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Summary

This report explores the impact of a swept wind turbine blade tip on extreme and fatigue
blade and tower loading through numerical investigations. These are conducted within the
context of the TIADE project, a field experiment on a 3.8MW research turbine, which planned
a campaign with segmented blades that allow the application of alternative tip geometries.
Within the available tip design space, dictated by the position and allowable load of a blade
tip joint, the maximum allowable tip sweep is determined.

Based on aeroelastic simulations of design load cases 1.2 and 1.3 according to IEC standard
61400-1, the sweep-induced changes to fatigue and extreme loads at blade root, tip joint
and tower bottom are evaluated. It is demonstrated that a reduction in flapwise blade root
extreme loads and lifetime damage-equivalent loads of 1.0% and 2.6%, respectively, can
be achieved when compared against a straight reference blade. At the tip joint, the relative
flapwise load reductions are even larger. Torsional loads are shown to also decrease at the
blade root but increase in the swept part of the blade where the coupling of bending and
torsional deformations due to sweep is strongest. Edgewise loads are largely insensitive to
sweeping the blade tip. Tower bottom loads also decrease, with fore-aft extreme and damage
equivalent fatigue loads exhibiting themost pronounced relative reductions of 1.6%and2.1%,
respectively. Finally, the rotor performance is shown to hardly be affected by blade sweep.

By performing this analysis in the framework of a field experiment, the relevance of the re-
sults for full-scale wind turbine blades is ensured. The outcomes corroborate the potential of
swept tips as retrofit options for segmented blades or as a design choice for novel blades with
decreased weight and cost.
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Nomenclature

Latin letters

𝐴𝐸𝑃 Annual energy production
𝑎 Axial induction factor
𝑐 Chord
𝑐𝑙 Lift coefficient
𝐷𝐸𝐿 Damage-equivalent load
𝐷𝐿𝐶 Design load case
𝐹 Probability of wind speeds
𝐹𝑁 Rotor plane normal force
𝐹𝑥, 𝐹𝑦 Chord normal and tangential forces
𝐿 Lift force
𝑀𝑓 , 𝑀𝑒, 𝑀𝑡 Flapwise, edgewise and torsional blade moment
𝑀𝑓𝑎, 𝑀𝑠𝑠, 𝑀𝑦𝑎𝑤 Fore-aft, side-side and yawing tower moment
𝑚 Wöhler exponent
𝑁𝑟𝑒𝑓 Number of reference cycles
𝑃 Power
𝑅 Blade tip radius
𝑟𝑃 Pearson correlation coefficient
𝑠𝑎, 𝑠𝑏 Arbitrary signals
𝑈𝑎𝑣𝑒 Average free stream velocity according to IEC standard 61400-1
𝑈∞ Freestream velocity
𝑢, 𝑣 Velocity components
𝑉 Local inflow velocity
𝑉𝑟𝑜𝑡 Rotational velocity
𝑦𝑡𝑖𝑝 Tip sweep
𝑧𝑠𝑡𝑎𝑟𝑡 Sweep starting position

Greek letters

𝛼 Angle of attack
𝛽 Pitch angle
𝛽𝑡𝑤𝑖𝑠𝑡 Twist angle
𝜁 Global sweep angle
Λ Local sweep angle
𝜌 Density of air
Ω0 Original rated rotor speed
Ω∗ Reduced rated rotor speed

Subscripts

𝑐𝑓 Corrected for crossflow
Λ Corrected for crossflow, trailed vorticity displacement and bound

vortex self-induction
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1 Introduction

The blades of horizontal axis wind turbines (HAWT) have grown beyond 100m blade span.
These increasingly slender and flexible structures necessitate a detailed aeroelastic analysis
[1]. Simultaneously, concepts for aeroelastic tailoring of the blades’ properties become ever
more relevant. One solution for tailoring the aeroelastic characteristics of a wind turbine blade
is gradually sweeping the blade axis in the rotor plane. By doing so, bending and torsion defor-
mations are coupled, which can be exploited to reduce extreme and fatigue blade loading.

In the past, swept blades were experimentally tested in the STAR (Sweep Twist Adaptive Rotor)
project. Initial investigations by Zuteck [2] and Larwood and Zuteck [3] demonstrated the
possibility for a sweep-induced increase in torsional deformation and a decrease in flapwise
deformation, respectively. The swept blades eventually implemented in the field had a slightly
extended blade length compared to their straight baseline. They showed an improved annual
energy production of 10 − 12% while maintaining the load envelope of the 750 kW reference
wind turbine with straight blades [4].

More recently, Barlas et al. [5] conducted a numerical blade tip design optimisation study
aimed at maximising power under ultimate load constraints, resulting in a tip extension com-
bining sweep and dihedral. Additionally, the aerodynamic and aeroelastic characteristics of
a swept wind turbine blade tip were investigated experimentally in a wind tunnel [6] and on
a rotating test rig in the field [7]. Fritz et al. studied the aerodynamics of a rotating model
HAWT equipped with swept blades in a wind tunnel [8]. Such experimental efforts are partially
motivated by the fact that low-fidelity numerical models generally used in the design and
optimisation stages of wind turbine blades need to be validated in their ability to simulate
such complex geometries accurately. Various efforts to assess and improve the accuracy of
low-fidelity aerodynamic solvers for swept blades have been made [9, 10, 11, 12].

Given that blade sweep is motivated by its coupling of aerodynamic and structural effects,
aeroelastic simulations are required to evaluate its benefits. Based on such simulations, Verelst
and Larsen demonstrated that the flapwise extreme and fatigue loads at the blade root of the
NREL 5MW reference wind turbine could be reduced by up to 15% and 10%, respectively
by sweeping the blade [13]. In contrast to that, the torsional extreme and fatigue loads
increased up to 400% at the blade root. This increase in torsional moment is a significant
drawback of swept blades and presumably a reason why this concept has not been adopted
by manufacturers. A possible solution was presented by Hansen, who combined an aft sweep
towards the tip with a forward sweep in the midboard region to compensate for the torsional
loads [14]. The potential for lowering blade root flapwise fatigue loads was also found by
Larwood et al. [15].

A possible conclusion of the above studies is that swept blade tips have significant potential
as alternatives to straight blade tips for modular blades and as a conscious design choice
in developing novel blades. There is, however, a lack of field research data confirming this
potential on modern, multi-megawatt wind turbines.

The TIADE (Turbine Improvements for Additional Energy) project aims, among others, at the
development of an aeroelastically tailored wind turbine blade tip for field application. In this
joint research effort by TNO, GE Renewable Energy and LM Wind Power, field experiments are
conducted on a 3.8MW research wind turbine located in Wieringermeer, Netherlands. As part
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of this research project’s plan, unique jointed bladeswere developed that allow the exchangeof
the blade tip. The present work embodies the first step towards a field test of a swept blade tip
on a wind turbine representative of the state-of-the-art. It details the numerical investigations
conducted in the design phase of the aeroelastically tailored tip. The simulations give insight
into sweep-induced changes in extreme and fatigue loading and annual energy production.

The remainder of this report is built up as follows: Section 2 details the limitations of the design
space imposed by the considered blade geometry and its allowable load envelope, discusses
the working principle of blade sweep, and introduces the numerical models used for this study.
Section 3 opens with a discussion of modelling the purely aerodynamic impact of blade sweep,
the need for compensation of steady twist deformations and the allowable sweep extent
within load restrictions. Then, the sweep-induced changes in extreme loading, fatigue loading
and annual energy production are presented. Conclusions are drawn in Section 4, and an
outlook for future research is given.
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2 Methodology

2.1 Limitations imposed by the project
In this research project, the tip design space is primarily limited by the location of the pin joint,
which connects the blade tip with the inboard part of the blade and is located at 80% of
the blade tip radius 𝑅. Thus, 20%𝑅 remain on which aeroelastic tailoring techniques can
be applied. During the concept phase for the tip design, it was decided to tailor the blades’
properties through bend-twist coupling. Bend-twist coupling achieved through off-axis fibre
orientation, as discussed by Karaolis et al. [16] and Capellaro [17], was dismissed early on, as
aeroelastic simulations indicated limited additional torsion deformation due to the insufficient
blade length of the interchangeable tip. As an alternative to off-axis fibre orientation, bend-
twist coupling can be achieved geometrically by sweeping the blade. Despite the limited design
space, blade sweep can significantly impact the blades’ aeroelastic behaviour, as will be shown
in this article.

Another design limitation imposed by the pin joint is that it is designed for the load envelope of
a conventional, straight blade tip. A swept blade tip, however, inevitably leads to an increase
in torsional loads in some parts of the blade, particularly in the proximity of the swept region
itself. A swept tip would, thus, likely exceed the pin joint’s torsional load envelope. To solve
this, the project partners proposed lowering the turbine’s rated rotational speed. Consequently,
a margin to the torsional load limit is opened, which can be filled up by the sweep-induced
torsional loads. This will be discussed in more detail in Section 3.3. For potential future appli-
cation of blade sweep to wind turbine blades, the locally increased torsional loads have to be
considered in the design process, and the structural properties should be adjusted accordingly
to withstand them. The numerical analyses presented in Sections 3.4 to 3.6 compare blade
loading for a straight and swept blade, both operating at the reduced rated rotational speed.
This allows the direct evaluation of the impact of blade sweep on wind turbine blade loads.

2.2 Working principle of blade sweep
2.2.1 Aerodynamic consequences of blade sweep

A major change in blade aerodynamics due to blade sweep is known as crossflow principle,
see e.g. Hoerner [18]. For a straight blade, the local in-plane inflow velocity 𝑉 is approximately
perpendicular to the blade axis. However, if blade sweep is applied, this velocity is oriented at
an angle that is a function of the global sweep angle 𝜁 and the local sweep angle Λ, see Figure
2.1.

Considering the flow component 𝑣 = 𝑉 sin(Λ − 𝜁), which is aligned with the local blade axis,
equally large on the pressure and suction side of the airfoil, it has a negligible influence on the
pressure forces. The local forces - lift, drag and pitching moment - are then a function of the
in-plane velocity component perpendicular to the local blade axis 𝑢 = 𝑉 cos(Λ − 𝜁). The angle
of attack 𝛼 as measured in the direction of 𝑢 increases when compared to the angle of attack
measured in alignment with 𝑉 by 1/ cos(Λ − 𝜁). Considering a constant lift slope 𝜕𝑐𝑙/𝜕𝛼, the
local lift force per unit blade length 𝐿 = 1

2 𝜌𝑢2𝑐𝑐𝑙 becomes proportional to cos(Λ−𝜁). The same
is true for the drag force and the pitching moment. At the same time, the infinitesimal blade
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Figure 2.1: Schematic of the crossflow principle

length exceeds the corresponding infinitesimal radial length in the swept part of the blade by a
factor of 1/ cos(Λ−𝜁). Therefore, the absolute blade forces, i.e. the sectional forces multiplied
by the blade length, would be identical between straight and swept blades if not for further
changes to the blade aerodynamics.

Considering a straight blade, its bound vorticity can be approximated by a straight vortex fila-
ment. Such a straight vortex filament does not induce a velocity on itself. If the blade is swept,
however, the bound vorticity follows a curve and, thus, induces a velocity on itself. Additionally,
the starting position of the trailed vorticity is displaced in azimuthal direction when compared
to a straight reference blade. Considering that most of the vorticity is trailed in the dominant
tip vortex, the changes in induction can be approximated bymodelling the displacement of the
tip vortex. The impact of these two phenomena is modelled numerically by Fritz et al. [11]. It
should, however, be noted that a study by the same authors, validating the model using wind
tunnel data, revealed that accounting only for the crossflow principle yielded approximately
the same accuracy as when additionally modelling the effects mentioned above [19]. This
validation study was conducted based on a wind tunnel model with exaggerated blade aft-
sweep, significantly exceeding the sweep cases discussed in this article. Section 3.1 discusses
the impact of changes in the bound and trailed vortex system on the blade’s aerodynamics.

2.2.2 Bend-twist coupling
From a structural viewpoint, blade sweep couples bending and torsional deformations. In
operation, a section of a wind turbine blade experiences forces perpendicular and aligned with
its chord line, 𝐹𝑥 and 𝐹𝑦, respectively. These forces act at the aerodynamic centre, generally
assumed to be at the quarter chord location. In conventional blade designs, the aerodynamic
centre is sought to be close to the shear centre, defined as the location where an acting force
will not induce a torsional deformation of the blade’s regarded section. By sweeping the blade,
the blade section, and thus its aerodynamic centre, is placed at a distance from its shear centre.
As a consequence, the acting forces entail not only flapwise and edgewise deformations but
also torsional deformations. The principle of bend-twist coupling is visualised in Figure 2.2.

When sweeping a blade forward, the sweep-induced torsion twists the cross-section to higher
angles of attack. As long as the regarded cross-section is acting in the linear part of the lift
curve, this increase in angle of attack is equivalent to higher loads. In contrast to that, aft
sweep enforces a torsion to lower angles of attack, also referred to as twist to feather. In
the linear region of the lift curve, this corresponds to lower loads on the blade section. Given
that the design of the aeroelastically tailored tip is aimed at load reductions, only aft-swept
geometries are considered in the present investigation.
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𝐹𝑥

𝐹𝑦 𝑉𝑟𝑜𝑡

𝑈∞unloaded section

loaded section

shear
centre

Figure 2.2: Schematic of the bend-twist coupling principle of swept blades, adapted from [3]

2.3 Numerical modelling
The simulations run for this study are based on two aerodynamic/aeroelastic tools, both based
on blade element momentum theory (BEM):

1. A simple BEM algorithm based on the standard equations as presented e.g. in Burton et al.
[20]. This code is purely aerodynamic and, thus, does not include blade deformations. For
this study, a version of this code only accounting for crossflow and one additionally includ-
ing the BEM correction model for swept blades [11] are implemented. In the remainder
of this article, these two versions are denoted as crossflow-corrected and fully-corrected.
Fritz et al. [11] validated the baseline version of this BEM algorithm against the established
aerodynamic solver AWSM [21]. This tool is only used for a preliminary study presented in
Section 3.1.

2. The BEM-based aeroelastic simulation tool PHATAS [22]. In the current PHATAS release ’JAN-
2014a SuperV’, the aforementioned BEM correction model is not included. This is shown to
be of limited concern for the swept blade geometries considered in this study, see Section
3.1. Snel’s first order dynamic stall model and correction model for three-dimensional flow
are applied [23]. The aerodynamic solver is coupled to a non-linear structural dynamics
solver, to take blade deformations into account while solving each time step. This tool al-
lows the simulation ofwind turbine design load cases (DLC) in accordancewith IEC standard
61400-1 [24]. This tool is used for all simulations presented in Sections 3.2 to 3.6.
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3 Results

Due to confidentiality agreementswith the project partners GE Renewable Energy and LMWind
Power, the y-axes of the plots presented in this section are redacted or normalised. Nonethe-
less, they give clear indications regarding the influence of blade sweep on blade aerodynamics
and aeroelasticity.

3.1 Crossflow-corrected versus fully-corrected
BEM simulations
In an initial step, the influence of the BEM correction model for swept blades proposed by
Fritz et al. [11] is evaluated. In a recent study, Fritz et al. aimed to validate the model using
wind tunnel experimental data of blades with exaggerated sweep [19]. Despite the improved
modelling of the occurring flow physics, the added benefit of this correctionmodel was difficult
to demonstrate. Simulations corrected only for crossflow matched the experimental results
equally well as simulations fully corrected for sweep effects on blade aerodynamics.

To shed light on the relevance of this correction in the present study, the research turbine’s
blades are simulated both with only a crossflow correction (subscript 𝑐𝑓) and fully corrected
(subscript Λ). These simulations are run for swept blade tips with varying sweep extent 𝑦𝑡𝑖𝑝, i.e.
the maximum displacement of the blade axis in the rotor plane. All investigated tips follow a
circular curve defined by the spanwise location of the tip joint (𝑧𝑠𝑡𝑎𝑟𝑡) and the sweep extent at
the tip (𝑦𝑡𝑖𝑝). The relative difference in the spanwise distributions of the axial induction factor
and the normal force are shown in Figure 3.1.
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Figure 3.1: Relative difference in axial induction factor (a) and normal force (b) between simulations fully
corrected for blade sweep (subscript Λ) and those corrected for crossflow only (subscript 𝑐𝑓)

A seemingly significant relative difference in axial induction can be observed in the swept part
of the blade (𝑟/𝑅 > 0.8). Given that the local inflow velocity in this region is dominated by
its in-plane component 𝑉𝑟𝑜𝑡, this difference in axial induction causes a much smaller relative
difference in the local blade loading. This can be seen in Figure 3.1 (b), showing a slight increase
in axial load at the tip when simulating with full sweep correction. It should be noted that
outboard of approximately 𝑟/𝑅 = 0.85, the normal force decreases rapidly so that relative
differences in loading appear more prominent due to the diminishing denominator.
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These differences in axial loading due to using the BEM correction model for swept blades are
considered within reasonable limits, further supported by the relative difference in the rotor
thrust coefficient 𝐶𝑇 . For all simulated swept tips, the relative difference in thrust coefficient
between the crossflow-corrected and fully-corrected BEM simulations is below 0.25%, see Ta-
ble 3.1. Based on this observation, the BEM algorithm Phatas, which only corrects for crossflow,
is deemed suitable for simulations of swept blades within the design space explored in this
section.

Tip sweep 𝑦𝑡𝑖𝑝 −0.01 𝑅 −0.02 𝑅 −0.03 𝑅 −0.05 𝑅
Relative difference in 𝐶𝑇 +0.12% +0.19% +0.23% +0.23%

Table 3.1: Relative difference in 𝐶𝑇 between the fully sweep-corrected and crossflow-corrected simulations

3.2 Application of steady twist compensation
Wind turbine blades have a twist distribution tailored to the expected aerodynamic inflow
conditions. Additionally, the twist distribution accounts for the steady aeroelastic twist induced
by the sectional moment coefficient during operation. Next to the airfoil pitching moment,
blade sweep induces an additional elastic twist to the wind turbine blade. Two states can be
distinguished: Elastic twist due to aerodynamic loading in steady wind conditions and twisting
due to unsteady aerodynamic events such as a gust. Considering an aft-swept blade, it is
clear that the steady aerodynamic loading of the swept part of the blade will induce a twist
to lower angles of attack. Consequently, if one were to apply the same twist distribution to
a swept blade as to a straight blade, the swept blade would experience lower aerodynamic
forces and produce less power. Thus, a twist compensation should be applied, which corrects
the operational angle of attack of the swept blade so that it more closely resembles that of
the straight blade.

To determine the required twist compensation, aeroelastic simulations in steady wind are run
for the straight and swept blade at approximately 1 − 2m/s below the rated wind speed. This
ensures that the twist compensation covers the larger twist deformations at rated conditions
and the lower twist deformations for lower wind speeds equally well. Then, the difference in
twist deformation between the swept and straight blade is added to the original blade’s twist
distribution as compensation. However, this could only be done in the region of themodular tip
since the inboard blade geometry already existed. To ensure a smooth transition of the blade
surface across the tip joint, the additional twist is faded out towards its location. Figure 3.2
depicts the original and amended twist distributions.

0.0 0.2 0.4 0.6 0.8 1.0

5∘

𝑟/𝑅 [-]

𝛽 𝑡
𝑤

𝑖𝑠
𝑡
[∘
]

Original twist distribution
Compensated twist distribution

Figure 3.2: Twist distribution compensated for sweep-induced elastic deformations compared to the original
twist distribution

TNO Public 13/24



TNO Public TNO 2025 R10229

3.3 Determination of the allowable sweep extent
As described in Section 2.1, a reduction in rated rotor speed is used to accommodate additional
torsional loads at the tip joint caused by blade sweep. This reduction is enforced by changing
the rated rotor speed in the simulation settings of the turbine controller, which adjusts the
blade pitch angle accordingly. By comparing extreme torsional loads of the straight blade with
the original rated rotor speed Ω0 to those of the swept tip with reduced rated rotor speed Ω∗,
it can be determined whether the tip joint’s original load envelope is exceeded. Simulations
with stepwise increasing wind speed were run to determine the relevant loads. Figure 3.3
shows the ratio of extreme torsional moments at the tip joint for blade tips with varying sweep
extent. It can be observed that the torsional load limit is exceeded for a sweep extent larger
than approximately two per cent of the blade radius.

−0.05 −0.04 −0.03 −0.02 −0.010.8
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ℎ𝑡
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Figure 3.3: Ratio of the extreme torsional moment at the tip joint for blade tips of varying sweep extent
operating with reduced rated rotor speed Ω∗ and the straight reference tip operating with original
rated rotor speed Ω0

Combining this insight with the desire to maximise the impact of the swept blade tip, a design
decision for a tip with a tip sweep of 𝑦𝑡𝑖𝑝/𝑅 = −0.02 is made. Figure 3.4 gives a graphical
representation of this swept tip defined by a sweep starting position of 𝑧𝑠𝑡𝑎𝑟𝑡/𝑅 = 0.8 and a tip
sweep of 𝑦𝑡𝑖𝑝/𝑅 = −0.02.

Figure 3.4: Schematic representation of a wind turbine blade with a swept tip defined by 𝑧𝑠𝑡𝑎𝑟𝑡/𝑅 = 0.8 and
𝑦𝑡𝑖𝑝/𝑅 = −0.02, blade planform based on the IEA 15MW reference wind turbine [25]

3.4 Effect of blade sweep on extreme loads
The effect of sweep on the extreme blade loads is determined by simulating operating con-
ditions as defined by DLC 1.3 for turbine class IIB in IEC standard 61400-1 [24]. This DLC
reflects the turbine in power production under extreme turbulence. Given that extreme loads
are expected either around the rated conditions or around the cut-outwind speed, wind speeds
between 8m/s and 25m/s are simulated. This assumption is supported by the results pre-
sented in this section. For each wind speed, twenty random wind seeds are simulated, and
each simulation is 640 s long, of which the final 600 s are considered for this analysis to avoid
the influence of start-up phenomena. The blade moments are investigated at two spanwise
locations, namely at the blade root and tip joint. The blade root is commonly equipped with
strain gauges in field experiments, which would offer data for validation. Furthermore, the tip
joint is of interest both because it is the structurally most critical part of the research wind
turbine blade and because it represents the starting position of the applied sweep. Next to the
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aerodynamic moments on the blade, the moments acting on the base of the turbine tower
are investigated.

For each random seed, the maximum flapwise, edgewise and torsional moments are deter-
mined and then averaged per wind speed. Figure 3.5 (a) – (c) shows the mean flapwise, edge-
wise and torsional blade root moment of both the straight and swept blade per wind speed.
The general trends of all threemoments agree well between the straight and swept blade sim-
ulations. The flapwise moment is closely related to the rotor thrust, which is typically highest
at rated conditions before reducing for higher wind speeds. The edgewise and torsional blade
rootmoments exhibit an approximately linear relation to thewind speed. With increasingwind
speed, the occurring gust wind speeds also rise, leading to increased maximum loading in
edgewise and torsional direction. Given that only the outer 20% of the blade is swept, limited
changes in blade rootmoments are observed. Formostwind speeds, the flapwise and torsional
loads of the straight blade slightly exceed those of the swept blade. The edgewise loads of the
two blades almost coincide.
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Figure 3.5: Normalised flapwise, edgewise and torsional extreme loads at the blade root and tip joint as a
function of wind speed for the straight and swept case

Figure 3.5 (d) – (f) demonstrates the strong coupling effect of sweep at the tip joint. The
swept blade exhibits lower flapwise loads throughout the operating range, with the highest
reduction for lower wind speeds. At the same time, the torsional loads are increased con-
siderably compared to the straight blade. While the torsional loads of the straight blade are
close to proportional to the wind speed, the swept blade follows this trend only at the inboard
location. At the tip joint, the torsional moment follows a trend more closely related to that
of the flapwise moment, namely with a peak around rated and then a slight reduction with
higher wind speeds. Again, the edgewise moment has little sensitivity to blade sweep.

To further demonstrate the coupling of flapwise bending and torsion, the correlation between
the two output signals is calculated using the Pearson correlation coefficient. For two arbitrary
signals 𝑠𝑎 and 𝑠𝑏, this correlation coefficient is defined as

𝑟𝑃 = ∑(𝑠𝑎,𝑖 − ̄𝑠𝑎)(𝑠𝑏,𝑖 − ̄𝑠𝑏)
√∑(𝑠𝑎,𝑖 − ̄𝑠𝑎)2 ∑(𝑠𝑏,𝑖 − ̄𝑠𝑏)2

(3.1)
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Figure 3.6 shows the correlation of torsional and flapwise blade moments at the blade root
and tip joint as a function of wind speed. At the blade root, the torsional and flapwisemoment
correlation is approximately equal for the straight and swept blade configurations. In contrast,
the two moments are evidently more correlated at the tip joint for the swept blade than for
the straight blade.
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Figure 3.6: Correlation of torsional and flapwise blade moments at blade root and tip joint for the straight and
swept-bladed configuration

The extreme tower bottom moments are shown in Figure 3.7. The fore-aft moment is closely
related to the rotor thrust and flapwise blade moment and, thus, follows a comparable trend.
Blade sweep reduces the tower fore-aft moment with a stronger decrease for lowwind speeds.
The side-side and yawing moments follow an approximately linear trend with increasing wind
speed. Similar to the blade root edgewise and torsional moments, this can be explained by the
existence of higher wind speed extrema with increasing wind speed. A slight sweep-induced
decrease in the yawingmoment can be observed, while the side-sidemoment barely changes.
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Figure 3.7: Normalised fore-aft, side-side and yaw extreme loads at the tower bottom as a function of wind
speed for the straight and swept case

To summarise and quantify the effect of sweep on the blade and tower extreme loads, the
relative difference inmaximummoments experienced by the swept and straight blade configu-
ration throughout DLC 1.3 are summed up in Table 3.2. Flapwise extreme loads reduce for both
regarded spanwise locations. An even more substantial relative reduction can be observed for
the torsional moment at the blade root, which comes with the penalty of a strong increase in
torsion loads at the tip. In contrast to that, edgewise loads are barely affected, corroborating
that blade sweepmostly couples flapwise and torsion deformations. All moments at the tower
bottom are reduced when blade sweep is applied, with the largest decrease occurring in the
fore-aft direction.
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Location Δ𝑀𝑓 Δ𝑀𝑒 Δ𝑀𝑡

Blade root −1.0 % +0.7 % −3.7 %
Tip joint −6.8 % −1.5 % +16.3 %

Location Δ𝑀𝑓𝑎 Δ𝑀𝑠𝑠 Δ𝑀𝑦𝑎𝑤

Tower bottom −1.6 % −0.5 % −0.7 %

Table 3.2: Relative changes in extreme loads at blade root and tip joint, as well as tower bottom

3.5 Effect of blade sweep on fatigue loads
Similar to the analysis presented in Section 3.4, the influence of blade sweep on the fatigue
loads can be investigated. For this purpose, simulations are run according to DLC 1.2 defined
by the IEC standard [24]. This DLC represents the turbine in power production under normal
turbulence. Again, multiple random wind seeds are run per wind speed, and each simulation
lasts 600 s plus an initial 40 s start-up period omitted in the final processing. Per wind speed
and random seed, a damage-equivalent load (DEL) is calculated using a rainflow counting
algorithm on the flapwise, edgewise and torsional moment signals at blade root and tip joint
as well as the fore-aft, side-side and yawing moments at the tower bottom [26]. A Wöhler
exponent of 𝑚 = 10 for the blade loads, 𝑚 = 4 for the tower loads [27], and a number of
reference cycles 𝑁𝑟𝑒𝑓 = 107 are used.

Figure 3.8 (a) – (c) shows the flapwise, edgewise and torsional DEL at the blade root aver-
aged per wind speed over the random wind seeds. The flapwise DEL generally increase with
increasing wind speed, except for a saddle area around the rated wind speed. Leading up to
the saddle, the turbine’s rotor speed is driven by the wind velocity. With increasing wind speed,
themagnitude of wind speed variations also increases. This entails changes in rotor speed and
flapwise loading, leading to the initial steep rise in flapwise DEL. Around rated, the controller
regulates the rotor speed to be more constant, thus reducing the fatigue loading. Beyond the
saddle, the ever-larger variations in wind speed outweigh the controller’s ability to reduce rotor
speed variations so that the DEL rise again. The edgewise blade root DEL are dominated by
the gravitational loads and, thus, by the rotor speed. This explains why the DEL curve flattens
beyond rated conditions. For very high wind speeds, the pitch angle is also high so that the
edgewise loads are more aligned with the wind direction. This leads to a slight increase in
edgewise DEL for very highwind speeds. The torsional fatigue loads exhibit aminimumaround
rated conditions. The negative slope leading up to the rated wind speed is a consequence of
flapwise blade prebend. This prebend entails a strong correlation of the torsional blade loads
and the rotor azimuth due to gravity. With increasing wind speed, the rotor loading causes
the blades to straighten out, and the gravitational contribution to the torsional blade root
moment diminishes. Beyond rated conditions, the pitching rate increases. This, in combination
with gravitational loads due to the blade bending towards the tower, causes the positive DEL
slope for higher wind speeds. The DEL of the straight and swept blade configuration exhibit
very similar trends. However, both flapwise and torsional blade root DEL reduce slightly when
sweeping the blade tip. The edgewise DEL are practically identical.

Figure 3.8 (d) – (f) shows the DEL at the tip joint. In flapwise direction, the same trend as at the
blade root can be observed. In edgewise direction, the DEL rise monotonously with increasing
wind speed rather than plateauing as at the blade root. At the tip joint, gravitational loads
are less dominant than at the root and aerodynamic loads contribute relatively more to the
fatigue loading. Therefore, the edgewise DEL are driven by the increasingmagnitude of velocity
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Figure 3.8: Normalised flapwise, edgewise and torsional DEL at the blade root and tip joint as a function of wind
speed for the straight and swept case

variations with increasing wind speed. The same holds for the torsional tip joint DEL of the
straight blade. While the blade root experiences dominant gravitational loads due to blade
prebend, their influence is relatively lower than that of the variable aerodynamic loads due
to changes in wind speed. The torsional DEL of the swept blade differ significantly from the
straight blade. The fatigue loads increase and follow a pattern closely related to the flapwise
DEL, further corroborating the coupling of flapwise bending and torsional deformations. The
increased torsional DEL are a sign that the blade passively twists due to unsteady inflow condi-
tions, leading to the relatively substantial reduction of flapwise fatigue loads as seen in Figure
3.8 (d). In edgewise direction, a minor sweep-induced decrease of DEL can be seen for very
high wind speeds.

The DEL of the fore-aft, side-side and yawing moment at the tower bottom are given in Figure
3.9. The fore-aft DEL are closely related to rotor thrust and, thus, exhibit a pattern very similar
to the blade root flapwise DEL. The side-side and yawing DEL are dominated by the increasing
magnitude of wind speed variations with increasing wind speed. However, just below rated
conditions, there is an apparent tower excitation in the side-side direction by the rotational
frequency. This leads to a local maximum before returning to the approximately linear relation
to the wind speed. In terms of sweep-induced relative change, the tower bottom DEL show
minor reductions in the fore-aft and yawing direction and negligible differences in the side-side
direction.

By multiplying the DEL per wind speed with the expected wind speed probability distribution,
a lifetime DEL is determined. The wind speed probability distribution is a Rayleigh distribution
defined by

𝐹(𝑈∞) = 1 − exp(−𝜋 ( 𝑈∞
2 𝑈𝑎𝑣𝑒

)
2
) (3.2)

with an annual average wind speed 𝑈𝑎𝑣𝑒 = 8.5m/s and the characteristic turbulence intensity
is 𝑇 𝐼 = 14% in accordance with IEC standard 61400-1 for turbine class IIB.
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Figure 3.9: Normalised fore-aft, side-side and yawing DEL at the tower bottom as a function of wind speed for
the straight and swept case

A summary of the relative changes in lifetime DEL is presented in Table 3.3. Flapwise DEL
decrease throughout the blade. The relative decrease is higher at the tip joint than at the
blade root, which can be explained by the overall decreasing load level with increasing span-
wise position. The torsional DEL follow this trend at the blade root, where considerable load
reductions are achieved. However, a strong increase of torsional DEL occurs at the tip joint. This
is expected, as the objective of sweep is to passively twist the blade as a reaction to changing
inflow conditions. This effect is felt most in the region where sweep is applied. Edgewise DEL
are hardly sensitive to the application of blade sweep. The tower bottom fore-aft and yawing
DEL decrease while there is a negligible increase in the side-side direction.

Location ΔDEL(𝑀𝑓) ΔDEL(𝑀𝑒) ΔDEL(𝑀𝑡)
Blade root −2.6 % +0.1 % −3.0 %
Tip joint −15.0 % −1.9 % +43.2 %

Location ΔDEL(𝑀𝑓𝑎) ΔDEL(𝑀𝑠𝑠) ΔDEL(𝑀𝑦𝑎𝑤)
Tower bottom −2.1 % +0.1 % −1.4 %

Table 3.3: Relative changes in lifetime DEL at blade root and tip joint, as well as tower bottom

3.6 Effect of blade sweep on energy production
The simulation results of DLC 1.2 also yield the rotational speed, pitch angle and generated
power as a function of wind speed. As such, it can be evaluated how the swept blade tip
affects the turbine performance. For each wind speed, these quantities are averaged over the
simulation duration and the random seeds. Figure 3.10 shows the resulting normalised curves.

It is evident that the introduction of blade sweep does not lead to changes in the rotational
speed. This is expected as both blade configurations are simulated with the same controller
and, thus, also identical targeted rotor speeds. While the pitch angle is in close agreement for
most wind speeds, minor deviations can be seen for very high wind speeds. Here, the rotor
loading and, consequently, the effect of bend-twist coupling are small. Therefore, the twist
pre-compensation described in Section 3.2 is too large in these conditions, and the controller
increases the pitch angle slightly to compensate.

As a logical consequence, changes in power output due to blade sweep are negligible, too. This
is confirmed further when calculating the annual energy production (AEP) by multiplying the
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Figure 3.10: Normalised rotational speed and pitch angle curves (a) and power curves (b) of the straight and
swept blade configuration

power curves with the wind speed probability distribution given in Equation 3.2 and the hours
per year. The sweep-induced relative change in AEP is ΔAEP = +0.26%.
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4 Conclusions and outlook

This study presents results from numerical investigations aimed at evaluating swept wind
turbine blade tip designs and their impact on extreme and fatigue blade loading. These
investigations were conducted within the context of the TIADE project, a field measurement
campaign on a 3.8MW research turbine. By conducting this researchwithin the framework of a
field experiment, practical implications such as a realistic design space, the accommodation of
increased torsional loading and the need for a steady twist compensation to maintain turbine
performance could be highlighted.

The design space of the swept tip was defined by geometric and load limitations dictated by
this research turbine. More specifically, the sweep starting position was defined by a tip joint
designed to allow different tip geometries to be mounted. This already existing tip joint was
engineered to withstand the loads of a straight blade tip. A load margin was generated by
reducing the rated rotor speedwithin the simulations to accommodate the additional torsional
loads due to sweep-induced bend-twist coupling. The maximally swept tip geometry within
these load restrictions was defined by a sweep starting position of 𝑧𝑠𝑡𝑎𝑟𝑡 = 0.8 𝑅 and a tip
sweep of 𝑦𝑡𝑖𝑝 = −0.02 𝑅.

By simulating DLC 1.2 and DLC 1.3 as defined by IEC standard 61400-1, the impact of the
swept tip on fatigue and extreme loads during power production was evaluated. This detailed
analysis investigated the loads as a function of the wind speed. As such, it contributes to
an increased understanding of how blade sweep alters a wind turbine blade’s aeroelastic
characteristics.

Flapwise extreme loads were shown to reduce throughout the blade, with higher relative
reductions with increasing radial position, where the absolute blade loading is smaller.
Torsional extreme loads are reduced at the blade root but increased at the tip joint location
where the bend-twist coupling is strongest. Edgewise extreme loads remained largely
unaffected by the application of blade sweep. The extreme fore-aft, side-side and yawing
moments at the tower bottom all reduce, with the most significant reduction in the fore-aft
direction.

The sweep-induced changes in damage-equivalent loads followed a similar pattern as the
extreme loads. Again, flapwise DEL reduced throughout the bladewith a higher relative impact
in the outboard region. Torsional DEL also reduced at the blade root but increased at the
tip joint. Edgewise DEL were hardly sensitive to the swept blade tip. The tower bottom DEL
exhibited reductions in the fore-aft and torsional direction, while a negligible increase occurred
in the side-side direction.

Finally, it was demonstrated that the power curve and, consequently, the annual energy
production were unaffected by the swept blade geometry. This indicates that rotor loads
can be reduced even within limited blade sweep design space without sacrificing rotor
performance. As such, the potential of swept tips as a retrofit option for segmented blades
is highlighted.

Future research should aim at experimentally validating these numerical simulation results
on a multi-megawatt turbine scale. Furthermore, the numerical investigations should be
expanded to a broader design space not limited by project restrictions. This way, the positive
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effects of blade sweep demonstrated in this study can likely be maximised and motivate the
application of blade sweep to new generations of lighter and, thus, cheaper wind turbine
blades.
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