investigated in PAPER 2.
Specifically, the effects of tip speed ratio control on the power output of a second and
third row turbine were investigated. The small inter-turbine spacing of /D = 3 and low
background turbulence level of T4 = 0.23% might not be representative for most full
scale wind farms; however, tliisjextreme case showed that tip speed ratio control on the
front row turbine did not affect the power output of the third row turbine at all. For larger
turbine spacings and a higher inflow turbulence level, the wake flow would have recovered
even faster, mitigating the effects of upstream turbine control even more. The power out-
puts of the first three turbine rows measured in the experiment show good agreement with
measurements from a full-scale wind farm of similar inter-turbine spacing as presented in
Nilsson et al. (2015) [56]. Moreover, the experimental results in PAPER 2 showed that
controlling the tip speed ratio of the second row turbine hardly does not affect the power
characteristics of a third row turbine. These findings support the hypothesis that the power
of the third row turbine is rather independent of moderate induction based control of the
first and second row. An analysis of the wake flow behind the first and second turbine
discloses a considerably higher velocity deficit behind the second row. This observation
explains a further power drop from the second to the third row turbine.

An attempt to control the three turbines to an optimized combined wind farm power re-
sulted in insignificant power gains below 1%. This small gain was measured for a slightly
lower than rated tip speed ratio of the front row turbine, which is a result previously found
in the two turbine experiments of PAPER 1 already. This supports the statement that a
third turbine does not contribute any new dimensions to an axial induction based power

optimization of a turbine row.

Fig. 13. Normalized yaw moment of the upstream turbine M r-; and downstream turbine M 1o

positioned at z/D = 3 in dependence of the upstream turbine’s yaw angle vyr;.
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Offset operation of the downstream turbine

A so far little investigated field of wake-interaction research is the offset operation of a
downstream turbine. Depending on the site specific variations in wind direction, a partial
overlap of a downstream rotor with the upstream turbine wake is inevitable for most setups
and therefore considered to be a very relevant test case. In contrast to fully aligned tur-
bines in complete wake overlap, the inflow field for a downstream turbine becomes highly
asymmetrical when impinged by a partial wake. The blade forces on the dewnstream rotor
are deemed to fluctuate during the course of one rotation in an asymmetric inflow. An
experimental investigation of the downstream turbine loads in dependence of its position
in the wake is performed by Schreiber et al. (2016) [72]. Therein, the turbine’s position in
a partial wake is estimated from azimuthal blade load variations. A model framework of
two offset turbines and the potential for power and load optimization by upstream turbine
yawing was recently presented by van Dijk et al. (2017) [76].

The effects of partial wake impingement on a downstream turbine were in studied in PA-
PER 4 for this thesis. Besides power and thrust also yaw moments were measured on the
upstream and downstream turbine. Wake steering by upstream turbine yaw misalignment
demonstrated advantages for simultaneous load reduction and power gains on an offset
downstream turbine. It is shown that upstream turbine yaw control is able to deflect the
wake flow either on or away from the downstream rotor. For a wake deflection onto the
rotor swept area, the downstream turbine experiences smaller yaw moments as its inflow
conditions become more symmetrical. At the same time, however, also the downstream
turbine’s power production significantly reduces. In contrast to that, the wake can also
be deflected away from the downstream turbine. If the lateral offset between the turbines
is large enough, upstream turbine yawing might even be able to entirely deflect th@ake
away, maximizing the downstream turbine’s power and canceling out yaw moments.
Another interesting result of the offset test case was found for intentional yawing of the
downstream in a partial wake situation. As shown above in Figure 13 both a turbine oper-
ated in yawed condition as well as a non-yawed turbine operated in a partial wake experi-
ence yaw moments of about the same magnitude (for a turbine spacing of /D = 3). The
similar response of a turbine’s yaw moment to yaw misalignment and a strongly sheared
inflow suggested the concept of yaw moment mitigation by opposed yawing of a down-
stream turbine in a partial wake situation. The final test case in PAPER 4 proved that
yaw moments could be decreased for opposed yawing of the downstream turbine. Surpris-
ingly, also the downstream turbine’s power output was observed to increase for moderate
downstream turbine yawing (yr2 = 5 — 10°) in partial wake situations. In contrast to
the aligned case, yaw control was shown to be advantageous for both load mitigation and

power optimization at the same time in offset turbine setups.
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5.2 Reference experiments for computational models
Wake flow simulation models

Model scale experiments are not necessarily representative for real effects in full scale wind
farms, due to the previously mentioned scaling and blockage issues. However, a big ad-
vantage of wind tunnel experiments are the controlled boundary conditions, which allows
for isolated parameter variations and repeatable experiments. For this reason, model scale
wind turbine wake experiments can serve as a well defined reference experiment for wake
simulations tools.

Efforts to simulate the wake flow with different prediction tools were made in our research
group in the form of two Master thesis projects by Polster et al. (PAPER 15) and Géing
et al. (PAPER 16. In Polster et al. (PAPER 15) six engineering wind turbine| wake
models were compared to wake measurements obtained in the wind tunnel. Moreover, the
models’ sensitivity to inflow turbulence and thrust variations (through pitch angle con:
trol) was tested. The classical wake model by Frandsen et al. (2006) [23] did not prove to
predict the measured mean wake velocity profile sufficiently well. A better prediction was
obtained by a recent model by Bastankah and Porte-Agél (2014) [7]i-although model the
wake velocity level was generally overpredicted. Good mean velocity predictions were ob-
served for a high inflow turbulence by a model by Ishihara et al. (2004) [39]. However, the
model’s sensitivity to variations in rotor-thrust did not agree well with the measured data.
In contrast to that, the classical Jensen PARK model [43] performed well with respect to
thrust sensitivity. The best overall predictions at high background turbulence were given
by the Jensen-Gaussian wake model, a further development of the PARK model, recently
proposed by Gao et al. (2016) [24]. At very low background turbulence, however, the wake
veldcifly predictions were observed to be far off. Reasonably good approximations of the
wake development at low turbulence intensity were achieved by combining the Jensen-
Gaussian wake model with a turbulence model proposed by Crespo and Hernéndez (1996)
[15].

A high-fidelity Delayed Detached Eddy Simulation (DDES) of the wake flow behind the
model wind turbine was performed by Goéing et al. in PAPER 16. CFD simulations of
this type require a significant amount of computational resources as they fully resolve the
large eddies in the wake. The computational results of the DDES proved to accurately
predict the wake flow behind the model wind turbine exposed to a sheared inflow. The
mean streamwise and vertical velocity as well as turbulent kinetic energy distributions
compared well at two tested downstream positions. In spite of the large requirements for
computational power, the DDES technique proved to be an appropriate approach for the
simulation of wind turbine wake interactions.

Wind tunnel measurements of the mean and turbulent wake were furthermore provided
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as reference data for model predictions by external expert groups in CFD modeling. The
tradition of NTNU’s Blind test experiments initiated by Krogstad et al. (2013, 2014, 2015)
[49, 59, 50] was continued in PAPER 5 and PAPER 13. The fourth blind test (PAPER
5) experiment focused on the influence of inflow turbulence and shear on the wake flow
and the interaction of two aligned turbines in different separation distances. Five external
simulations were submitted, comprising a LES, a DDES and three RANS simulations. The
performance of the upstream turbine was in general very well predicted by all simulations
for all three inlet conditions, with an acceptable-seatter of maximum-=£7 %. However, the
turbine’s performance was documented from earlier blind tests. A larger variation was
observed for the performance of the downstream turbine. The scatter in predictions was
observed to increase for higher separation distances, from +15% at /D = 2.77 to £30 %
at /D = 9.00. Despite the large variations, the performance predictions had improved
compared to previous blind test experiments, in which the downstream turbine power
was scattered more than +100 % in [59] or +50 % in [50]. The most challenging task was
however the prediction of inflow-dependent wake flow. Accurate predictions of the mean
and turbulent velocities in the wake were consistently delivered by DDES and LES com-
putations, which was confirmed by high statistical correlation scores of these simulations
with the experimental data. As observed in previous blind tests, RANS simulations partly
managed an acceptable prediction of the mean velocity profile, while the wake turbulence
was in most cases far off the experimentally measured values. Fully resolved RANS models
generally resulted in better predictions than RANS computations combined with actuator
line or disc models. The characteristics of a slightly skewed wake behind a turbine exposed
to non-uniform shear were well captured by most of the predictions. Outside the scope
of the blind test workshop, an additional set of simulations of the blind test cases were
amongst others performed by Ciri et al. (2017) [13]. The LES study compared an actuator
line to a rotating actuator disc approach, resulting in more accurate predictions by the
actuator line method. While the mean velocity profiles were generally well predicted a
slight under prediction of the turbulent kinetic energy in the wake was observed.

Another fifth blind test workshop was held in May 2017, investigating the capability of
computational models to predict the strongly three-dimensional and asymmetric wake
flow behind yawed turbine configurations. Three test cases were designed investigating
the wake flow behind a single yawed turbine, a two-turbine setup of which the first was
operated in yaw as well as the yawed wake behind a new turbine geometry. Four exter-
nal expert groups in CFD modeling contributed a dataset of full field wake predictions
and turbine performance data. Three combined LES-ACL simulations were submitted,
while a fourth contribution fully resolved the rotor geometry in a DDES simulation. The
power coefficient of the yawed turbine was scattered within a range of £19%, which was

slightly larger than in the previous blind test. The power coefficient of the downstream
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turbine was varying in the range of +£49% from the experimentally measured value, indi-
cating the difficult prediction of turbine performance in a partial wake situation. The best
performance predictions were achieved by an actuator line approach, which used an ex-
perimentally measured dataset for the airfoil coefficients by Sarmast and Mikkelsen (2013)
[68]. The higher accuracy of the measured force coefficients for larger than design angles
of attack might have been of significant advantage for the prediction of a downstream tur-
bine operated in a partial wake, which continuously experiences large variations in angle
of attack during the course of one rotation. The mean streamwise and vertical velocities
in the complex yawed wake flow field were generally very well predicted by all numerical
simulations, confirming the mature development of LES/DES tools for wind turbine wake
simulations. Smaller deviations could be attributed to inaccuracies in inflow modeling or
a too coarse computational grid. One of the most positive results of the fifth blind tests
were the very accurate predictions of the turbulent kinetic energy in the wake behind a
single and two turbines. In contrast to all previous blind test, the locations and magnitude
of turbulence peaks only showed very small deviations from the experimental results. In
general, the results confirmed a continuous improvement in wake flow predictions from
the first to the fifth blind test. Combined LES/actuator line methods as well as hybrid
DES approaches emerged to be deliver the most accurate wake flow predictions. The fifth
blind test moreover indicated that future developments trend towards codes performing
accurate simulations at significantly less grid cells, increasing the computational efficiency
for high-fidelity wake predictions and consequently making simulations of full wind farms

possible.

Low-Reynolds airfoil flow simulations

Motivated by the low chord-based Reynolds number in the blind test experiments, an-
other experiment focusing on the flow over an airfoil was established. A two-dimensional
wing model of the NREL S826 airfoil was built (see Section 4.2) to measure lift, drag and
mid-span surface pressure distributions. Besides a Master thesis project comprising the
design and initial experiments by Aksnes (2015) [2], two computational simulations of the
airfoil flow were performed by Sagmo et al. (2016) (PAPER 8) and Prytz et al. (2017)
(PAPER 10).

In PAPER 8 2D and 3D steady state RANS simulations were performed at Re = 1.0x 10°
using three different turbulence models. Both the Spalart-Allmaras and the Realizable k—e
turbulence model were observed to reproduced experimental results for lift well in a 2D
setup. However, 2D simulations were observed to under predict drag significantly com-
pared with 3D k — e simulations. The three-dimensional simulations furthermore showed

significant spanwise variations in surface pressure when stall kicks in and managed to



6 Conclusions 37

predict a single stall cell for large angles of attack. Similar three-dimensional effects re-
sembling those of stall cells were also observed in DDES simulations by Prytz et al. in
PAPER 10. Therein, the flow over the airfoil was simulated for Reynolds numbers vary-
ing from Re = 5.0 x 104 to Re = 1.0 x 108 . Different RANS models were tested for the
simulation part in the boundary layers, of which the Realizable k — € resulted in the best
match with the experimentally measured pressure distributions. Moreover, an excellent
agreement with a previous LES computation of the airfoil flow by Sarlak (2014) [65] was
achieved at significantly less computational cost.

After a repetition of the experimental measurements on the NREL S826 wing model, the
experimental results were summarized in PAPER 6. As the lift and drag characteristics
were observed to be affected by transitional effects in the form of laminar separation bub-
bles, additional computations applying the transitional v — Rey model by Langtry-Menter
were performed. The strongest transitional effects were observed for Re < 0.7 x 10°, lead-
ing to a collapse in the airfoils lift characteristics. At larger Reynolds numbers smaller
laminar separation bubbles are observed on pressure and suction side, while their influ-
ence on lift an drag characteristics was decreasing with increasing Reynolds number. The
v — Rey model proved to be able to accurately predict the location and pressure levels
of laminar separation bubbles for most cases in the linear lift range. When approaching
stalled flow conditions, iowever, the v — Reg as well as a fully turbulent Realizable k — €
underpredicted the measured lift coefficients, confirming the weakness of RANS models to
accurately predict separated flow.

A comparison of the measured airfoil coefficients to earlier NREL S826 experiments per-
formed at DTU [68] and METU [58] resulted in a good agreement in the linear lift region.
At the onset of stall, however, significant differences were observed in the lift and drag
characteristics. For instance, the experimental dataset recorded at NTNU at Re = 1.0x10°
showed a considerably higher maximum lift. A closer investigation suggested that these
deviations in the stall region can be attributed to differences in the freestream turbulence

level in the inflow to the wing model.

6 Conclusions

An experimental study investigating the wake-turbine interaction of three different wind
farm control methods was presented. Additionally, model-scale reference experiments for
computational wake and airfoil flow models were performed.

A comparison of the combined power output of an aligned two-turbine array demonstrated
the effectiveness of yaw wake steering for the purpose of combined power gains. The com-

bined power profiles were observed to be asymmetric with respect to the upstream turbine
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yaw angle. A detailed analysis of the wake flow confirmed an asymmetric deflection of the
mean kinetic energy distribution in the wake for different inflow conditions. However, the
combined power gains were observed to be at the cost of increased yaw moments on a
yawed upstream turbine as well as a downstream turbine operated in a partial wake. As
raised levels of yaw moments indicate increased unsteady rotor loads, a careful analysis of
structural loads on both turbines is suggested for future studies.

For offset positions of the downstream turbine, however, wake steering through intentional
yaw misalignment of the upstream turbine was demonstrated to simultaneously increase
combined power and mitigate yaw moments on the downstream turbine. For higher lateral
offsets of approximately half a rotor diameter and a sufficiently high turbine spacing, the
mean velocity deficit in the wake could be almost entirely deflected away from a down-
stream rotor. For situations in which partial wake impingement was inevitable, opposed
yawing of a downstream rotor was demonstrated to mitigate loads and increase its power
production at the same time. A more detailed analysis of downstream turbine rotor loads
is however recommended to fully assess this strategy’s potential for load mitigation on
downstream rotors.

In tightly spaced wind farms, yaw control was observed to cause a partial wake inflow with
strong velocity gradients for an aligned downstream turbine. In these situations, axial in-
duction based wake control methods have been demonstrated to offer some advantages.
Although no significant combined power gains through axial induction based control were
measured, they were demonstrated to be able to effectively reduce upstream turbine thrust
loads while the combined array power could be kept almost constant. A comparison of tip
speed ratio and pitch angle control disclosed small local differences in the distribution of
added kinetic energy in the wake flow. While pitch control was observed to add kinetic
energy at a almost constant rate over the entire rotor swept area, a reduced tip speed
caused a kinetic energy addition in a ring behind the outer blade elements. The possibil-
ities to manipulate the near wake’s kinetic energy distribution by these axial induction
based control methods are however deemed to be highly dependent on the specific rotor
design. In contrast to wake steering by yaw control, axial induction based methods become
increasingly inefficient with increasing turbine spacing. For separation distances /D > 6,
small variations in upstream turbine pitch angle or tip speed ratio are observed to hardly
have any influence on the mean wake flow or downstream turbine power. In an additional
measurement campaign, coordinated tip speed ratio control was tested on a row of three
aligned model wind turbines. The main result of this study was that moderate tip speed
ratio control on the second row turbine almost did not affected the power characteristics
of a third row turbine at all. As the power measured on the third row turbine was ob-
served to be almost independent of moderate tip speed variations on the first and second

row turbine, the statement that the most significant effects of small variations in turbine
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induction happen between the first two turbines was confirmed.

The second part of this thesis described two reference experiments for computational flow
solvers. The blind test experiments confirmed the capability of combined LES-Actuator
line techniques and hybrid DES methods to perform exact predictions of the mean and
turbulent wake flow. Challenging test cases featuring sheared inflow (blind test 4) or the
interaction of a highly asymmetric yawed wake inflow with the wake of a non-yawed down-
stream turbine (blind test 5) were accurately predicted by these models. The blind tests
furthermore indicated a competitive advantage for codes that are able to perform accurate
wake predictions at a significantly reduced computational power.

Finally, a combined experimental and computational study on the flow around the model
turbine’s airfoil was performed at low to moderate Reynolds numbers. The experimental
results showed good agreement with other experimental dataset in the linear lift region,
while deviations at the onset of stall could be subscribed to different turbulence levels
in the inflow. Transitional effects in the form of laminar separation bubbles could be ac-
curately predicted by RANS solvers including transition modeling, while separated flow
conditions in stall were still observed to be difficult to predict by all investigated RANS

models.

7 Further work

The experiments presented in this work gave answers to some of the questions asked in
the beginning of this project. While the data was evaluated and documented, however,
hundreds of further questions arose. These issues concerned amongst other the validity
of the tested inflow conditions, scaling effects and measurements of important parame-
ters which could not be assessed with the existing setup. Further experimental research
could investigate the sensitivity of the turbine loads and the wake flow on more realistic
inflow conditions. Until now, only two turbulence levels and two shear coefficients have
been investigated. A more elaborate adjustment of the turbulent length scales in the in-
flow could be performed. Unsteady inflow as present in real atmospheric conditions could
for instance be reproduced by applying active grids. Another burning issue to be experi-
mentally investigated would be the loads on aeroelastically scaled blades. Advanced blade
structures and sensor technology would be needed for a detailed investigation of e.g. blade
root bending moments. An experimental dataset of structural rotor loads of a turbine
exposed to a matrix of different inflows would be extremely valuable for the validation of
computational models. The investigated inflow conditions therein could be designed for a
turbine exposed to different atmospheric stability classes, but also complex partial wake
inflows to a downstream turbine.

The primary goal of future research in wake interactions is to develop fast and accurate
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models that are able to predict and optimize power and loads in wind farms exposed to dif-
ferent inflows. High-fidelity computational wake models in LES/DES have reached a good
level, but require too much computational resources to be fast enough for a controllable
wind farm model. Research efforts for future research should therefore also be directed to

simple and fast engineering models for inflow-turbine and wake-turbine interaction.
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Appendix A: Model turbine geometry definition

Technical drawings of the model wind turbines T, T2 and LARSI are presented in

Figures A.1, A.2 and A.3, respectively.
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Fig. A.3. Geometry definition of model wind turbine LARSI.
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Appendix B: Airfoil and rotor blade geometry definition

Table B.1 and Figure B.1 show the normalized coordinates of the NREL S826 airfoil.

Table B.1. Normalized NREL S826 airfoil coordinates.

Suction side Pressure side
z/c y/c z/c y/c

0.00000 0.00000 0.00000 0.00000
0.00018 0.00159 0.00021 -0.00146
0.00255 0.00748 0.00093 -0.00274
0.00954 0.01638 0.00216 -0.00403
0.02088 0.02596 0.00367 -0.00525
0.03651 0.03580 0.01367 -0.01035
0.05636 0.04562 0.02920 -0.01518
0.08026 0.05519 0.04998 -0.01960
0.10801 0.06434 0.07580 -0.02362
0.13934 0.07288 0.10637 -0.02729
0.17395 0.08068 0.14133 -0.03091
0.21146 0.08758 0.17965 -0.03486
0.25149 0.09343 0.21987 -0.03855
0.29361 0.09807 0.26153 -0.04064
0.33736 0.10133 0.30497 -0.04051
0.38228 0.10294 0.35027 -0.03794
0.42820 0.10249 0.39779 -0.03280
0.47526 0.10005 0.44785 -0.02563
0.52324 0.09607 0.50032 -0.01720
0.57161 0.09094 0.55484 -0.00841
0.61980 0.08489 0.61055 -0.00015
0.66724 0.07816 0.66644 0.00699
0.71333 0.07095 0.72142 0.01254
0.75749 0.06341 0.77434 0.01621
0.79915 0.05572 0.82409 0.01784
0.83778 0.04798 0.86953 0.01741
0.87287 0.04029 0.90945 0.01498
0.90391 0.03262 0.94257 0.01113
0.93072 0.02479 0.96813 0.00689
0.95355 0.01695 0.98604 0.00324
0.97251 0.00982 0.99655 0.00084
0.98719 0.00431 1.00000 0.00000
0.99668 0.00103

1.00000 0.00000

0 01 02 03 04 05 06 07 08 09 10
x/c

Fig. B.1. NREL S826 airfoil coordinates.
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In Table B.2 and Figure B.2 the chord length and twist angle distribution of the NTNU
blade are defined. Note that twist angles of ¢ = 120.00° for the first three blade elements
indicate circular sections at the blade root.

Table B.2. NTNU blade chord and twist distribution.
Blade element Radius r [m] Chord ¢ [m] Twist angle ¢ [°]

1 0.0075 0.013500 120.00
2 0.0225 0.013500 120.00
3 0.0490 0.013500 120.00
4 0.0550 0.049500 38.000
5 0.0675 0.081433 37.055
6 0.0825 0.080111 32.544
7 0.0975 0.077012 28.677
8 0.1125 0.073126 25.262
9 0.1275 0.069008 22.430
10 0.1425 0.064952 19.988
11 0.1575 0.061102 18.034
12 0.1725 0.057520 16.349
13 0.1875 0.054223 14.663
14 0.2025 0.051204 13.067
15 0.2175 0.048447 11.829
16 0.2325 0.045931 10.753
17 0.2475 0.043632 9.8177
18 0.2625 0.041529 8.8827
19 0.2775 0.039601 7.2527
21 0.3075 0.036201 6.5650
22 0.3225 0.034697 5.9187
23 0.3375 0.032017 4.7185
25 0.3675 0.030819 4.1316
26 0.3825 0.029704 3.5439
27 0.3975 0.028664 2.9433
28 0.4125 0.027691 2.2185
29 0.4275 0.026780 1.0970
30 0.4425 0.025926 -0.7167

®)

Fig. B.2. NTNU blade geometry: (a) suction side view and (b) leading edge view.
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Summary. In state-of-the-art wind farms each turbine is controlled individually aiming for op-
timum turbine power not considering wake effects on downstream turbines. Wind farm control
concepts aim for optimizing the overall power output of the farm taking wake interactions between
the individual turbines into account. This experimental wind tunnel study investigates axial in-
duction based control concepts. It is examined how the total array efficiency of two in-line model
turbines is affected when the upstream turbines tip speed ratio (A-control) or blade pitch angle (-
control) is modified. The focus is particularly directed on how the wake flow behind the upstream
rotor is affected when its axial induction is reduced in order to leave more kinetic energy in the wake
to be recovered by a downstream turbine. It is shown that the radial distribution of kinetic energy
in the wake area can be controlled by modifying the upstream turbines tip speed ratio. By pitching
the upstream turbines blades, however, the available kinetic energy in the wake is increased at an
equal rate over the entire blade span. Furthermore, the total array efficiency of the two turbine
setup is mapped depending on the upstream turbines tip speed ratio and pitch angle. For a small
turbine separation distance of z/D = 3 the downstream turbine is able to recover the major part
of the power lost on the upstream turbine. However, no significant increase in the two-turbine ar-

ray efficiency is achieved by altering the upstream turbines operation point away from its optimum.



64

Note: In the original version of this paper the pitch angle was defined to be negative when the
blades were pitched towards feathered position. This definition was not consistent with most other
sources in literature. For this version of the paper the pitch angle definition was corrected to be

positive in order to be consistent with the definition in the introductory section of this thesis.

1 Introduction

Due to limited spacing in offshore wind farms, wake interactions between the single tur-
bines cause significant power losses on the downstream turbines. For certain wind direc-
tions these power losses are estimated to account for up to 10-20% for large offshore wind
farms [2] as the single turbines are controlled for the optimum individual operation con-
dition. In order to reduce these effects and thus optimize the total power output of the
farm, a holistic wind farm control approach is needed [14]. One promising control concept
is to reduce the induction on the upstream rotors and thus increase the amount of kinetic
power available in the wake that can be recovered by the downstream turbines. This can
be done by altering the upstream turbines tip speed ratio through the turbines torque
controller as well as varying the blade pitch angle. Steinbuch et al. (1988) [21] addressed
the topic of wind farm contrel already in 1988. They underline the importance of con-
trolling rotor loads through wind farm control methods. Furthermore, they indicate the
potential of an increase in overall energy capture by downrating the upstream turbines. A
theoretical optimization study of an array of eight aligned wind turbines is presented by
Horvat et al. (2012) [10]. Applying a simple engineering wake model they calculate a total
gain in wind farm efficiency of 2.85% when the power extraction of the first three turbines
is reduced through pitching. Another study of adjusting the blade pitch angle for wind
farm power optimization is presented by Lee et al. (2013) [18]. Applying an eddy viscosity
model for representation of the wake while optimizing the upstream turbines pitch angles,
they simulate a wind farm efficiency increase by 4.5% for a model of the Horns Rev wind
farm layout. Johnson and Fritsch (2012) [13] apply an Extremum Seeking Control algo-
rithm to optimize the power of simple wind farm consisting of three aligned turbines. For
low atmospheric turbulence inflow conditions they find an increase in combined efficiency
when reducing the induction on the first and second turbine. Their algorithm is using the
engineering PARK wake model to simulate the aerodynamic interactions between the tur-
bines. A different approach for the power optimization of three in-line turbines is presented
by Marden et al. (2013). They utilize game theoretic methods for wind farm optimization
and show its potential for an efficiency gain. Their model-free approach does not utilize a
wake'model and is based on some strongly simplified assumptions. Gonzélez et al. (2015)
[8] developed another algorithm for optimizing the wind farm efficiency by individual pitch
angle and tip speed ratio control of each turbine. The turbine wake flow is for this case

simulated by the PARK model. Considering wind directions that results in fully aligned
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turbine rows, they model a total farm efficiency increase of 7.55%. A recent study by
Annoni et al. (2016) [1] discusses the potential of induction-based wind farm control tech-
niques. The higher-order wind plant model SOFWA based on Large Eddy Simulations
(LES) is compared to a simpler engineering model, showing up discrepancies in the simple
wake model. The simulations based on the engineering wake model predict a slight wind
farm efficiency increase when pitching or downrating the upstream turbine, whereas the
more advanced SOFWA simulations show that the energy lost on the upstream turbine
cannot be fully recovered by the downstream turbine. Full-scale experiments on wind farm
control are reported by Wagenaar et al. (2012) [22]. In a farm of 10 small wind turbines
of a rotor diameter of D=7.6m spaced at 3.7D in one wind direction, the effect of yaw
misalignment is studied. No significant overall farm efficiency increase is reported for this
test case. In general, wind farm control methods based on wake deflection like yawing or
individual pitch control have the big advantage that low kinetic energy fluid in the wake
can be deflected away from the center of an aligned downstream rotor. Most of the studies
investigating yaw control ([5], [12], [6], [7], [11]) report an effective deflection of the wake
path around 0.6 rotor diameters, implicating an unsteady and a highly asymmetric blade
load distribution for an aligned downstream turbine. Axial induction based wind farm
control methods as discussed in this paper, are not able to deflect low kinetic energy fluid
away from the downstream rotor. However, they have the advantage of being able to con-
trol the load distribution for the downstream turbine steadily over the entire rotor swept
area of an aligned downstream turbine, implicating a more uniform load distribution for

a downstream rotor.

2 Objectives

The objective of this experimental study is to show up the potential of axial-induction
based control methods on the total wind farm efficiency. The focus is particularly di-
rected on the mean wake flow affected by the upstream turbines operating condition. The
distribution of kinetic energy in the wake is directly related to the power output of the
downstream turbine. The total wind farm efficiency is mapped in dependency of the oper-
ation conditions of the upstream and downstream turbine for three representative turbine
separation distances. A study of the wake behind the second turbine, and thus an indica-
tion for the available power of a third turbine is given by Bartl et al. (2012) [3]. Given the
drawbacks of low Reynolds-numbers operation and wind tunnel blockage effects this study
does not claim to represent a full-scale situation. Nevertheless, the study consists of a set
of well-documented experimental data, which provides a defined test case for calibration

and validation of CFD methods. A comparison of wake and performance data of CFD
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Fig. 1. Schematic of the experimental setup in the wind tunnel. The upstream rotor is set up
at /D = 2 from the turbulence grid. The downstream rotor is positioned 2/D = 3 behind the
upstream rotor.

predictions to experimental data from NTNUs wind tunnel is presented in the so-called

Blind test experiments [15], [20], [17], [4].

3 Methods |:|

In this experimental study the characteristics of the axial-induction-based control strate-
gies are assessed for a setuplefltwo in-line model wind turbines. The models have a rotor
diameter of about D=0.90m and are installed in a closed wind tunnel test section of
2.7m x 1.8m resulting in a solid blockage ratiojof 13%. Figure 1 schematically shows the
experimental setup, a detailed description of the turbine geometry can be e.g. found in
Pierella et al., 2014 [20]. The turbine blades are based on the NREL S826 airfoil, which
is shown to result in Reynolds-number-independent rotor performance for reference wind
velocities above .y = 11.5m/s [15]. The model turbines are equipped with a torque
transducer and an optical photo cell making it possible calculating the mechanical power
at the rotor shaft. Moreover, the turbines are mounted on a 6-component force balance
allowing assessing the thrust force. The axial induction factor over the blade span is cal-
culated by the means of Blade Element Momentum (BEM) method. 30 blade elements are
chosen to get an approximation of the blade load distributions. Hotwire anemometry with
a sampling frequency of f=20kH z is used to measure the mean and turbulent streamwise
velocity in wake behind the upstream turbine. In order to simulate realistic atmospheric
conditions a turbulence grid is set up at the test section inlet generating a background
turbulence intensity of T1=10.0% at the first rotor plane, decaying to T1=5.0% at the
position of the second rotor x/D = 3 rotor diameters downstream of the first rotor. The
random error of the power, thrust and mean velocity measurements are calculated based
on a 95% confidence interval. Systematic errors based on a uncertainty analysis of the
calibration procedures are taken into account and thus a total error is calculated. Herein,
the systematic error of 1% from the velocity calibration is seen to be the major contrib-

utor to the total uncertainty in all presented quantities. The uncertainty in the upstream
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turbine power coefficient at design conditions is calculated to be within +3%, while it is
lower than +2% for the thrust coefficient. The total uncertainty in the mean velocities in
the wake is calculated to be lower than +1.5%.

4 Results |:|

4.1 Tip speed ratio variation (A-control)

In a first experimental setup the upstream turbine tip speed ratio is varied from its design
point at A1 =6.0 and the influence on the performance of the downstream turbine assessed.
The power coefficient Cpri and the thrust coefficient Cr 71 of the upstream turbine are

shown in dependence of the tip speed ratio Ap; in Figure 2 (a) and (b).

Pry
Cpri = ————— 1
05 p Aot Ul (1)
Frmri
Crm=—F—F"35— 2
' O-SPArot,Tl Uzef @
wR
A1 = 3
L e 3)

The upstream turbine power can be reduced by overspeeding the rotor to higher tip
speed ratios, which on the other hand increases the total thrust and thus the total axial

induction a;,q on the rotor.

Qind = 05(1 —\ 1-— CT) (4)

The induction factor as calculated in from momentum conservation in equation (4) is
a global parameter for the entire rotor. In reality, however, the axial in@ction factor is
not distributed evenly over the rotor radius. This can, for instance, be shown by a simple
Blade Element Momentum (BEM) calculation. In Figure 2 (c) the axial induction factor
calculated by a BEM code is shown 30 blade elements over the blade root distance r/R
for the five investigated tip speed ratios. It is shown that the axial induction is actually
reduced in the inner part of the rotor up to about 0.4 times the blade span, and increased
for the outer blade elements in case the rotor is overspeeded. This non-uniform change of

the induction over the blade radius directly affects the wake flow behind the turbine. As
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Fig. 2. Measured upstream turbine T1 power coefficient (a) and thrust coefficient (b). Calculated
axial induction factor over the upstream rotor blade span at different tip speed ratios (c). Mean
velocity measurements in a horizontal line at hub height, /D = 3 behind the upstream rotor for
three different tip speed ratios (d). Measured downstream turbine T2 power coefficient (e) and

thrust coefficient (f)

[

presented in Figure 2 (d) the mean velocity profile at hub height measured in a horizontal

line at a downstream distance of /D = 3 is showing two distinct minima which indicates

that the measurement location in the near wake. For the case of overspeeding to Ay1=7.0,
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the velocity deficit near the blade tip is seen to increase, while more kinetic energy is left
in the center of the wake. Thus, the total kinetic energy integrated over the rotor swept
area stays rather constant compared to the to the design case at tip speed ratio Ay71=6.0.
Setting up another turbine at the exact same location at /D = 3 makes it possible to
measure the power coefficient C'p 2 and thrust coefficient C7 12 of the downstream turbine

as presented in Figure 2 (e) and (f).

Pro
C =~ 5
BT = 05 p At ®
F
Crors T2 (©)

S 05 p Arat,TZ u%ef

Note that for better comparability the reference velocity u,.; for both model turbines
is the velocity measured at the inlet contraction of the test section x/D = 2 upstream
of the upstream turbine. It can be observed that the power and thrust coefficient for the
downstream turbine is not significantly affected by overspeeding the upstream turbine. The
downstream turbine experiences very similar total thrust and power indicated by matching
performance curves. In case the upstream turbine is downrated, i.e. slowed down to lower
tip speed ratios, both the power and thrust coefficients are reduced as indicated in Figure 2
(a) and (b). Although the total axial induction is also reduced, an increase of the induction
factor is observed in the center of the rotor up to about r/R=0.3. The radial distribution
of the induction factor is again modified, the opposite effect as for the case of overspeeding
is observed. The inducti@l increases in the center while it reduces towards the blade tips.
The increase in axial induction consumes more energy in the center of the upstream rotor.
As a consequence the mean velocity profile in the wake is observed to flatten out for
Ar1=5.0 (Figure 2 (d)). More kinetic energy is left in the tip region of the rotor, while the
kinetic energy in the wake center is further reduced. In case of downrating the upstream
rotor to Ap1=5.0, only a slight increase of about 2% in the downstream turbine efficiency
can be measured. When slowing down the upstream @tor to close-to-stalled-conditions
at Ap1=4.0, about 20% more power can be gained at the downstream rotor compared
to the upstream case as shown in Figure 2 (e). This can, however, not account for the
power losses at the upstream rotor. As a consequence the total wind farm efficiency is
decreased as further discussed in section 4.3. Correspondingly, the downstream turbines
thrust coefficient Cr 2 is somewhat higher for when slowing down the upstream turbine
to Ar1=4.0, while it is almost not affected at all when slowing it down to Ap1=>5.0. The
outer blade elements of the upstream rotor might be partly stalled Ap;=4.0 already loving

significantly more kinetic energy in the wake than at Ay;=>5.0.
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4.2 Pitch angle variation (8-control)

In a second parameter variation the effect of an upstream_turbine pitch angle variation
on the performance characteristics of the downstream turbine is invest@ated. Therefore,
the downstream turbines performance is measured when the upstream turbine is slightly
pitched towards feathered position. A pitch angle range from Sr;=0° to S71=7° is inves-
tigated while the upstream rotor tip speed ratio is kept constant at A71=6.0. In this study
the pitch angle is defined to be positive when the blades are pitched towards feathered
position. Thus, the angle of attack decreases with increasing pitch angle, which is in agree-
ment with the definition given by Hau (2013) [9]. Figure 3 (a) and (b) display the power
and thrust coefficients of the upstream turbine for different blade pitch arrgtes. Pitching
the rotor towards the feathered position, both the power and thrust coefficient decrease. It
is observed that the run-away tip speed ratio is reached earlier when pitching the turbine
towards feathered position. The general trends in C'p and Cr for a pitched turbine com-
pare well to simulations on the NREL 5 MW reference turbine by Annoni et al. (2016) [1]
as well as the data presented in Johnson and Fritsch (2012) [13] as well as Hau (2013) [9].
The pitch-dependent performance characteristics of the model turbine however differ for
different rotor designs. A stang dependence on the specific blade design is observed. For
the present design of the NTNU model turbines the optimum power point of the upstream
turbine is shifted towards lower tip speed Htios at a rate of about A/B ~0.25/1° when
the turbine is pitched out. This shift in optimum power point is indicated by the inclined
brown line in Figure 3 (a) and (b).

A BEM calculation of the radial distribution of the axial induction factor for different
pitch angles is presented in Figure 3 (c). It is observed that the induction factor is decreas@
uniformly over the entire blade radius when the turbine is pitched towards feathered posi-
tion. This radially uniform reduction in induction is also visible in the mean wake profile
measured at /D = 3 downstream of the turbine. As shown in Figure 3 (d), significantly
higher mean velocities are measured for the blade pitch angles Sr1=2° and $71=5° in the
entire area behind the rotor. Due to the quite uniform reduction in induction the wake
shape remains similar to the one of the design case at S71=0°. For both investigated pitch
angles Br1=2° and Bp1=5° the velocity profile features two distinct minima, while a locdl
maximum is observed around z/R=0.2. The asymmetry in the wake profile can be as-
cribed to the influence of the turbine tower wake (Pierella et al., 2014 [20]). The velocity
in the freestream (z/R ~ £1.5) /D = 3 behind the upstream turbine is measured to be
slightly higher than the reference velocity u,ef. This local speed up in the freestream is
due to the blockage effect by the wind tunnel walls. It is observed that the speed up due to
blockage decreases when the upstream rotor is pitched and thus the induction is reduced.
Furthermore, it can be observed that a small part of the added kinetic energy in the wake

is diffused into the freestream flow at z/R > 1 and z/R < —1 already at /D = 3 rotor
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Fig. 3. Measured upstream turbine T1 power coefficient (a) and thrust coefficient (b) for different
pitch angles. Calculated axial induction factor over the upstream rotor blade span for different pitch
angles (c). Mean velocity measurements in a horizontal line at hub height, 2/D = 3 behind the
upstream rotor for three different pitch angles (d). Measured downstream turbine power coefficient
Cpr2 (e) and thrust coefficient Cr o (f) for different upstream turbine pitch angles S

cated at

x/D = 3 downstream of the first rotor are presented in Figure 3 (e) and (f). In general, it

diameters downstream. The power and thrust coefficients of a second turbine

is observed that more energy can be recovered by the downstream turbine when the up-
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stream turbine is pitched towards the feathered position. In average, the power production
of the downstream turbine increases at a rate of about ACp/ABr1 ~ 13%/1°. When pitch-
ing the upstream rotor blades 371=2° for instance, 26% more energy can be recovered at
the downstream turbine compared to the reference case of S71=0°. The energy recovered
by the downstream turbine does, however, not account for the energy missing on the up-
stream turbine as further discussed in section 4.3. The thrust coefficient of the downstream
turbine Cr 2 is trending accordingly. Up to a tip speed ratio of Ar2=3.0, the upstream
turbine pitch angle 71 does not have any significant influence on the downstream turbine

performance as itself operates in stalled conditions.

4.3 Wind farm efficiency

By altering the tip speed ratio of both turbines, a matrix of the array efficiency

5o Pr1+ Pro |:|
PTl,maac + PT?,max

(7)

of the two turbines is mapped for a separation distance of /D = 3. The array efficiency
is found to be rather constant over a tip speed ratio range from Ap;=4.5 to Ap1=6.5,
varying in the range of £1.0%, as shown in Figure 4 (a). Considering the measurement
uncertainty no significant increase in wind farm efficiency can be found. That means that
approximately the same amount of energy which is lost on the upstream rotor can be
recovered for a low turbine separation distance of z/D = 3. In Figure 4 (b) a map of
the combined wind farm efficiency is shown for a variation of the upstream turbines pitch
angle. It is observed that the kinetic energy surplus in the wake behind a pitched upstream
turbine is most efficiently recovered by the downstream turbine for very small upstream
turbine pitch angles up to 8p1=1°. However, no increase in total wind farm efficiency is
achieved for any of the investigated pitch angles.

These experimental findings contradict the calculated total efficiency improvements
through axial induction based wind farm control as found by Horvat et al. (2012) [10], Lee
et al. (2013) [18], Johnson and Fritsch (2012) [13], Marden et al. (2013) [19] or Gonzalez et
al. (2015) [8]. Most of these algorithms are, however, based on engineering wake models,
which include a number of simplified assumptions. Annoni et al. (2016) [1] disclose some of
the discrepancies of an engineering wake model by directly comparing it to a higher-order
wake simulation based on LES computations. These higher-order simulations result in
very similar trends as presented in this experimental study, although the turbine geometry
and the boundary conditions are somewhat different. A possible explanation for the non-
recovery of the added energy in the wake can be fﬂlnd by tak@ a closer look at the wake
flow. Analyzing the wake flow (Figure 2 (d) and 3 (d)), it is observed that small parts of
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Fig. 4. Map of the combined farm efficiency E = Pr1 + Prao/(Pri,maz + Pr2,maz) [-] of the two
turbines setup at a separation distance of /D = 3 in dependence of (a) upstream turbine tip
speed ratio App at constant pitch angle Sr1=0° and (b) upstream turbine pitch angle 71 at a
constant tip speed ratio Ay;=6.0.

the added kinetic energy in the wake diffuse into areas outside the downstream rotor swept
area due to turbulent mixing. The added energy in the wake thus cannot be recovered by
the downstream turbine anymore. For higher downstream distances the wake is supposed
to re-energize, also meaning that even more added energy from the wake is diffused into the
surrounding freestream flow. Consequently, controlling the upstream turbine is expected
not to affect the wake flow and downstream turbine power to the same extent anymore
for higher distances. From another point of view it can be stated that the combined power
is not very susceptible to deviations from the optimum rotational speed and pitch angle.
This finding implies that that axial induction based wind farm control could be beneficial
for achieving a more even load distribution between two consecutive turbine rows. As
the combined power is almost constant in region down to Ap;=4.5 respectively Spr1=1°,
induction based turbine control could be used to pass on loads to the next turbine row to

the cost of only very small power losses.

5 Conclusions

It is shown that the radial distribution of kinetic energy in the wake area can be controlled
by modifying the upstream turbines tip speed ratio. Controlling the tip speed ratio of the
upstream turbine away from its design point is observed to modify the radial distribution of
kinetic energy in the wake. The added kinetic energy in the wake is decreased in the centre
region of the wake and increased in a circular region behind the outer blade elements when
the upstream rotor is downrated. When downrating the upstream turbine in the range of
Ar1 = 4.5——6.0, the major part of the kinetic energy can be recovered by the downstream

turbine for low turbine separation distances up to /D = 3. However, a significant overall
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increase in power output of the two turbine array is not achieved. By pitching out the
upstream turbines blades the available kinetic energy in the wake is increased at an equal
rate over the entire blade span. The total array efficiency of the two turbine setup is
observed to decrease when the upstream turbine is pitched towards the feathered position.
Also for this wind farm control mechanism, no significant increase in the two-turbine array
efficiency is measured. For both control mechanisms it is observed that some of the added
kinetic energy in the wake is diffusing into the freestream and cannot be recovered by the

downstream turbine anymore.
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Summary. A dataset of wind tunnel power and wake flow measurements on a setup of three
aligned model wind turbines is presented. The power outputs of the three turbines are in good
agreement with measurements from a full-scale wind farm of similar inter-turbine spacing. A com-
parison of the wake flow behind the first row and the second row shows a significantly higher mean
velocity loss behind the second row justifying a further power drop from the second to the third
row turbine. Curtailing the front row turbine to smaller than rated tip speed ratios resulted in
insignificant total power gains below 1%. Curtailments of both the first and second row turbine
indicate that the best combined array power results are achieved for slightly lower than rated tip
speed ratios. Although power curtailment is observed to have a rather small potential for power
optimization of a wind farm, it could be an effective method for load distribution at constant farm

power.
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1 Introduction

Depending on the inter-turbine spacing, wake interactions between individual turbines are
estimated to cause power losses up to 10-20% in large offshore wind farms [2]. Therefore,
holistic wind farm control approaches are proposed to optimize the farms capability of
kinetic energy extraction from the wind [9]. Wind farm control methods can, in general,
be classified as wake deflection methods like yaw control or axial induction based control
methods like pitch or torque control of the upstream turbines. Even though the potential
for power gains by wake deflection control is estimated to be larger [1], [4] axial induction
based curtailment methods have the advantage of a more uniform load distribution over
the downstream turbine rotor area. Dependingon the turbine type, inter-turbine spacing,
and the site-specific wind conditions, axial-induction based control is therefore considered
an effective option for power and load control in tightly spa¢ed wind farms. By reducing
the induction of the upstream turbine through tip speed ratio or pitch control, more kinetic
energy is left in the wake flow that can be used by the downstream turbines. A previous
study by Bartl and Seetran (2016) [3] of induction based control on two in-line turbines
indicates a higher potential for power gains for tip speed ratio control than for pitch
control. An investigation by Hansen et al. (2012) [8] highlights that the level of atmospheric
turbulence intensity significantly influences the wake recovery and thus the total power
output of a wind farm. This is confirmed in a model scale study by Ceccotti et al. (2016)
[5], in which a curtailment of the first raw is shown to be effective for low background
turbulence and small turbine separation distances (< 3D) only. However, the potential
power increase for a two turbine arrangement is observed to be within one percent. In full-
scale wind farms measurements on aligned turbines show the biggest power drop between
the first and second row [2], [8], [7]. The difference in power production from the second to
the third row is considerably smaller, which leads to a more or less stable production for
turbine rows located even further downstream. The additional energy extraction by rotors
from the third row on seems to be balanced by the entrainment of high kinetic energy fluid
from the surrounding freestream flow. Therefore, an investigation of two aligned turbines
may not be conclusive for an entire wind farm as also the third turbine power output
and_further rows could be affected by a curtailment of the front row turbine. In a Large-
Eddy-Simulation (LES) of the tightly spaced Lillgrund wind farm Nilsson et al. (2015)
[10] investigate the potential for increasing the wind farm production by curtailment of
the front row turbines. By pitching out the front row turbines, they could not observe
a positive contribution to the overall wind farm power production. Another CFD study
based on the actuator line technique by Mikkelsen et al. (2007) [11] on a row of three
aligned turbines shows increased production of the second and third turbine for a pitched
first row turbine. In this collaborative experiment between the Norwegian University of
Science and Technology (NTNU) and Middle East Technical University (METU) Center
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Fig. 1. Setup of the turbines in the wind tunnel and reference coordinate system.

for Wind Energy, measurements on three aligned model wind turbines of identical rotor
geometry are carried out. It is investigated whether a curtailment of the first and second

row can benefit the combined power output of a row of three aligned wind turbines.

2 Methods

2.1 Wind tunnel, model turbines and rotor geometry

The test section of the closed-loop wind tunnel at NTNU in Trondheim is 2.71m wide,
1.81m high and 11.15m long. Static pressure holes are installed at two defined circumfer-
ences at the inlet of the tunnel in order to control the inflow speed. The wind tunnel is
driven by a 220kW fan, which is located behind the test section. The model wind farm con-
sists of the first row turbine (T1) from NTNU and the second (T2) and third row turbine
(T3) from METU. The turbines have the exactly same rotor and nacelle geometry. The
three-bladed rotors have a diameter of D=0.944 m and turn in the counter-clockwise di-
rection. The rotors are controlled by systems of electric motors and frequency inverters by
Siemens (T1, NTNU) respectively Panasonic (T2 & T3, METU). The turbines rotational
speed can be controlled up to about 3500 rpm, while the extensive power is consumed
by external load resistgnces. The turbine blades are based on the NREL S826 airfoil and
precision milled in aluminum. Three different sets of experimental performance data of
the NREL S826 airfoil for low Reynolds numbers can be found in publications by Ostovan
et al. (2013) [12], Sarmast and Mikkelsen (2013) [14] and Sagmo et al. (2016) [13], all of

which can be used as input data for Blade Element Momentum (BEM) simulations.

2.2 Experiﬂental setup

Figure 1 shows a side-view of the wind tunnel with the three model turbines installed.
The first row turbine (T1) is mounted 2.00D from the tunnel inlet, while turbines T2
and T3 are set up with an inter-turbine spacing of 3.00D. The turbine hub height is
hpup=81Tmm, which is slightly below the wind tunnel center. The figure also shows the
reference coordinate system with its origin in the center of the first turbine rotor plane.
The turbines are exposed to a uniform inflow of u,.=11.5m/s. The turbulence intensity

in the inflow is measured to be T'1=0.23% at the first row turbine location. The design
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Fig. 2. (a) Cp-A-curves of the three aligned turbines, their optimum points (red, orange, yellow);
all referred to u,.y=11.5m/s. (b) Relative power of test cases compared to full-scale data from
Lillgrund windfarm [10]

tip speed ratio of all three turbines is A=6.0 which is giving an optimal axial induction
factor of @ ~0.33 at r/R=0.8. In order to study the effect of variations in tip speed ratio
of the first and second row turbines on the total array power, the first row turbine is
set to discrete tip speed ratios Ap1=[4.5, 5.0, 5.5, 6.0, 6.5]. Meanwhile, 15 tip speed ratios
each in steps of AApo=ANp3=0.20 around the optimum operation point are automatically

scanned for the second and third turbine.

2.3 Measurement instrumentation and settings

All three turbines are equipped with in-nacelle torque transducers and optical cells for
an acquisition of the rotational speed. Torque and rotational speed are averaged over 30s
and the mechanical power on the rotor shaft calculated. The statistical uncertainty of
the power coefficient of T1 at A=6.0 is calculated to be lower than +3.0%. Wake flow
measurements are carried out z/D=3 behind the first row turbine T1 without T2 and
T3 being installed and x/D=3 behind T2, without T3 being installed. These locations
are exactly the same locations of T2 respectively T3 and therefore represent the wake
flow these turbines are exposed to. The velocity measurements are performed using a
Laser Doppler Anemometer (LDA) by Dantec Dynamics. The statistical uncertainties of
the mean velocities are calculated to be lower than +0.5% considering a 95% confidence

interval.



3 Results 83

3 Results

3.1 Power output of the turbine array |:|

In a first test all three aligned turbines are individually controlled to their optimum power
point. The three turbines have identical C'p-A characteristics with a maximum power
coefficient Cp,q,=0.462 at rated tip speed Etio Aopt=6.0 when exposed to the undis-
turbed freestream flow. When operated in the wake of one or more upstream turbines the
power coefficients of the second and third row turbines are reduced to C'p72=0.121 and
Cpr3=0.088, respectively, as shown in Figure 2 (a). The Cp-\ characteristics are all re-
ferred to the reference inflow wind speed u,¢f=11.5m/s upstream of T1 and the red, orange
and yellow point the optimum power point when the turbines are individually controlled
for optimum power output. Figure 2 (b) shows the relative power of the second and third
row turbine relative to the optimum power output of the front row turbine. The measured
powers show good agreement to a dataset of full scale measurements and LES simulations
at Lillgrund wind farm, which was presented by Nilsson et al. (2015) [10]. The Lillgrund
wind farm is a tightly spaced wind farm with an inter-turbine spacing of 4.3D in SW-NE
direction respectively 3.3D in SE-NW direction, making it a convenient reference case for
the presented model scale setup. For this comparison, only the outermost row furthest to
NE with a separation distance of 3.3D is considered (row A, Nilsson et al., 2015). Only
one side of this row is-interacting with the wake flow from adjacent rows while the other
side is exposed to the undisturbed freestream flow. The relative power of second turbine in
this experiment with 0.23% inflow turbulence matches the measured value from Lillgrund
with a background turbulence of 5.7% very well. Large Eddy Simulations (LES) by Nilsson
et al. (2015) [10] with no background turbulence (T'/=0%) resulted in significantly lower
power outputs for the second turbine, which are considered to be unrealistically low. In
order to reproduce more realistic atmospheric conditions, the power of the second tur,
bine was also measured for a grid generated turbulence of TI=10.0%. This resulted in an
18% higher power output for the second turbine compared to the low turbulent inflow of
TI1=0.23%. This is consistent with findings by Churchfield et al. (2012) [6], who performed
LES simulations on two aligned full-scale 5MW turbines in atmospheric boundary layers
of different stability. They found 15-20% higher power production of the second row tur-
bine for highly turbulent unstable conditions than for neutral conditions featuring lower
background turbulence. The measured power output of the third row turbine, however, is
significantly lower than the measured power from Lillgrund wind farm. In fact the power
drops about 27% from the second to the third turbine, while it increases with about 46%
in the measured full scale data. This noteworthy power increase is considered to stem from
a strong re-energizing of the turbulent wake. As the background turbulence for the wind

tunnel case is considerably lower, the wake does not re-energize as fast and the power
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Fig. 3. (a) Cp-A-curves of the second turbine T2 depending on different tip speed ratios of T1.
(b) Relative power for T1, T2 and T3 for a curtailed first row turbine T1

Table 1. Total array power and operating points for five cases of first row turbine curtailment.

AT PTPiT’rrlMlﬂ: AT2 PTlanzmm ATs PTIjTTfLaa: Pil;lqulTj:: cEin %
6.0 1.0000 4.0 0.2620 3.5 0.1913 1.4533 +0%

5.5  0.9948 3.7 0.2721 3.5 0.1919 1.4588 +0.38%
5.0 0.9749 4.0 0.2892 3.5 0.1945 1.4587 +0.37%
4.5 0.9456 3.9 0.3075 3.3 0.2026 1.4558 +|.£9L_é7%
6.5 0.9903 3.9 0.2607 3.3 0.2018 1.4527 —6:64%

of the third row is lower. A similar power drop from the second to the third turbine is

observed in the LES computations by Nilsson et al. (2015) [10] for zero inlet turbulence.

3.2 Effects of power curtailment

According to momentum t}ﬁory7 a reduction of the front turbines induction benefits the
total power production of a number of aligned turbines. The curtailment of a turbine can
be done by blade pitching or a variation away from its optimum tip speed ratio. Bartl
and Saetran (2016) [3] showed that curtailment through tip speed variation is the more
promising option with respect to total power gains. For an operation at lower than rated
tip speed ratios more kinetic energy is left in the center of the wake compared to the

pitching case.

Front row turbine curtailment

At first, the effects of a curtailment of the first turbine are analyzed. Figure 3 (a) shows
the Cp-X characteristics of the second row turbine for four cases of first row turbine
curtailment. In three cases T1 is slowed down, in one case slightly overspeeded. It is

observed that the second turbine is able to recover about the same amount of energy
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Fig. 4. (a) Cp-A-curves of the third turbine T3 depending on different tip speed ratios of T2. (b)
Relative power for T1, T2 and T3 for a curtailed second row turbine T2

Table 2. Total array power and operating points for five cases of second row turbine curtailment.

AT PTIfTrrlLaa: A2 PTITI;:QJ: Ars PT]jij,m P?TJrllj::S +in%
6.0 1.0000 4.0 0.2620 3.5 0.1913 1.4533 +0%

6.0 1.0000 3.7 0.2616 3.5 0.1931 1.4547 +0.09%
6.0 1.0000 2.0 0.2414 3.5 0.1986 14399 —-0.92%
6.0 1.0000 6.0 0.1609 3.5 0.2185 3793 —5.09%

that is lost through curtailment of the first turbine. The exact numerical values of the
relative power measured are tabulated in Table 1. In Figure 3 (b) the relative power for
all three turbine rows for cases when the front row turbine T1 is operated at off-design
condition is presented. Turbines T2 and T3 are for these cases always controlled to their
individual maximum power point. As indicated in the last two columns in Table 1, the
combined power output of the three aligned turbines is observed to be very constant for
these four cases of front row curtailment. Only very small gains in total power of less than
one percent can be achieved. Although these power gains are insignificant considering a
statistical measurement uncertainty of the same magnitude, the best gains are measured
for tip speed ratios slightly lower than the rated TSR at Ap1=6.0. Overspeeding to A;1=6.5
is observed to have a somewhat negative effect on the total power production. Remarkably,
the power produced by the third row turbine T3 is observed to be very constant for all
cases of front row turbine cu