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Abstract

The growing wind energy industry is crucial in addressing climate change, but the environ-
mental sustainability of wind turbine components, particularly blades, remains a pressing
concern. This study explores the potential of natural fibre-reinforced polymer composites
(NFRCs) as a sustainable alternative for wind turbine blade design, thereby addressing both
sourcing and manufacturing stages as well as the end-of-life stage of blades. This thesis specif-
ically explores the structural implications of integrating bio-based materials in wind turbine
blades. The research focuses on redesigning the DTU 12.6 m research blade’s structural design
to enhance environmental sustainability while maintaining structural integrity.

The findings from the literature study reveal that while NFRCs have the potential to reduce
the environmental footprint of wind turbine blades, their lower mechanical properties, in-
cluding stiffness, strength, and torsional rigidity, pose challenges to their direct replacement
of traditional glass fibre composites. A sensitivity study on the implications of the differ-
ent material engineering constants identified the critical design parameters when switching
to NFRCs. The UD longitudinal stiffness, in the direction of the blade length, drives the
deflections which in turn effect the failure limits defined by the Tsai-Wu criterion. This em-
phasized the importance of the strength values of the materials. The shear stiffness of the
BIAX material is critical for the torsional rigidity of the blade for which the thickness of the
core material needs to be considered as well. Based on the results of the sensitivity study,
the materials for the redesign of the DTU 12.6 m blade were selected as UD Flax/PLA and
BIAX Ramie/PLA.

The structural redesign process showed that the torsional rigidity and material strengths
are the primary drivers for the bio-based blade design. This differs from the conventional
blade design where the tip deflection and therefore specific stiffnesses are the main drivers.
Furthermore, adjustments to the shear web core thickness proved ineffective in improving
torsional rigidity within the 2D shell element modelling framework, pointing to the necessity
of advanced 3D modelling for accurate analysis. Using the 2D shell model, the hybridiza-
tion of NFRCs emerged as a potential solution to enhance performance. However, achieving
structural requirements required increased material usage, resulting in a blade mass over 15%
higher than the original design. Further structural innovations, such as incorporating stiffen-
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ers and ribs, are proposed to address these challenges. Additionally, the redesigned blade’s
estimated structural Campbell diagram indicates potential resonance issues, necessitating
comprehensive aeroelastic analyses to confirm operational stability.

The study highlights the need for further refinement of NFRC material properties, advancing
modelling techniques, and exploring alternative design approaches to fully realize the po-
tential of bio-based materials in wind turbine applications. Key recommendations include
experimental validation of NFRC properties, micro-mechanical model refinement, enhance-
ment of mechanical performance of NFRCs, exploration of alternative NFRC materials like
bamboo strips, and further structural and aeroelastic studies. The research concludes with a
call for life cycle assessments to evaluate the environmental impacts comprehensively, thereby
supporting the development of sustainable and structurally viable bio-based wind turbine

blades.
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“The greatest threat to our planet is the belief that someone else will save it.”

— Robert Swan

“What goes up must come down.”

— Isaac Newton






Chapter 1

Introduction

Human activities have unequivocally led to a significant increase in greenhouse gas concen-
trations since 1750 [1], with COg emissions being the dominant contributor [2]. Addressing
the climate crisis requires rapid and sustained emission reductions. "Accelerating the decar-
bonisation of the electricity mix is the single most important lever available to policy makers:
it closes more than one-third of the emissions gap between the Announced Pledges Scenario
(APS) and the Net Zero Emissions (NZE)", according to the World Energy Outlook of 2021
[3].

The wind energy industry, now cost-competitive [4], plays a critical role. However, wind
companies must ensure that their growth does not come at unchecked cost [5]. The wind
industry itself needs to keep developing to optimise the technology while minimising waste
and decarbonising the supply chain.

Generally, the manufacturing and installation stages account for 90% and 70% of the total
carbon emissions for onshore and offshore wind farms respectively [5]. Furthermore, over 80%
of a wind turbine mass is made of materials that can be recycled at End of Life (EoL), like
steel and copper. However, the sourcing of these materials are COy and energy intensive [6].
The other 20% mainly consist of fibre reinforced composite materials, which are difficult to
recycle on a commercial scale with the currently available technologies [5]. The wind turbine
blades are made of these fibre reinforced composite materials and face many challenge in
terms of sustainability. The presented research will focus on the challenges associated with
the wind turbine blades.

The concept of the circular economy provides a guideline for improving the sustainability of
wind turbine blades. The aim is to maintain the highest product value for as long as possible.
The waste treatment hierarchy follows this principle and is outlined in Figure 1-1. But there is
more to the circular economy than the cascading product/material use. The circular economy
also promotes the efficient use of resources, both recycled and virgin resources. The idea is to
lose nothing and feed everything in a new cycle. The circular economy can be further enhanced
when combined with the bio-economy to close biomass loops [7]. The implementation of the
Circular Bio-Economy can contribute to limiting environmental impact and GHG emissions
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by reducing required energy and resources through the closed loops. To succeed in establishing
a circular bio-economy, it is important that all processes along the cascading product use are
fully developed, energy efficient, cost effective and have low carbon intensity.

Keep parts for longer.
Design for easier dismantling and recycling.

Prevention
Minimise number of materials in design manufacture.
Check, clean, repair, refurbish, repair whole items
or spare parts.
Re-use an existing part for a different application, usually
of lower value than the original. Repurpose
Convert waste into a new substance or product.
Includes composting if it meets protocols.
Includes anaerobic digestion, incineration with energy recovery,
gasification and pyroysis which produce energy (fuels, heat and power) RECOVEFY
and materials from waste.

Dispo-

Landfill and incineration without energy recovery. sal

Figure 1-1: Waste treatment hierarchy [8].

Applying this framework to the wind turbine blade industry requires the establishment of
refurbishing, repurposing and recycling technologies for the currently installed wind turbine
blades. Moreover, the new wind turbine blades shall be designed to minimise waste streams,
enable high level waste treatment and close biomass loops. The former includes waste stream
reduction through life time extension as well as easing of the refurbishing, repurposing and
recycling of the blades. Furthermore, closing biomass loops also requires the analysis of the
material sourcing and manufacturing processes.

Maintenance and repair combined with health monitoring of wind turbine blades can facilitate
life time extensions. The ReliaBlade project [9], a Danish-German joint research, investigates
techniques to establish a unique Digital Twin for individual wind turbine blades. The twin
includes all defects and imperfections of the manufactured blade. This allows for the tracking
and prediction of the blade’s current and future state in order to schedule maintenance and
repair efficiently.

When refurbished blades come to their End of Life and can no longer be refurbished, the next
best step is to repurpose them for alternative uses. Examples are the use of wind turbine
blades as a playground for kids or for city benches [10]. However, finding suitable applications
is challenging due to the varying blade sizes in the waste stream.

Once the repurposed products also reach their End of Life and further repurposing is not
possible, the materials will need to enter the recycling stage. There are different recycling
technologies that are currently being developed of which many are still at a low to medium
Technology Readiness Level (TRL) [11][10]. The most mature technology is mechanical recy-
cling, which involves the shredding or grinding of the blades to different particle sizes which
can be used as fibrous reinforcement or powdered fillers. This method is relatively simple at
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low cost and has reached industrial scale, however, the recycled materials are of significantly
lower value compared to the original material [11].

The DecomBlades project [12] explores industrializing mechanical recycling and pyrolysis
(thermal recycling) combined with cement co-processing to recycle composite blades. Siemens
Gamesa has also developed recyclable blades utilising a resin that dissolves through solvolysis,
a chemical recycling technique. Their first recyclable blades were installed in 2022 [13][14].

If recycling is not an option, energy recovery through incineration is the next step, followed
by disposal in landfills as a last resort. Landfill is the most cheap and easy option but has
large impacts on the environment on top of which value is lost. Recognising these drawbacks,
the European industry organisation for wind energy, has called for a Europe-wide landfill ban
on decommissioned wind turbine blades by 2025 [15], while other countries like "Germany,
Austria, the Netherlands and Finland have already banned landfilling of turbine blades" [16]
(and restricted landfilling in general [17][18]).

The above outlined strategies to improve the sustainability of wind turbine blades mainly
focus on the end of life stages. However, in the circular bio-economy the goal is to minimise
the environmental footprint throughout a products life while simultaneously closing biomass
loops. This means that the material sourcing and manufacturing also need to be considered.
The conventional wind turbine blades are made with glass and/or carbon fibres embedded
in a plastic matrix material. The sourcing and manufacturing of these materials rely heavily
on fossil fuels and consequently have a significant environmental impact [19]. The alternative
use of bio-based materials provides a possible solution to reduce the environmental footprint
of wind turbine blades throughout their lifetime while closing biomass loops. In the case of
wind turbine blades this would mean the utilisation of natural fibre reinforced composites
with a bio-based matrix material, as well as bio-based core materials (like the currently used
balsa wood) and bio-based adhesives.

While bio-based materials provide a sustainable alternative, they still need to fulfil the struc-
tural requirements set by the design standards for wind turbine blades [20]. The current work
will explore the structural implications of utilising bio-based materials in wind turbine blades
through a numerical investigation. To perform the research, the DTU 12.6 m research wind
turbine blade is taken as case study [21]. A sensitivity study will be performed, investigating
the impact of different material engineering constants on the blade’s performance. This will
help identify which bio-based materials can potentially be applied in wind turbine blades. A
structural redesign of the DTU 12.6 m blade with bio-based materials will follow to further
investigate the implications of the use of bio-based alternatives.

Chapter 2 outlines the state of the art in wind turbine blade design, focussing on the structural
design. After discussing the wind turbine blade materials and their bio-based alternatives, the
research questions will be introduced. In Chapter 3 the different models of the DTU 12.6 m
blade will be presented which form the baseline models for the rest of the work. Chapter 4 and
Chapter 6 outline the applied methodologies to answer the research questions. Chapter 5 and
Chapter 7 provide the results. Finally, Chapter 8 summarises the conclusions and provides
recommendations for future research.
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Chapter 2

State of the Art Wind Turbine Blade
Design and Materials

In this chapter the state of the art design practices for wind turbine blades are elaborated
upon. The focus is placed on the structural design of the blades. The materials used are a
critical component of the structural design. Therefore, the conventional materials used are
elaborated upon and connected to the state of the art research on bio-based alternatives. The
chapter concludes by presenting the research questions that will be addressed in the remainder
of the work.

2-1 Wind Turbine Blade Design Methodology

The design of wind turbine blades is two-fold and consists of the aerodynamic design and the
structural design. The aerodynamic forces, generated by the flow of wind over the blades,
interacts with the blade structure. Consequential changes in the blade shape due to deforma-
tion of the structure will in turn affect the aerodynamic forces. This interaction between the
aerodynamics and structure is defined as aeroelasticity. This interaction makes the design of a
wind turbine blade complex, requiring an iterative process. A schematic overview of a typical
design process for wind turbine blades is specified by the international standard IEC 61400-5
[22] and presented in Figure 2-1. The process consists of analytical and numerical calculations
that are combined with validated material data and full scale blade testing. Details on the
full scale blade testing are provided in IEC 61400-23 [23].

The essential design specification or requirements that the blade design needs to fulfil are
outlined in the international standard IEC 61400-1 [20] and IEC 61400-5 [22]. The standard
outlines a range of design loadcases for which the structure needs to be verified. These account
for all relevant combinations of external conditions and design situations that a wind turbine
may experience throughout its lifetime. The minimum required lifetime of a wind turbine is
20 years [20].
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Figure 2-1: Typical process for the design and analytical evaluation of wind turbine blades [22].

A wind turbine’s design is characterised by the wind conditions of the intended site. For
this purpose several wind classes are defined in order to represent most applications. The
wind turbine classes are specified through wind speed and turbulence parameters [20]. The
specified wind conditions will be used to calculate the design loads from the different design
loadcases as defined by IEC 61400-1 [20]. The calculation of the design loads requires the
use of aeroservoelastic simulations that account for the fluid-structure interaction as well as
the influence of the turbine control system. An example of such software is the Horizontal
Axis Wind turbine simulation Code 2nd generation (HAWC2) developed by the Technical
University of Denmark [24]. This simulation software calculates the wind turbine’s response
in the time domain from which the blade loads can be derived.

The limit states design approach [22] is required by the standards to ensure sufficient protec-
tion against damage throughout a turbine’s lifetime. This approach applies a partial safety
factor to both the calculated characteristic loads and the resistance to these loads. The par-
tial safety factors account for uncertainties in the calculated response. The resistance can
be expressed by stresses or strains. The limit state approach is schematically presented in
Figure 2-2 and its general formulation is expressed by Equation 2-1:

(2-1)

Where S is a function of the structural response, F} is the characteristic load, Ry is the
characteristic material resistance and the ~’s the partial safety factors. The requirement is
that the response of the design does not exceed the design resistance.
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Figure 2-2: Application of limit states design approach for structural blade design verification as
prescribed by the international standards IEC 61400-5 [22].

The structural design and verification of a wind turbine blade shall ensure the blade with-
stands both ultimate loads and fatigue loads [22]. Moreover, the analysis of critical deflection
levels and stability issues are required [22]. Resonance issues as a result of aeroservoelastic
interactions need to be addressed as well [22]. A general work flow for the structural design
is presented in Figure 2-3. All possible failure modes need to be considered. Generally the
resulting bending moments cover a wide range of failure modes [22]. However, combined
loading may lead to different critical load directions other than flapwise/edgewise that need
to be considered as well. Moreover, torsion loads need to be considered as well to account for

bond strength failure for example [22].
lay-up design
alidation through

aerosemnvoelastic
analysis

All requirements
are met?

Structural design

Structural analysis

F

design loads

Figure 2-3: General workflow for the structural design of a wind turbine blade.
With the established design methodology for the structural design of a wind turbine blade,
the next step is to look at the material selection. The material selection will determine the

design resistance against which the response of the design needs to be compared for each
design loadcase.
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2-2  Wind Turbine Blade Materials

As visualised in Figure 2-3, the materials form an integral part of the structural design process
of wind turbine blades. Therefore, the conventional composite materials used in the design
will be introduced along with its environmental challenges. Since the research of this work
utilises the DTU 12.6 m research wind turbine blade, its materials and their properties will be
presented as well. The alternative bio-based materials with their advantages and challenges
will be discussed afterwards. This section is concluded with examples from literature on the
use of bio-based materials in wind turbine blades.

2-2-1 Conventional Composite Materials

The conventional wind turbine blades are made of composite materials which consists of strong
and stiff fibres immersed in relatively soft matrix. The use of material in fibre form provides
a much stronger and often stiffer material than when used in monolithic form. This is due
to the fact that fibres contain fewer and smaller defects than the monolithic material [25].
Therefore, a collection of fibres of a given volume will be much stronger than the same volume
of the monolithic material. Moreover, the increased number of interfaces make the material
more damage tolerant. The increased strength holds for the direction parallel to fibres but
not for loads perpendicular to the fibres, meaning that the material is highly anisotropic in
contrast to the isotropic nature of the monolithic homogeneous materials with equal properties
in all directions. This provides opportunities to tailor a material to its specific application by
placing layers of fibres in specific directions. The fibres can also be woven into a fabric which
can be draped to make complex structures.

The most commonly used fibre materials in wind turbine blades are glass and carbon fibres.
Glass fibres are silica based and their Si and O atoms form a lattice without crystallographic
order, leading to an amorphous structure with isotropic properties [26]. Glass fibres can be
produced for specific purposes by adjusting their chemical composition. The most widely
used form is E-glass which have superior mechanical properties. The fibres are treated with
a surface coating to protect the fibres and improve the interface bonding between the fibres
and the polymer matrix to improve composite properties [26][25]. In general, glass fibres have
moderate stiffness, high strength and moderate density [26].

Carbon fibres have a high carbon content which form a highly aligned micro-structure leading
to a high degree of anisotropy [26][25]. Their crystallographic lattice has a hexagonal shape
called graphite. The graphite hexagon planes are aligned with the fibre direction, leading to
few available pendant atomic bonds on the surface with which the matrix can bond. Surface
treatments oxidise the fibre surfaces to increase the interface bonding [25]. In general, carbon
fibres exhibit very high stiffness, high strength and low density [26].

The hybridisation of glass and carbon fibres is used for very long wind turbine blades. This
approach takes advantage of the high stiffness and low density of carbon fibres as well as the
low cost and ease of manufacturing of glass fibres [25][26].

To form a composite the fibres are combined with a matrix material. The matrix material is
typically either a thermoset or a thermoplastic resin. Both matrix options are soft and flexible
and their purpose is to bind the fibres together to form a functional composite material. Their
moderate to high toughness and failure strain also induce toughness in the composite by means
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of energy absorbing mechanisms in the interfaces [26].

Thermoset resins go through an irreversible curing reaction, cross-linking, upon manufactur-
ing requiring low processing temperatures and resulting in a high temperature stability of the
final product. Thermoplastics, on the other hand, go through a melting and consolidation
process which is potentially fast and provides opportunities for recycling at end of life [26].
However, the downside is the high process temperature, requiring high temperature resistant
tooling [26]. Additionally, the thermal stability of the final product depends on the melting
temperature of the thermoplastic with respect to the expected operational temperatures.

Different ongoing project investigate the use of thermoplastics for the production of wind
turbine blades [27]. For example, the "Thermo-Blade-Spine" project [28] develops automated
manufacturing processes for the production of thermoplastic composites. Furthermore, the
ZEBRA (Zero wastE Blade ReseArch) project [29] has developed a process for the recycling
of thermoplastic blades to form a closed loop.

When the fibres and matrix are combined to form a composite, the matrix functions to
transfer the applied loads to the high performance fibres through the fibre-matrix interface.
This makes that the properties of the final composite material are dependent on both the fibre
and matrix properties as well as the strength of the interface. The most important parameters
for the composite properties are the relative amounts of the individual components as well as
the spatial orientation of the fibres. It is the fibres in the composites that are normally the
dominant contributor to the composite mechanical properties [26].

With the established background on conventional composite materials, its associated chal-
lenges with respect to the sustainability of these wind turbine blades can be discussed.

2-2-1-1 Challenges for improving the sustainability of wind turbine blades

Most wind turbine blades are made of thermoset composites. These are difficult to recycle,
among others due to the cross-linked polymers in the matrix, which cannot be re-melted or
remoulded to re-manufacture or recycle the composite at End of Life [11]. The heterogeneous
nature of composite material further complicates these processes. Furthermore, the flow
of decommissioned blades will consist of blades of different designs, materials and lengths.
This all combined creates a huge challenge for recycling wind turbine blades upon their
decommissioning [11][30][10]. "Ideally, a recycling solution would involve little reprocessing
to produce a cheap valuable material, which can be used in many applications" [10].

It is important to invest in sustainable solutions as the onshore market in Europe alone
encompasses almost 12,000 wind turbines that are expected to be decommissioned by 2024
[5]. Every year there will be a stream of blade waste material and every newly build turbine
will be decommissioned in 20-25 years and need to be dealt with as well. The resulting waste
stream is likely to increase with the expected and required growth of the wind industry to
meet the 2050 goals of the Paris Agreement [31].

This means that there are two pathways that need to be considered in improving the sustain-
ability of wind turbine blades. One must invest in technologies to recycle the current blade
waste stream in a more sustainable manner. Simultaneously, new technologies need to be
explored to improve the sustainability of the future wind turbine blades by considering their
entire life cycle in the design, including End of Life options.
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The use of bio-based materials will be presented as a possible solution for the sustainability of
future wind turbine blades. Before diving into the world of bio-based composites, the details

of the conventional materials as used in the DTU 12.6 m research blade will be presented in
the next sub-section.

2-2-1-2 Mechanical properties of the materials in the DTU 12.6 m blade

The DTU 12.6 m research wind turbine blade [21] is made of glass fibre reinforced composites
(GFRC). The matrix material used is a thermoset epoxy resin. Furthermore the shearwebs,
trailing edge and leading edge panels contain foam core material to create a sandwich struc-
ture. Adhesive is used to assemble the blade. The material properties of the DTU 12.6 m
blade are presented in Table 2-1.

Table 2-1: Material properties of the materials used in the DTU 12.6 m blade model [21]. Fibre
volume fractions for the unidirectional (UD) and bi-axial (BIAX) glass epoxy composites are V; =

0.53 .

Property | UD GFRC | BIAX GFRC | Core | Adhesive
E; [MPa] 42706 14300 550 3420
E> [MPa] 12585 14300 550 3420
E3 [MPa] 12585 13400 550 3420
G12 [MPa] 4613 12500 200 1300
G13 [MPa] 4613 4610 200 1300
G23 [MPa] 4613 4610 200 1300
viz [+ 0.258 0.55 0.4 0.3
vas [ 0.364 0.17 0.4 0.3
p [g/cm?] 1.95 1.94 0.24 3.75
o} [MPa] 1000 223 - -
ab [MPa] 47 223 - -
o§ [MPa] 813 209 - -
o5 [MPa] 146.5 209 - -
T12 [MPa] 48 155 - -
Vi [ 0.534 0.53 - -

The properties of the epoxy resin and glass fibres used by DTU are presented in Table 2-2.
It must be noted that the glass fibre strength value is the average of the range provided by
the technical data sheet of the fibreglass company [32]. The other glass fibre properties were
provided in the in-house Blade Modelling Tool from DTU used to generate the current blade
design, see Section 3-3. Furthermore, the epoxy resin strength values were provided through
an e-mail exchange with Hexion. The other epoxy properties were provided in the Blade
Modelling Tool as well.
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Table 2-2: Material properties of the glass fibres and the epoxy resin used by DTU.

p E G V12 o? o€ T

g/cm?® | MPa | MPa - MPa MPa | MPa
Epoxy resin 1.2 3850 | 1392 | 0.35 67 93 45
Glass fibres 2.6 76600 | 31250 | 0.2 | 2350 [32] - -

2-2-2 Bio-based alternatives

Strategies to improve the sustainability of wind turbine blades that are being explored often
focus mainly on the end of life stages. For example by focussing on lifetime extensions or
recycling technologies for the conventional composite blades [9][10][12]-[14]. However, in
the circular bio-economy the goal is to minimise the environmental footprint throughout
a products life while simultaneously closing biomass loops. This means that the material
sourcing and manufacturing also need to be considered. It has been established that the
conventional wind turbine blades are made with glass and/or carbon fibres embedded in a
plastic matrix material. The sourcing and manufacturing of these materials rely heavily on
fossil fuels and consequently have a significant environmental impact [19]. The alternative
use of bio-based materials provides a possible solution to reduce the environmental footprint
of wind turbine blades throughout their lifetime, by reducing the embodied energy of the
materials and closing a biomass loop. In the case of wind turbine blades this would mean the
use of natural fibre reinforced composites with a bio-based matrix material.

Moreover, a sustainable bio-based product can be defined as being "derived from renewable re-
sources having recycling capability and triggered biodegradability (i.e. stable in their intended
lifetime but would biodegrade after disposal in composting conditions) with commercial via-
bility and environmental acceptability” [33]. The definition of environmental acceptability is
however poor which can be demonstrated through the definition of green composites.

Green composites are defined as composites consisting of bio-fibre and bio-based matrix from
renewable resources. Mohanty et al. [33] argue that by this definition, it can be expected that
a green composite is biodegradable. This will however largely depend on the type of bio-based
matrix being used. La Rosa et al. [34] states that depending on their chemical structure,
bio-resins can be biodegradable or not. The bio-based matrix in a green composite can be
a bio-derived non-biodegradable thermoset with 20-50% bio-content, a non-biodegradable
thermoplastic, a biodegradable resin or even a petroleum-based resin from recycled thermo-
plastics. So even if only a small percentage of the matrix comes from a biological source
and is not biodegradable it can be called a green composites. However, one can argue that a
non-biodegradable composite which is only partly bio-sourced is not environmentally accept-
able as it still results in waste that can threaten the ecosystem. The added benefit of fully
biodegradable composites is a reduction in plastic waste and in the cost of waste management
[35]. Nonetheless, replacing only part of the matrix by bio-based content can already have a
positive effect on the environmental impact of a composite as is shown through a Life Cycle
Assessment (LCA) by La Rosa et al., 2014 [36].
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2-2-2-1 Bio-based matrix materials

Reducing the environmental impact of the matrix material becomes increasingly important
when considering natural fibre reinforced composites as their matrix content is generally
higher compared to the traditional GFRCs [37]. The literature has been consulted to identify
the bio-based matrix materials that are currently available. The focus was placed on materials
with a Young’s modulus above 3000 MPa to stay within range of the currently used epoxy by
DTU (Table 2-2). The companies Sicomin and Entropy Resin both sell bio-based epoxy resins
with a Young’s modulus of roughly 3200 MPa, a density of about 1.1 g/cm® and strength
values comparable to the DTU epoxy resin. However, their bio-based content is on average
only 30%. Moreover, no information is available on whether these epoxies are biodegradable.
Most likely they are not given that 70% of the materials content is not bio-based.

Other bio-based plastics are the biopolymers PLA, PLLA, PHB and PGA. The latter has a
significantly higher Young’s modulus of about 6500 MPa, but the density is also significantly
higher at 1.6 g/cm? [38]. The other biopolymers show an average Young’s modulus of about
3500 MPa with a density of roughly 1.2-1.3 g/cm3. PLA is a well known 100% biosourced
polymer, which has been extensively researched and utilised. However, not all PLA materials
are also biodegradable depending on their chemical composition. The material property
database MatWeb [39] also contains biodegradable PLA materials. Biodegradable PLA from
the company FKuR show an average Young’s modulus of 2600 MPa, which is lower that our
desired minimum of 3000 MPa. However, depending on the blend, a Young’s modulus of 3000
MPa can also be reached. Other biodegradable PLA materials in the MatWeb database show
a wide range of Young’s moduli of which some even exceed the Young’s modulus of the DTU
epoxy. It will therefore be assumed that biodegradable PLA can obtain the same general
characteristics as commercial PLA.

Considering the different bio-based options for the matrix materials it is decided that the
bio-epoxies are not environmentally friendly enough due to their low bio-based content. Com-
paring the biopolymers PLA and PHB, the main difference lies in the tensile strength which
is higher for the PLA materials. Therefore, it is decided to use biodegradable PLA as the
matrix material for the NFRCs explored in the current work.

2-2-2-2 Natural fibres

Natural fibres, can be seen as green materials that "can be produced starting from renewable
materials and production techniques that consume lower energy relative to synthetic fibre
production techniques" [36]. Natural fibres are also claimed to "offer environmental advan-
tages such as reduced dependence on non-renewable energy /material sources, lower pollutant
emissions, lower greenhouse gas emissions, and end of life biodegradability" [40]. The re-
duced dependence on non-renewable energy and material sources is important as the supply
of petroleum is uncertain [33] and the sources threaten to run out.

The natural fibres can also be considered carbon neutral in that perspective as the carbon
emissions upon burning equal the carbon captured by the fibre during its growth process.
This carbon neutrality relates purely to the material and does not take into account the
emissions during the sourcing, production, transport, etc. of the fibre product. Moreover,
landfill might be preferred if the composite is fully biodegradable to avoid the health hazards
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related to incineration [36].

There exist an enormous variety of plant fibres with different characteristics and mechanical
properties. Of special interest to composite applications are the so-called bast fibres which
originate from the bark of dicotyledonous plants [41]. The bast fibres extracted from plants
are referred to as ’fibre bundles’ which consist of smaller fibres adhered to each other. These
smaller fibres, referred to as ’single fibres’, can be approximated as hollow tubes with a cell
wall enclosing a void called the lumen. The cell wall structure consists of microfibrils, which
are highly ordered cellulose molecules bonded by a matrix of hemi-cellulose and lignin [41].
Cellulose is a long chain molecule with reported axial stiffness of up to 135 GPa [41], and is
the reinforcement component in plant fibres. Figure 2-4 presents a schematic representation
of the flax plant, and breaking it down to its fibres and cellulose.
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Figure 2-4: Schematic representation of the hierarchical structure of flax; from plant to cellulose
[41].

The outer layer of natural fibre cell walls, the primary wall, consists of randomly oriented
microfibrils. The inner layers of the cell wall, the secondary wall, consists of microfibrils
that are aligned in parallel to each other at an inclination angle relative to the fibre axis,
the microfibril angle (MFA). This MFA strongly affects the tensile properties of the plant
fibres, see Figure 2-5. The microfibril angle of bast fibres is generally low, below 10 degree
[41], and as such the stiffness of the cellulose molecule largely translates to the fibre stiffness.
Therefore, bast fibres with a high cellulose content become the most interesting reinforcement
for composites. Examples of such fibres are flax, hemp, ramie and jute [41].
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Figure 2-5: Influence of the microfibril angle (MFA) on the mechanical properties of plant fibres
[41]. (A) Fibre like Hemp. (B) Fibre like Cotton.

The process of extracting and processing the fibres can cause damages in the form of dislo-
cations which reduce their mechanical properties [42]. Therefore, plant fibres can in practice
not realise their full potential. Compared to glass fibres, the stiffness of plant fibres is lower
which affects the achievable stiffness of the composite. What makes plant fibres a viable
option for structural applications is the relatively low density of around 1.5 g/cm?, compared
to the average density of glass fibres of 2.6 g/cm?® [42]. As a result, the stiffness per unit
weight (specific stiffness) becomes comparable for some natural fibres.

The lower density of plant fibres is in part
due to the presence of porosity, particularly
the lumen inside the fibre. However, their

composites can contain an even higher poros- ~— Fibre porosity
ity content. The heterogenous form and di- . ~ Interface porosity
mensions of the plant fibres reduce the pack- E )

. o1s . = Impregnation porosity
ing ability of the fibre assemblies and com- -

plicate the matrix impregnation [43]. The
fibre volume of the composite is limited by
the packing ability of the fibres and directly
influence the composite performance. Fur-
thermore, the hydrophilic nature of the fibres

= Matrix porosity

complicates the adhesion to the generally hy- Figure 2-6: Schematic illustration of the
drophobic matrix which impacts the inter- four different porosity sub-components that
face properties. Surface treatments exist to have been identified from composite cross-

improve the interface adhesion but require sections [43].

chemicals which can again have a negative
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impact on the environment depending on the specific chemicals used.

As the porosity content becomes significant for natural fibre composites, the micro-mechanical
model to predict the composite mechanical properties from its constituents needs to account
for this. Research has been done to expand the traditional model to account for the porosity in
natural fibres. This expanded model and its equations is outlined in Appendix B. Figure 2-6
identifies the different types of porosity that are present in natural fibre composites.

Another consequence of the hydrophilic nature of the fibres is their ability to absorb moisture.
Changes in moisture content lead to swelling and shrinking of the fibres which can induce
tensile stresses normal to the interface leading to de-bonding. Moreover, a higher moisture
content can reduce the mechanical properties of the fibres themselves. Chemical and/or
physical treatments of the fibres can improve dimensional stability making them better suited
for application in composites [41]. The level of moisture resistance is of importance for the
durability of the composites. In terms of environmental impact the advantage of natural fibre
composites in wind turbine blades depends on whether their lifetime is comparable to the
traditional synthetic blades, a shorter life time reduces the advantage [40]. However, this
could be counteracted if the bio-based blades can be reused, repurposed and recycled for
other applications before the material needs to be disposed.

Another factor to consider is the reduced thermal resistance of natural fibres compared to glass
and carbon fibres [34][37]. The thermal resistance is important to consider when selecting the
resin and production method for the composite, as one does not want to degrade the natural
fibre upon production of the composite.

Generally, the raw material cost of natural fibres are lower than that of glass and carbon fibres
[33], as they are derived from low-cost biomass resources [42]. However, the required man-
ufacturing steps to obtain the fibres and process them into suitable preforms for composites
will add to the costs of using natural fibres [42][44]. Therefore, the cost of natural fibre fabrics
can exceed those of the traditional glass and carbon fabrics [45][44]. A growth in the market
of natural fibres could reduce their cost as the current limited market plays a significant role
in their higher price point [45]. Another aspect that leads to higher prices for the natural
fibre composites is the increase in matrix content as well as the generally increased cost of
using bio-based resin in composites [33].

Other considerations are the larger land occupation [36] and use of pesticides and fertilizer
[40] during the growth of the fibres. The use of organic fibres could resolve the latter issue
[36]. The consideration of land use and and water requirements for the growth of the fibre is
important as it should not compete with food and feed stocks.

Furthermore, different natural fibres can exhibit different properties and hybridization of a
composite through the use of multiple different natural fibres could lead to improved mechan-
ical performance for its application [33].

In conclusion, the use of green composites has its advantages and disadvantages. These
should all be considered upon the design of such a composite. However, Life cycle assessment
studies show that the combined effect of the pros and cons of green composites still result in an
environmental advantage with respect to the currently used glass and carbon fibre composites
[34][46]-[48].
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2-2-3 Existing examples on bio-based blades

To be able to make the switch to the use of green composites in wind turbine blades it
is important to also compare the mechanical properties of green composites with synthetic
composites. Several researchers have investigated the use of different natural fibres for wind
turbine blade applications, mainly for small wind turbines. A wind turbine blade with a
radius of 5 m was analysed by comparing 11 different natural fibres with E-glass composite,
all with the same matrix. The composite properties were derived with a micro-mechanical
model with the modified Halpin-Tsai method. The study found that almost all natural fibres
fit the strength requirement. However, for wind turbine blades the stiffness is driving. The
study showed that some natural fibres compared in stiffness to the E-glass blade. However, the
stiffness was only evaluated by comparing the deflection of the 5 m blade. The stiffness might
be insufficient for larger blades. The natural fibre blades also showed a reduction in weight
which allows the turbine to rotate at lower wind speeds which increases its performance. A
modal analysis was performed as well showing similar behaviour for the the natural and E-
glass fibre composites [49]. It must be noted that the used material properties for all fibres
are the highest values found in literature by the researchers which shows a non-conservative
approach.

Another study performed single point static flap-wise bending tests on a 3.5 m wind turbine
blade comparing the use of E-glass with the use of flax fibres [44]. It was concluded that
flax can replace E-glass in terms of normal and worst case loading of the specific test blade.
However, the important flexural stiffness for the flax blade was halved with respect to the
E-glass blade, which can become an issue for the tower clearance. The load-displacement
curve for E-glass composite was linear while that of the flax composite was quadratic [44].
Furthermore, the E-glass and flax blades exhibited distinct failure mechanisms [44]. The E-
glass blade experienced cracking at the root-hub interface, which propagated further, leading
to significant delamination and ultimately causing the trailing edge along the maximum chord
length to split open. In contrast, the flax blade began to buckle and delaminate approximately
1 meter from the root, a location corresponding to a step-change in the laminate’s stacking
sequence. Upon further loading the blade eventually collapsed. The failure mechanisms in a
full scale natural fibre blade are still poorly understood and need further research. The work
[44] also mentions that many processing steps can be involved in the production of aligned
flax fibre fabrics for the use in composites resulting in high cost, contrary to claims of other
literature.

Another research evaluated specimens of pure glass fibre composites, pure hemp fibre com-
posites and two hybrid composites of glass and hemp fibre. The tensile test results show a
strong reduction in strength and stiffness for the hemp composites compared to glass. The
hybrid composites showed value in between. The bending test results also show a reduction
in strength and stiffness for the hemp composite while the hybrid composites show equal
behaviour to the glass composite [50]. It must be noted that these conclusions were made
from the absolute strength and stiffness values measured using the same number of plies.
The difference in density and therefore specific strength and stiffness were not considered and
cannot be derived from the article. It is the specific properties that are of interest for wind
turbine blades and the reason that natural fibres are considered. The hemp composite might
turn up to be more comparable to the glass composite in terms of specific properties.

The hybridization with two natural fibres and no glass fibres was investigated in another
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research [51]. The hybridization of bamboo and jute fibres had a positive effect on the tensile
strength. The flexural strength was however highest for the pure bamboo fibre composite.
The results are said to be promising for the application in small wind turbine blades but
were not evaluated in the mentioned research. Moreover, the research only investigated the
strength properties of the composites while the stiffness properties are the main interest for
wind turbine blades.

The study of a 4.4 m wind turbine blade made of palm fibre composite [52] showed to with-
stand climatic severe conditions without any damage over a test period of one month in April
of 2020. The power generation had also increased as a result of the reduced weight of the
palm fibre composite compared to the traditional synthetic fibre composite blades [52]. The
reduction in weight resulted in higher rotational speeds at lower wind speeds.

Contrary to the mainly positive outcomes of the above researches, another research concludes
that it is not possible to use natural fibres alone for high strength applications [53]. They
conclude this by comparing the properties of a flax/sisal composite and a flax/sisal/E-glass
composite where the addition of glass fibres significantly increased the mechanical performance
[53].

From the available literature on test specimens and small wind turbine blades it can be con-
cluded that the use of natural fibres results in a weight reduction, which improves the wind
turbine performance. Furthermore, the hybridization of the composite is seen as an opportu-
nity to overcome the reduced mechanical properties seen in single natural fibre composites.
There is however no agreement whether natural fibres can replace glass fibres in wind turbine
blades. The potential is mentioned but challenges remain with respect to the mechanical
performance and consequently up-scaling to larger blades.

2-3 Research Questions

The comparisons made in literature between glass and natural fibres involve blades with
the same structural design for both fibre types. There is little research done in designing a
wind turbine blade specifically for the use of bio-composites. Moreover, available research on
bio-composites in wind energy only involve very small blades.

Therefore, the current work will address the following research question:

e« What are the structural implications of utilising bio-based materials in wind turbine
blades?

The first step to answer this question is to establish which bio-based composite systems
can potentially be utilised in wind turbine blades. Moreover, the influence of the switch in
materials on the structural performance of the blade need to be understood. Additionally,
knowing what changes to the blade design are required to meet design standards using the
bio-based composites will provide additional insights. In summary, the sub-questions are the
following;:
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1. Which bio-based composite systems are suitable for application in wind turbine blades?
2. How does the use of bio-based materials influence blade performance?

3. What changes in the blade design are required for the bio-based blade to meet the design
requirements?

A case study on the DTU 12.6 m research wind turbine blade [21] will aid in answering the
different research questions. The larger blade length compared to other studies will lead to a
more realistic impression of the implications of bio-based composites.

A sensitivity analysis will be performed to investigate the relation between the composite ma-
terial engineering constants and the blade behaviour. This will contribute to the selection of
potential bio-based composites for the application in wind turbine blades. Thereby informing
the answers to research sub-questions 1 and 2.

Using the answer to sub-question 1, a bio-based composite material will be selected with
which a structural redesign of the DTU 12.6 m blade will be performed. As the research
focusses on the structural implications, the aerodynamic shape of the DTU 12.6 m blade will
be unchanged. The redesign will be informed by the knowledge obtained from the sensitivity
analysis. The structural redesign will contribute to the answer of sub-question 2 and provide
an answer to sub-question 3. The structural design will be addressed with the Finite Element
Method for which the Abaqus software is used.

Combining the results of both the sensitivity study and structural redesign will result in an
answer for the main research question.

The next chapter describes the different models used in this research. The chapters thereafter
will discuss the method and results of the sensitivity analysis followed by the method and
results for the structural redesign of the DTU 12.6 m blade with bio-based composites. The
report is wrapped up with a conclusion and recommendations for future research.
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Chapter 3

DTU 12.6 m Wind Turbine Blade
Models

In order to answer the research questions a sensitivity study as well as a structural redesign
will be performed for the DTU 12.6 m research wind turbine blade. For this purpose it is
important to establish the different models of this blade that will be used. The aeroelastic
model of the DTU 12.6 m blade is used to calculate the design loads that will be applied
in the current work. Furthermore, the Finite Element models of the blade defined in the
software Abaqus are presented. Finally, the to be used in-house Blade Modelling Tool from
the Technical University of Denmark is outlined.

3-1 HAWC2 model

To analyse how a wind turbine with the DTU 12.6 m research wind turbine blade performs,
the HAWC2 code can be used [24]. This analysis is required to certify a wind turbine and
will provide the design loads for the different turbine parts. With the HAWC2 model the
redesigned blade can also be tested on the same wind turbine platform to compare the aeroe-
lastic behaviour of a turbine with each blade version.

HAWC?2 is an aeroelastic simulation tool developed primarily between 2003 and 2006 as part of
the aeroelastic design research program at Risoe National Laboratory in Denmark. However,
it has undergone continuous updates and refinements since then. The version used in this
study is version 12.9, released in October 2021 [24]. This software is designed to simulate the
dynamic response of wind turbines in the time domain. The structural framework of HAWC2
employs a multi-body system approach, with each component modelled as a collection of
Timoshenko beam elements [24]. On the aerodynamic side, the software builds upon the
blade element momentum theory but enhances it to account for phenomena such as dynamic
inflow, dynamic stall, skewed inflow, wind shear effects on induction, and the impact of
significant structural deformations [24]. Extensive validation of the code has been conducted
at Risoe, comparing its results against the older HAWC software, the Ellipsys computational

Master of Science Thesis Kimberly M.M. van den Bogaard



20 DTU 12.6 m Wind Turbine Blade Models

fluid dynamics (CFD) tool, and various experimental measurements [24].

The controller used in the model of the DTU 12.6 m blade is the DTU Wind Energy controller,
as described in [54], which is designed for pitch-regulated, variable-speed wind turbines. This
controller can operate in both partial-load and full-load conditions, utilising the classical
proportional-integral (PI) control principles [54]. The generator speed serves as the main
feedback signal for the controller. Additionally, the reference generator power is incorporated
as a feedback element to ensure a seamless transition between partial-load and full-load op-
erations [54]. To regulate the turbine, the controller adjusts both the collective blade pitch
angle and the electromagnetic generator torque, as detailed in [54].

The DTU 12.6 m research wind turbine blade is modelled in HAWC2 as a 3-bladed pitch
regulated wind turbine mounted on a 24 m tubular steel tower, as described in [21]. The
generator used is a 150 kW generator with a synchronous speed of 1500 rpm and a nominal
slip of 0.02. The used turbine platform and controller in the HAWC2 model are academic but
representative [21]. The blade is designed for wind class IA from IEC 61400-1 [20] meaning
that the HAWC2 simulations use an average wind speed of 10 m/s, a reference wind speed of
50 m/s and a reference wind turbulence intensity of 0.16 [20]. For each blade, the main body
is split up into 19 body segments to allow the modelling of geometric non-linear behaviour of
the blade. The model uses the small deformation assumption within each sub-body, whereas
large deflections are possible between sub-bodies. A schematic representation of the HAWC2
model is presented in Figure 3-1a, and the orientations of the various body-coordinates are
presented in Figure 3-1b. Each main body coordinate system is defined relative to the previous
body via Euler angle rotations, starting from the tower with respect to the global coordinate
system, to the towertop, shaft, hubs and blades. The dimensions of the wind turbine model
are summarised in Table 3-1.

Table 3-1: Wind turbine dimensions of the HAWC2 model with the DTU 12.6 m blade [21].

Parameter Value | Parameter Value
Blade length 12.6 m | Tower length 24 m

Hub length 0.4 m | Tower top length 1.13 m
Rotor diameter | 26 m | Tower base diameter 2.15m
Shaft length 1.67 m | Tower upper diameter 0.82 m
Shaft tilt 4° Tower material thickness | 12 mm

The optimal tip speed ratio is set to 9.77, while, the rated rotor speed is based on the maximum
allowable tip speed of 95 m/s, which lead to a rated rotor speed of 68 rpm. Together with
the rotor radius of 13 m this results in a rated wind speed of 9.475 m/s. The minimum rotor
speed is set equal to 20 rpm. The aerodynamic rated power is assumed equal to the electrical
rated power divided by the generator efficiency: % = 153.06 kW. The minimum pitch is set
to -1.1 degrees. The frequency and damping ratio for the partial load region are 0.1 Hz and

70% respectively, and 0.2 Hz and 70% respectively for the full load region.
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Figure 3-1: HAWC2 model depiction.

Finally, it must be noted that the tower was modelled as a stiff tower by increasing the stiffness
properties significantly. This was done as there was no information available on the origin
of the tower parameters adding uncertainty to the model. Moreover, the aim of the present

study is to investigate the wind turbine’s blade design. By using a stiff tower its influence on
the blade’s behaviour is eliminated.

A stepwind simulation with the HAWC2 model provides the turbine’s behaviour at different
steady windspeeds. Furthermore, it shows how quickly the turbine responds to a change in
windspeed by finding its new equilibrium state. The latter information can give an indication
of how well the controller works. The stepwind results for the HAWC2 model are presented
in Figure 3-2. The simulation starts at the cut-in wind speed of 4 m/s and ends at the
cut-out wind speed of 25 m/s where each step has a duration of 40 seconds. The first 100
seconds are disregarded to eliminate transient influences from starting up the simulation. The
high frequency oscillations in the thrust curve are due to wind shear being included in the

simulation.

It must be noted that the stepwind simulation of the HAWC2 model as originally received
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lead to the conclusion that the model was unstable. The model was stabilised by retuning
the controller. The details of this process can be found in Appendix A. Only the results of
the stable model will be presented in the main body of the work.
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Figure 3-2: Stepwind results of the HAWC2 model of the DTU 12.6 m blade. Top left is the
input windspeed, the other plots are the operational output channels.

Furthermore, the design loadcases that have been evaluated for the current blade design are
DLC1.2 and DLC1.3 from the IEC 61400-1 standard [20]. DLC1.2 provides the fatigue loads
under normal operation using a normal turbulence model. These are derived from DL1.1
which provide the extreme loads under normal operation. DLC1.3 provides the ultimate
loads under normal operation with an extreme turbulence model. The obtained extreme
loads have been used to optimise the structural design of the DTU 12.6 m blade.

To determine the extreme load envelope, multiple time-domain simulations are conducted
using a turbulent wind model. At each wind speed, simulations are run for six different
turbulence seeds, providing a total effective duration of 600 seconds after excluding the initial
100 seconds to eliminate the influence of transient effects. Additionally, three different yaw
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3-1 HAWC2 model 23

alignment scenarios are analysed for each wind speed, with angles of 0, +10, and -10 degrees
[21]. The extreme loads are derived from the HAWC?2 simulation by taking the maxima from
all simulations at each radial position of the blade. The resulting load envelop is thus a
combination of different loadcases.

The extreme loads for the DTU 12.6 m wind turbine blade calculated by the HAWC2 model
are presented in Figure 3-3, showing the bending moment distributions. The load envelop
for the flapwise loadcases is denoted by M, where PTS defines the Pressure To Suction side
direction and STP defines the Suction To Pressure side direction. The load envelop for the
edgewise loadcases is denoted by M, where LTT defines the Leading edge To Trailing edge
direction and TTL defines the Trailing edge To Leading edge direction. The irregularity in the
edgewise bending distribution are caused by the nature of the extreme load envelop consisting
of a combination of different loadcases.

The DLC1.3 loads in Figure 3-3 will be used as design loads for the redesign process with
bio-based materials.
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Figure 3-3: Blade bending moment load envelops of design loadcases DLC 1.1 and DLC 1.3,
calculated with the HAWC2 model with the DTU 12.6 m blade. Flapwise load direction is denoted
by M, edgewise load direction is denoted by M,,.

Lastly, another critical parameter for the design is the tower clearance. The tower clearance
resulting from DLC1.3 is 0.82 m which needs to be compared with the minimum tower clear-
ance specified by the design standards. The minimum tower clearance is specified by DNV
GL as 30% of the unloaded tower clearance [56]. The tower clearance was calculated using the
basic geometry as outlined in Figure 3-4 and the assumption of no pre-bend. The numbers
@ to @ in Figure 3-4 indicate the order in which the different distances are calculated to
find the tower clearance. The calculations of each distance are presented below:
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24 DTU 12.6 m Wind Turbine Blade Models

= rotor centre = 25.13 + 1.67 - sin(4°) = 25.25 m

= blade tip vertical position = (1) - 13- cos(4°) = 12.28 m
(3) = blade tip horizontal position = 13 - sin(4°) + 1.67 - cos(4°) = 2.573 m
(4) = tower radius at position blade tip (linear interpolation) = (2) tan(18-04%) = 0.31 m
@ = tower clearance = @ - @ =2.26 m

The calculated tower clearance is 2.26 m from which the minimum tower clearance is calulated
to be 0.68 m. The tower clearance of 0.82 m as calculated from DLC1.3 is above the minimum
tower clearance, thus fulfilling the requirement.

13m

1.67m
4 deg
1
1l
] B
i
1l
111
K
1
1pi 00
[N
g
25.13m N R
1] 1
BR
1f
1 1
1 1
ol 15
50 | 1
el 1
51 1
21 1
21 1
1 1
3
4
5

Figure 3-4: Schematic representation of the wind turbine in the HAWC2 model with the DTU
12.6 m blade.

3-2 Abaqus Models

There are two Abaqus models of the DTU 12.6 m wind turbine blade. One model is a contin-
uum shell element model which is used during the sensitivity study described in Chapter 4.
The other model is a conventional shell element model which is used during the redesign
process as described in Chapter 6.

The main difference between the two models is the manner in which the thickness of the shell
structure is defined [57]. The continuum shell element model defines the thickness in the ge-
ometry of the blade. Both the inner and outer surface of the blade are defined. Subsequently,
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3-2 Abaqus Models 25

the composite lay-up definition is defined in the section assignment. The thickness of each
lamina layer is normalised with respect to the geometric thickness, thus the sum of the thick-
ness in the section assignment equals one. The geometry in the conventional shell element
model only defines one surface, typically the outer (aerodynamic) surface of the blade. The
thickness of the shell is defined in the section assignment where the absolute thickness of each
layer of the composites are defined, its summation being equal to the shell thickness.

Compared with the continuum shell element model, the conventional shell element model is
computationally more efficient. This makes the model suitable for large-scale models and/or
parametric studies. However, due to the indirect thickness definition, the model might be
unable to fully capture the torsional stiffness of the structure. The continuum shell element
model generally predicts the torsional stiffness more accurately. Therefore, a detailed analysis
and design of the blade structure is preferably done with the continuum shell element model.

3-2-1 Continuum shell element model

The continuum shell element model of the wind turbine blade was obtained from Philipp
Haselbach [58] and is constructed similar to the model in [59]. The volumetric representation
of the blade geometry was generated using the Blade Modelling Tool (BMT) developed at
the Technical University of Denmark, see Section 3-3, and implemented in the commercial
finite element software Abaqus. A visualization of the blade geometry is provided in Figure 3-
5. The model was discretized using 208,744 8-node continuum shell elements with reduced
integration (Abaqus element type SC8R), resulting in a mesh containing 405,648 nodes.

Figure 3-5: Geometry of the DTU 12.6 m blade [21] as defined in the Abaqus models.

The blade geometry and composite layup are modelled using layered elements, with a single
element spanning the entire thickness. The element thickness corresponds to the volumetric
height in the 3-direction (perpendicular to the blade’s surface), and the thickness of individual
plies is defined relative to the total stack height. The characteristic length of the elements
ranges between 0.01 m and 0.015 m. To accommodate variations in the composite layup, each
cross-section is divided into 59 distinct regions, as illustrated in Figure 3-6.

Numerical integration is employed in Abaqus to compute stresses and strains at section in-
tegration points through the shell thickness, allowing for non-linear material behaviour. For
the layered shell elements, three integration points per layer through the thickness are used,
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26 DTU 12.6 m Wind Turbine Blade Models

which is the default configuration [60]. As depicted in Figure 3-7, each SC8R element has, de-
pending on the number of layers, n number of layer x 3 section integration points x 4 in-plane
integration points. The total number of Degrees of Freedom (DOF) amounts to 1,218,672 for
the DTU 12.6 m blade baseline design.

=
\

Figure 3-6: Cross-section with section definitions in the Abaqus continuum shell element (SC8R)
model of the DTU 12.6 m blade [21] at a radial position of 5.23 m.
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Figure 3-7: Ply stack plot of trailing edge panel at a radial position of 5.23 m of the DTU 12.6 m
blade model [21] with 8-noded reduced integration continuum shell elements (SC8R) in Abaqus.

3-2-2 Conventional shell element model

The conventional shell element model of the wind turbine blade was developed by Philipp
Haselbach [58], similar to his model in [61]. A geometric model of the blade was constructed
using the commercial finite element analysis software Abaqus. Python scripts were employed
to generate 98 cross-sectional profiles that represent the airfoil data. A 3D lofting function
connects these 2D cross sections, including the airfoil shape and shear web geometry, to com-
plete the three-dimensional shell geometry. The model was discretized with the conventional
8-node doubly curved thick shell elements (Abaqus element type: S8R) that feature reduced
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3-3 Blade Modelling Tool and Baseline Lay-up Design 27

integration. An approximate characteristic element length of 0.05 m was employed, resulting
in a mesh with 23,999 elements and 71,123 nodes.

The composite material layup defines the thickness of the layered-shell elements. The plies
are ordered in the direction of the positive shell normal, which is oriented inward toward the
blade’s interior. The reference surface from which the shell normal is defined is the aerody-
namic blade profile. To preserve the aerodynamic profile’s accuracy, an offset from the shell’s
mid-surface was applied, ensuring the reference surface corresponds to the blade’s external
shape. This method ensures that the varying thickness of the material layup design does
not effect the aerodynamic shape. For the shear webs, no offset was applied; the geometric
mid-plane of the webs was used as the reference surface [62][63].

For the stress and strain computations through the shell thickness, the default configuration
of three integration points per layer through the thickness was adopted for the layered shell
elements [60]. As illustrated in Figure 3-8 each S8R element has n number of layers x 3 section
integration points x 4 in-plane integration points. The resulting total number of degrees of
freedom amounts to 426,738 for the DTU 12.6 m blade baseline design.

t=1.13 )

t = 0.851 _ Secm_n
integration

t= 2553 point

Ly 1

Reference
surface

1

Figure 3-8: Ply stack plot of upper sparcap at a radial position of 4.74 m of the DTU 12.6 m
blade model [21] with 8-noded reduced integration conventional shell elements (S8R) in Abaqus.

3-3 Blade Modelling Tool and Baseline Lay-up Design

The in-house Blade Modelling Tool from the Technical University of Denmark is based in
Microsoft Excel, and was provided by Philipp U. Haselbach. This Excel consists of a number
of sheets specifying different parts of the blade design. These sheets also include macros
that generate scripts from the specified data to be able to create the continuum shell finite
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28 DTU 12.6 m Wind Turbine Blade Models

element model described in Section 3-2-1. The Excel sheet that is used in the current work,
as described in Section 3-2-2, is the "LayupID" sheet as depicted in Figure 3-10. This sheet
specifies the lay-up per cross-sectional sub-element along the full blade length.

Each cross-section is divided into 59 elements or "Solids". The distribution is shown in Fig-
ure 3-9. These elements can be grouped in a total of 10 sections, as defined in Figure 3-9,
each section having their own layup design. There are four sections specifying the tail design.
The lay-up of elements 1 and 49 contain the layer of glue that bonds the pressure-side and
suction-side panels of the blade. The same holds for the "nose" section. The other sections of
the Tail specify the transition in lay-up from Tail to the Trailing Edge (TE) panel, the latter
lay-up is a sandwich structure with a core material in the middle just like the Shearwebs. The
TE panel transitions into the Flanges (no core) which is another term for the sparcaps. The
Flange design is split up into two sections as one part also contains the connection with the
Shearwebs. The Flanges transition into the Leading Edge (LE) panels and finally the Nose
where the two blade panels connect again.

o,

e
=

= e
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e e
=

I—""Iflé:’:f-’ii’iifii

[ ]Tail 1,49 I Nose 24-25

il 2,47 [ JFlange 10, 13-15, 18,

W Tail 3,46 31, 34-36, 39

[ Tail 48 B Fiange + Shearwebs 11-12, 16-17,
B TE Panels 4-9, 40-45 32-33, 37-38

| LE Panels 19-23, 26-30 |_|Shearwebs 50-54, 55-59

Figure 3-9: Section distribution per cross-section of the DTU 12.6 m blade from the Blade
Modelling Tool.

With 10 sections per cross-section and a total of 98 radial positions, the design is extensive. To
be able to showcase the lay-up design of the entire blade, the thickness distribution along the
blade per section per material is visualised, see Figure 3-11. The thickness of each individual
material is staggered so that the total thickness of the layup per section along the blade is
also visualised.
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Figure 3-11: Blade structural design of the DTU 12.6 m blade from the Blade Modelling Tool
[58]. Total material thickness distribution visualised composed of all materials present.
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Chapter 4

Methodology - Sensitivity Study

This chapter will focus on the methodology to perform the sensitivity study on the relation
between material engineering constants and blade behaviour. This will include the process of
obtaining the material engineering constants of several natural fibre reinforced composite sys-
tems. There will be an additional sensitivity study to investigate the validity of the geometric
linearity assumption. The description of its methodology will conclude this chapter.

4-1 Sensitivity Study on the Relation between Material Engineer-
ing Constants and Blade Behaviour

In order to provide an answer to research questions 1 and 2, a sensitivity study will be
performed. This study will investigate which material engineering constants have a significant
influence on the blade behaviour. Moreover, the relation between the material input and
blade behaviour will be established for the significant parameters. This sensitivity study will
provide the necessary information to be able to select which NFRC systems are suitable for
application in wind turbine blades. Moreover, it allows for the prediction of the impact of
the use of NFRCs in wind turbine blades.

Figure 4-1 outlines the methodology that will be applied for the sensitivity study. The next
sections of this chapter will outline the details of each of the steps of the method.
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Figure 4-1: Flow diagram on the general methodology for the sensitivity study on material
properties and blade behaviour for the DTU 12.6 m blade.

4-1-1 Loadcase Selection

The first step for setting up the sensitivity study is to identify the load-cases for which the
material sensitivity will be investigated. The four load-cases for which the current design has
been analysed are flapwise up/down and edgewise forwards/backwards. These four load-cases
are identified by their directionality through the following abbreviations:

PTS: from Pressure side Towards Suction side, or flapwise towards the tower.
e STP: from Suction side Towards Pressure side, or flapwise away from the tower.
e LTT: from the Leading edge Towards the Trailing edge, or edgewise backwards.

e TTL: from the Trailing edge Towards the Leading edge, or edgewise forwards.

A visualisation of the applied loads are presented in Figure 4-2a and Figure 4-2b. Only the
TTL and PTS loads are presented as the LTT and STP are applied in the same manner but
of opposite sign.

Since the sensitivity study was performed early on in the project, it must be noted that the
3D continuum shell element Abaqus model was used as described in Section 3-2-1. Moreover,
the applied loads in the loadcases for the sensitivity study are those that were present in the
received 3D continuum shell element model. These loads are presented in Table 4-1 and differ
from the loads obtained from the stable HAWC2 model described in Section 3-1. Furthermore,
the layup design of the blade used in the sensitivity study is that of the baseline model as
defined in Figure 3-11.
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(b) Edgewise load application on blade in TTL
direction

(a) Flapwise load appliccation on blade in PTS
direction.

(c) Torque load application on blade.

Figure 4-2: The Abaqus blade model of the DTU 12.6 m blade with the applied loads defined.

Table 4-1: The applied loads used in the sensitivity study on the DTU 12.6 m blade, which are
the applied loads in the received 3D continuum shell element Abaqus model of the DTU 12.6 m

blade.
R [m] PTS [N] STP [N] TTL [N] LTT [N]
2.6 8020 -2820 2270 -1050
5.2 7550 -6910 2310 -1940
7.9 6590 -4880 2580 -2160
10.8 7970 -8790 4390 -3950

The literature studied in Chapter 2 established that the stiffness and strength values of NFRCs
are lower than the GFRC. Hence, it is expected to see larger deflections as well as higher stress
levels when replacing the materials. It is therefore important to select the load-cases with the
largest deflections and stress/strain levels so that the extremes can be identified. At minimum
one flapwise and one edgewise load will need to be analysed. To determine which loadcase in
each direction needs to be analysed, the absolute maximum deflections, stresses and strains
will be compared in Table 4-2 and Table 4-3. The absolute maximum deflections in all three
directions are denoted by Ul, U2 and U3. The coordinates 1, 2, 3 correspond with the global
axes directions of x, y, z respectively as defined in Figure 4-2. The stresses and strains are
denoted by 011, 022, 012 and €11, €22, €19, respectively. The directions of the stress and strains
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components correspond to the material coordinate system where the 1 direction is in the
blade length direction and the 2 direction is in the blade chord direction. The percentage
difference between the two flapwise loadcases is given by comparing the STP results with the

PTS results, and thus equals % -100%. The percentage difference between the two

edgewise loadcases is given by comparing the TTL results with the LTT results, and thus

equals % -100%.

Table 4-2: Comparison of the absolute deflection and stress levels between two flapwise loads for
the DTU 12.6 m baseline blade using the 3D continuum shell element Abaqus model. Difference
is given by STL_FPTS . 100%.

PTS
Unit | PTS STP | % Diff.
max abs. Ul m 0.23 0.23 0
max abs. U2 m 2.17 2.22 2.3
max abs. U3 m 0.085 0.088 3.3
max abs. 011 | MPa 165 167 1.2
max abs. 099 | MPa 37 41 10.3
max abs. o192 | MPa 23 26 10.4 Legend
max abs. €11 - 0.00398 | 0.00402 1.2 =+ 5%
max abs. €99 - 0.0022 | 0.0020 -8.0 + 5-10%
max abs. €19 - 0.0019 | 0.0021 10.3 >4 10%

Table 4-3: Comparison of deflection and stress levels between two edgewise loads for the DTU

12.6 m baseline blade using the 3D continuum shell element Abaqus model. Difference is given
by TEEmIL - 100%.

LTT
Unit | LTT TTL | % Diff.
max abs. Ul m 0.25 0.29 13.7
max abs. U2 m 0.1 0.113 13,3
max abs. U3 m 0.013 0.014 13.2
max abs. 011 | MPa 50 59 16.8
max abs. 99 | MPa 15 18 17.3
max abs. 012 | MPa 7.7 9.0 15.7
max abs. €11 - 0.0024 | 0.0028 135
max abs. €99 - 0.0014 | 0.0017 17.7
max abs. €19 - 0.00062 | 0.00072 15.7

An example will be given to show the methodology used to obtain the values in Table 4-2 and
Table 4-3. For this purpose the results of the PTS loadcase on the baseline blade model will
be partly presented. The absolute maximum stress levels are obtained by analysing the stress
levels throughout the blade as well as through all material layers. This is done by using the
"Envelop" function in Abaqus where the maximum absolute value throughout the thickness
is selected for each location on the blade. The resulting colour map is used to identify the
maximum across the entire blade. Figure 4-3a presents the results of the 011 stress component
(in direction of blade length). Its maximum occurs on top of the upper spar cap in the mid
section of the blade and its value is reported in Table 4-2. The result is as expected for this
loadcase. Figure 4-3b presents the results of the Ul deflection component in the direction
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of the blade chord with its maximum at the blade tip as expected. The same method is
repeated for the other deflection and stress/strain components. This same method will be
used to obtain the results of the different test cases of the sensitivity study which will be
selected in Section 4-1-5.

551
Envelope {max ahs)
(Bvg: 75%)
+1.65Ze+08
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+1.376e+08 +7.3168-01
+1.2398-+08 Y3760l
+1.101e405 +1.929&-01
+9.634e+07 +1.735e-01
+5.258e+07 +1.542e-01
+6.881e+07 +1.348e-01
+5.505e+07 +1.1564e-01
+4.129e4+07 +9.607e-02
+2.753e+07 +7.671e-02
+1.376e+07 +5.735e-02
+1.893e-01 +3.79%e-02
+1.062e-02
Max; +1.6526+08 — g-14
Elern: PART-1-1.123783 Max: +2 316e-01
Mode: 331847 Mode: PART-1-1 585550

(a) Max. abs. 011 distribution. (b) Max. U1 distribution.

Figure 4-3: The Abaqus visualisation of the results of the DTU 12.6 m baseline blade model
under the PTS loadcase. The deformed blade is visualised on top of the undeformed blade to
visualise the change under loading. Subfigure (a) displays the stress distribution 011 using the
material coordinate system where the 1 direction is in the direction of the blade length. Subfigure
(b) displays the deflection Ul where the 1 direction aligns with the global coordinate system in
the direction of the blade chord.

The PTS loadcase is selected for the flapwise loadcase as this load direction is critical for
the tower clearance to prevent collision with the tower. When comparing the deflections of
the PTS and STP loadcases the STP shows higher deflection levels, however, the absolute
differences are rather small. The largest differences between the two loadcases is observed in
the stress levels. However, blade designs are typically driven by stiffness rather than strength.
Hence, it is decided to focus on the PTS loadcase only.

The TTL loadcase is selected for the edgewise loadcase since the stress levels are the highest
compared to the LTT loadcase. Since the edgewise deflection is less critical due to the absence
of a tower clearance, the stress levels are the most interesting output to analyse. In this case
the TTL loadcase did not only show the highest stress levels but also the largest deflections.

In addition to the PTS and TTL loadcases, a Torque loadcase will also be analysed. The
reason is the fact that the torsional stiffness of the blade affects the aeroelastic behaviour of
the blade and thus the turbine’s performance. As the material properties of the NFRCs are
so different from the GFRC it is important to investigate the effect on the torsional stiffness
of the blade. A significant change in torsional stiffness can introduce new challenges for the
controller design for example.

The Torque loadcase is generated by applying a prescribed rotation to the outer most reference
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point at r = 10.8 m. This rotation will be 10 degrees which converts to 0.175 radians. The
application of the torque load is visualised in Figure 4-2c.

In conclusion, the selected loadcases that will be analysed in the sensitivity study are: PTS,
TTL and Torque.

4-1-2 Method to establish the composite material properties for the selected
NFRCs to inform the Sensitivity Study

In order to provide an answer to research questions 1 and 2, it is important to select input
values for the material engineering constants that are in the range of what can be expected
when switching to NFRCs. For that purpose the first step is to establish the engineering
constants for several NFRCs with potential for application in wind turbine blades. The
engineering constants consist of the Young’s moduli F;, the shear moduli G;; and Poisson’s
ratios v;; in all three directions, as well as the tensile and compression strength properties
in both the longitudinal and transverse direction of the material together with the shear
strength.

Normally, the material properties would be obtained by testing the materials. Unfortunately,
this method was not available for this project. Therefore, the intention became to take the
material properties from the literature on NFRCs. Unfortunately, literature on the material
properties of NFRCs was very limited for both UD and BIAX composites. Often only the
tensile stiffness and strength was given without any information on the fibre volume fraction of
the tested composite. Only one unidirectional Flax fibre reinforced epoxy composite provided
sufficient information.

To be able to establish the material properties of UD composites of different natural fibres,
the micro-mechanical model for fibre reinforced composites had to be used as described in
Appendix B. The Classical Laminate Theory (CLT) could then be used to obtain the BIAX
composite properties, and is outlined in Appendix C. The BIAX strength values are derived
from the UD material using the transformation matrix, see Equation 4-1, where ¢ = cos(f) and
s = sin(f) with 0 the orientation of the fibres in the in BIAX ply. The same transformation
will be used for both the compression and tensile strengths. The laminate layup that will
represent the BIAX lamina is [+45,-45,-45,445] with a ply thickness of 0.14 mm so that the
total thickness equals the lamina thickness of 0.565 mm of the actual BIAX ply in the blade
design.

o1 c? 52 cs Oz
o2 = 2 —cs oy (4-1)
T12 —2cs 2cs *— §? Tey

The full methodology to obtain the material properties for the UD and BIAX natural fibre
reinforced composites is outlined in Figure 4-4. The details of the workflow to obtain the
material properties of the dry fibres and matrix materials (the white blocks) will be elaborated
upon in the next section.
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Figure 4-4: Flow diagram on the methodology to obtain the composite material properties for
UD and BIAX lamina of several NFRCs.

4-1-3 Dry fibre and matrix properties

To obtain the material properties of a composite with the micro-mechanical model, the mate-
rial properties of the individual components are needed as input. Specifically the longitudinal
and transverse stiffness, the shear stiffness, the Poisson’s ratio, the density and the longitudi-
nal tensile strength. For the matrix the longitudinal compression strength and shear strength
are also required. Furthermore, the relative amount of fibres and matrix needs to be specified,
either through the fibre volume fraction or the fibre weight fraction. Finally, the fibre and
matrix porosity constants «; will need to be provided to adequately model the NFRCs.

Literature was consulted to find the required inputs for the micro-mechanical model for var-
ious natural fibres. However, the literature did not provide sufficient information on the
material properties of wide range of natural fibres. The selection of natural fibres for which
sufficient information was found includes Flax, Bamboo, Hemp, Sisal, Ramie and Jute. All
data collected from literature on these six natural fibres can be found in Appendix D.

The average of all data for each fibre type was calculated as a first step. Then the data of
one source was selected which lied closest to the established average. This data then becomes
the selected input for the micro-mechanical model. This decision was made to ensure that
the values are still based on a real material and not just on assumptions.

For the flax fibre properties an alternative approach was used. Instead of selecting one data
source from the calculated average, the calculated average itself is the selected input for the
micro-mechanical model. This decision was made as no data source provided all the desired
material properties, only by combining all data into an average a full material properties
input could be established.

Finally, for all natural fibres except the flax fibres, the transverse stiffness, shear stiffness and
Poisson’s ratio were not provided in the literature. Therefore assumption had to be made to
complete the material properties input for the micro-mechanical model. For the transverse
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stiffness and shear stiffness, the assumption of an isotropic material was made. While natural
fibres are known to be anisotropic, this inaccuracy will need to be accepted given the lack of
information available in the current body of literature. This means the transverse stiffness
will be assumed equal to the longitudinal stiffness and the shear stiffness is calculated with

the following equation:

E
G= — 4-2
2(1+v) (4-2)
For the Poisson’s ratio the value is assumed to be equal to 0.3. Whenever one of these
assumptions had to be made, the value is presented accompanied by an asterisk (*).

Finally, the fibre volume fraction need to be established for each NFRCs to be able to calculate
the composite properties with the micro-mechanical model. The fibre volume fraction for the
flax composite will be set to 41%, equal to the value used in the article by Saadati et. al.,
2020 [64] that provides a full material dataset for a flax/epoxy composite. This same article
is used to verify the micro-mechanical model. For the Hemp and Sisal NFRCs, instead of
using the fibre volume fraction the fibre weight fraction is set to 34%, which is the value used
in the selected source [34]. For the other fibres, the fibre volume fraction is set to 45% which
is a typical value for NFRCs [65][37].

The final material properties of the selection of natural fibres is presented in Table 4-4.

Table 4-4: Dry fibre properties of several natural fibres, alongside the glass fibre properties used
by DTU.

Vf P E1 E2 G12 V12 U’i

- g/cm® | MPa | MPa | MPa - MPa
Flax 0.41 1.45 | 66600 | 8000 | 2410 | 0.498 | 960
Bamboo [66] 0.45 0.86 | 28590 | 28590* | 10996* | 0.3* | 470.87
Hemp [34] | W; =034 | 145 | 56750 | 56750* | 21827* | 0.3* | 585
Sisal [34] W; =034 142 | 23500 | 23500% | 9038* | 0.3* | 531.5
Ramie [67] 0.4 1.5 | 44000 | 44000% | 16923* | 0.3* | 685
Jute [49] 0.3 1.46 | 30000 | 30000* | 11538* | 0.3* [ 800
| Glass | 053 2.6 [ 76600 | 76600 | 31250 | 0.2 | 2350

*Based on isotropic assumption

The literature has also been consulted to identify the bio-based matrix materials that are
currently available. The focus was placed on materials with a Young’s modulus above 3000
MPa to stay within range of the currently used epoxy (Table 2-2). From the range of bio-based
plastic options identified in Chapter 2, the biopolymer PLA was selected as matrix material
for the NFRCs. This decision was based on the biodegradable nature of the material, along
with acceptable material properties when compared to the epoxy used by DTU.

The to be used material properties are presented in Table 4-5 and are the general characteris-
tics of commercial PLA as specified in [38]. It must be noted that the compression and shear
strength values had to be assumed, denoted by the asterisk (*), as no values were specified
in the material source. As the material properties are of the same order of magnitude as
the epoxy used by DTU, the compression and shear strength are assumed to be equal to the
epoxy values specified in Table 2-2.
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Finally, the PLA material used for the hemp and sisal NFRCs is the PLLA (polimerisation of
L-lactide) material used in the selected source for these fibres [34]. The source also provides
the resulting composite properties which can then be used to compare with the results from
the micro-mechanical model. The source provides the density, Young’s modulus and tensile
strength, the other missing properties are assumed equal to the epoxy used by DTU. The
final dataset for the PLLA material is presented in Table 4-5 along with the PLA material.

Table 4-5: Material properties of bio-based resins PLA and PLLA, along with the epoxy resin
used by DTU. The asterix (*) indicates that the value is assumed equal to the epoxy resin due
to the lack of available information.

P E V12 ot o€ T

g/cm® | MPa | - | MPa | MPa | MPa
PLA [38] 1.27 [ 3500 [ 0.36 | 73 | 93* | 45*
PLLA [39] | 1.25 | 3600 | 0.36 | 70 | 93* | 45*

| Epoxy | 1.2 [3850[035] 67 | 93 | 45 |

Typically, the porosity constants a for the micro-mechanical model are obtained by analysing
a cross-section (perpendicular to the fibres) of a piece of manufactured composite. As this
is not possible in the scope of this project the literature was consulted to obtain reasonable
values. Research by Madsen et. al., 2007 [43] provides the porosity constants for four different
natural fibre reinforced composites. As the micro-mechanical model is verified with the flax
fibre composite, the "flax/PP I" composite porosity constants are chosen for use in the current
work. This composite also has a similar fibre volume fraction to the value used in the current
work. It amounts to the assumption of no matrix porosity, a fibre porosity constant of 0.026,
an interface porosity constant of 0.013 and an impregnation porosity factor of 0.185. Summed
together the fibre porosity constant equals 0.224. These porosity constants will be used for all
natural fibre reinforced composites under consideration as no other information is currently
available.

Finally, the empirical correction factor k£ for the longitudinal compression strength of the
composite was obtained by fitting the Flax/Epoxy data from [64], it was found that & = 0.066.
As no other information is currently available for the other natural fibres, it is assumed that
k = 0.066 for all NFRCs considered in the current work. Through fitting the DTU GFRC
data it was found that k& = 0.175 for the GFRC model.

4-1-4 Calculated composite material properties for the selected NFRCs

Table 4-6 presents the calculated UD material properties for the selected NFRCs alongside
those of the GFRC used by DTU. The maxima and minima among the NFRCs for each
property are highlighted by green and red respectively. Comparing the calculated properties
of the GFRC with the properties as used by DTU show that the stiffnesses and poisson ratio’s
originate from the calculations. This data can thus not be used to validate the model. The
strength values differ more and it will be assumed that the values used by DTU originate from
experiment. To verify the model, the Flax/Epoxy system will be used since a full dataset is
available from the experiments performed by Saadati et. al. [64]. The research by Saadati
et. al. exposed the non-linear behaviour of the tensile Young’s modulus of a Flax/Epoxy
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unidirectional composite. The very first part of the stress-strain curve indicates a modulus
of 30.04 GPa. Under the loading the fibres straighten and the microfibrils in the flax fibres
reorient, resulting in a decreased modulus down to 21.26 GPa. This knee point occurs at
0.1% strain with the failure strain being 1.35%. Since the majority of the stress-strain curve
belongs to the modulus of 21.26 GPa, it is this value that will be used to verify the micro-
mechanical model. The dry fibre properties and epoxy properties were not provided in the
article, hence, the values as defined in Section 4-1-3 will be used as input.

Table 4-6: UD composite properties of GFRC used by DTU with provided and calculated values,
as well as the calculated UD composite properties of several NFRCs.

Green cells indicate the
maximum value among the NFRCs, while red cells indicates the minimum values among the

NFRCs.

Property cil_]j;ilc iifrloc-: Flax/ | Bamboo/ | Hemp/ | Sisal/ | Ramie/ | Jute/
. PLA PLA PLLA | PLLA PLA PLA
by DTU | mechanics

E; [MPa] 42706 42700 24000 11700 16000 8150 16100 9760
E2 [MPa] 12585 12600 5500 8500 7100 6700 8400 6800
E3 [MPa] 12585 12600 5500 8500 7100 6700 8400 6800
G12 [MPa| 4613 4610 1830 3160 2560 2440 3100 2500
G13 [MPa| 4613 4610 1830 3160 2560 2440 3100 2500
Gas [MPa] 4613 4610 1830 3160 2560 2440 3100 2500
vi2 [ 0.258 0.27 0.38 0.3 0.32 0.32 0.3 0.32
v13 [+ 0.258 0.27 0.38 0.3 0.32 0.32 0.3 0.32
Va3 [-] 0.364 0.36 0.49 0.35 0.39 0.38 0.35 0.35
p [g/cm?] 1.95 1.95 1.23 0.96 1.25 1.19 1.25 1.24
ol [MPa] 1000 1250 340 194 151 149 244 191
ob [MPa] 47 41 19 24 36 32 30 35
o§ [MPa] 813 807 120 210 170 162 206 167
o5 [MPa] 146.5 Y 53 70 110 95 84 99
T12 [MPa] 48 37 29 25 30 30 26 30
Vs 0.53 0.53 0.41 0.45 0.28 0.3 0.4 0.3
Wy [ 0.71 0.71 0.48 0.4 0.34 0.34 0.48 0.35
€r [ 0.023 0.029 0.014 0.017 0.01 0.018 0.015 0.02

Table 4-7: Flax/Epoxy composite properties from test data from literature [64] as well as calcu-

lated values using the micro-mechanical model. The calculation uses the material properties of

the flax fibres and epoxy as specified in Section 4-1-3.

Vf E1 E2 G12 V192 1% O"i 0'5 O‘f 05 T12
- MPa | MPa | MPa - g/cm® | MPa | MPa | MPa | MPa | MPa
Saadati[64] | 0.41 | 21260 | 4240 | 1920 | 0.373 | 1.28 300 15 126 72 45
Computed | 0.41 | 23830 | 5480 | 1910 | 0.38 1.19 406 14 126 19 23

Table 4-7 compares the material properties from literature with the computed values. Overall
the stiffness properties are relatively similar. The differences that are visible can be due to
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differences in the properties of the materials used by the article and the computation. An
important difference that is unknown is the porosity volume in the composite manufactured for
the article. Moreover, transverse stiffness calculation in the model does not include porosity.
This might cause the overestimation of this property. The same analysis can be applied to
the comparison of the longitudinal tension strength. Contrary, the transverse compression
strength and shear strength are highly underestimated.

The difficulty of predicting the lamina strength values from its constituents is under-scribed
by other studies who investigate the accuracy of different strength models [68][69]. These
studies compare the predicted values from different models with experimental results. A
study by Huang et. al. [69] concluded that the inclusion of the stress concentration factor
(SCF) on the strength values of the matrix improve the accuracy of the models in terms of
their strength predictions: "A matrix plate with a hole generates a stress concentration in its
neighborhood if the plate is subjected to an external load. Similarly, when the hole is filled
with a fiber of different properties the matrix sustains a stress concentration as well"[69].
However, even with the SCFs included the models have a strength prediction with an error
margin of 20-30%.

The measured strength values of the GFRC used by DTU are available and the micro-
mechanical model results use the same dry fibre and matrix properties as input. Therefore
the difference with the micro-mechanical model is quantified through the calculation of their
fraction: %ﬁf‘l. Multiplying the results of the micro-mechanical model with these fractions
results in the given measured strength values. Hence, these fractions can be used as a correc-
tion on the micro-mechanical model. As test data is not available for the strength values of
the NFRCs, the correction factors of the GFRCs will be used to correct the strength values
that come out of the micro-mechanical model. The used correction factors for the strengths
of the UD composites is presented in Table 4-8. The presented strength values of the NFRCs

in Table 4-6 have already been corrected.

Table 4-8: UD strength correction factors for the micro-mechanical model calculated from the
difference between the calculated values and test values of the GFRC used by DTU, see Table 4-6.

o{ of 0'3 o5 T
0.80 | 1.01 | 1.14 | 2.55 | 1.31

From the comparison between the GFRC and the NFRCs, a few observations can be made.
Firstly, the stiffness of the NFRCs is significantly lower due to the reduced properties of the
natural fibres compared to glass fibres. This is also party due to the lower fibre content in the
NFRCs as well as the inclusion of porosity. On the other hand, the density of the NFRCs is
also significantly reduced which is beneficial for the blade design. Hence, in terms of specific
stiffness (E/p) the NFRC’s stiffnesses come closer to that of the GFRCs then the absolute
stiffness. The comparison between the absolute and specific longitudinal stiffness for the
composites are presented in Figure 4-5. For the BIAX composite the Bamboo even succeeds
the specific stiffness property of the GFRC. The same comparison for the shear stiffness is
made in Figure 4-6 where the specific shear stiffness of the UD Bamboo and Ramie succeed
that of the GFRC. Furthermore, the strengths of the NFRCs are also lower due to the lower
fibre strengths. The significant strength reduction also results in smaller failure strains which
can become a challenge for a NFRC wind turbine blade design.
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Figure 4-5: Comparison between absolute stiffness E; and specific stiffness E; /p for the UD and
BIAX composites in MPa, comparing GFRC with several NFRCs.
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Figure 4-6: Comparison between absolute shear stiffness G12 and specific shear stiffness G13/p
for the UD and BIAX composites in MPa, comparing GFRC with several NFRCs.

The final resulting datasets for the BIAX composites are presented in Table 4-10. The BIAX
material properties are derived from the presented UD composite properties using the classical
laminate theory and the transformation matrix. Again the strength values from the micro-
mechanical model for the NFRCs are corrected with the fraction quantifying the difference
between the measured values and the micro-mechanical model results for the DTU GFRC,
see Table 4-9. It must be noted that the strength values are highly overestimated with the
model, rather than underestimated as for the UD composite values. This could be because
the strength values are calculated from the UD values using the transformation matrix. This
method does not grasp the characteristics of the BIAX material as in a non-crimp biaxial
fabric, like the fibre-matrix interaction. Since no other method is available to this project the
corrected strength values based on the GFRCs is the best estimate available.
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Table 4-9: BIAX strength correction factors for the micro-mechanical model calculated from the
difference between the calculated values and test values of the GFRC used by DTU.

o1 | of

0.36 | 0.53

o5

0.33

o5 T
0.45 | 0.41

Table 4-10: BIAX composite properties of GFRC used by DTU with provided and calculated
values, as well as the calculated BIAX composite properties of several NFRCs. Green cells

indicate the maximum value among the NFRCs, while red cells indicates the minimum values

among the NFRCs.

Property izrl'{af::— ill?cl;{(f—j Flax/ | Bamboo/ | Hemp/ | Sisal/ | Ramie/ | Jute/
- . | PLA PLA PLLA | PLLA | PLA | PLA
teristic | mechanics
E; [MPa] 13920 14300 6060 8600 7570 6650 8850 6930
E, [MPa] 13920 14300 6060 8600 7570 6650 8850 6930
E3 [MPa] 13920 13400 6190 8530 7390 6780 8550 6840
G12 [MPa] | 11500 12500 6530 4040 4860 2900 5080 3290
Gi3 [MPa] | 5536 4610 1830 3160 2560 2440 3100 2500
Gos [MPa] | 5536 4610 1830 3160 2560 2440 3100 2500
via [ 0.533 0.55 0.65 0.36 0.48 0.36 0.43 0.38
v13 ] 0.533 0.17 0.2 0.28 0.24 0.31 0.24 0.28
va3 |-] 0.257 0.17 0.2 0.28 0.24 0.31 0.24 0.28
p [g/cm?] 1.94 1.94 1.23 0.96 1.25 1.19 1.25 1.24
ol [MPa] 223 612 72 41 32 31 53 41
ol [MPa] 223 635 79 49 44 42 61 51
o§ [MPal 209 396 26 52 44 40 52 42
o5 [MPa] 209 469 42 61 57 54 62 56
T12 [MPa] 155 375 21 38 26 26 36 26
Vil 0.53 0.53 0.41 0.45 0.28 0.3 0.4 0.3
Wy [ 0.71 0.71 0.48 0.4 0.34 0.34 0.48 0.35
€f [ 0.16 0.016 0.012 | 0.0048 0.0042 | 0.0046 | 0.0060 | 0.0059

Comparing the data of the NFRCs with that of the GFRC, it can again be stated that the
stiffness, strengths, density and failure strains of the NFRCs is significantly lower. This result
is expected as the BIAX properties are derived from the UD material properties where the
same trends were observed.

What stands out for the BIAX material used by DTU is that the Poisson ratio 143 is equal
to v1o instead of the other out of plane Poisson ratio 193. As the properties in the 1 and 2
direction are equal it is expected that both out of plane properties in the 13 and 23 direction
are also equal. Furthermore, the out of plane tensile stiffness is typically slightly lower than
the in plane stiffness of a BIAX material as the fibres run in the perpendicular plane.

The data from the GFRCs as calculated with the micro-mehcanical model is used as the
baseline for the sensitivity study. This will provide a fair comparison between the GFRC and
NFRCs, making the results also valuable for a redesign of the blade with NFRCs.
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4-1-5 Input parameters

Now that the value range for each material engineering constant for NFRCs is established,
the input for the sensitivity study can be defined. The methodology to obtain the final inputs
for the sensitivity study is outlined in Figure 4-7.

Determine test value Determine relation
per material property between input and
based on % output
difference with GFRC A

NFRC lamina
properties:
Identify min. and max.
values

Calculate %

difference with
GFRC

4

.| Define full material Analvsis
"1 input per test case ¥

Determine Mid point and f |

CQuarter point between Identify significant |

extreme test value and input parameters
baseline

Figure 4-7: Flow diagram on the methodology to obtain the input parameters for the sensitivity
analysis on the DTU 12.6 m blade.

The extrema within the NFRCs for each engineering constant are specified in Table 4-6
and Table 4-10 for the UD and BIAX materials respectively. For each identified extreme
value of the material engineering constants, the percentage difference with respect to the
DTU GFRCs is calculated. This calculated percentage is then rounded up to find the final
percentage difference between the baseline and the extreme test value for the sensitivity study.
It is chosen to round off the values to an integer value that is a multiple of 5 to ease post-
processing of the results. The percentages are rounded up as this creates extreme input values
slightly more extreme than what is found in the NFRCs. This way the full range of what can
be expected when switching to NFRCs can be analysed, especially given the fact that the
used material properties are estimates. If the minimum in the NFRCs range is higher than
the value of the GFRC and vice versa, no test case will be created for that material property
in that direction. In those cases the material property of NFRCs will not reach those levels,
making that range of values not of interest.

For each test case in the sensitivity study, one engineering constant will be changed while
keeping the other engineering constants equal to the baseline values. However, a few engi-
neering constants are equal and shall be changed simultaneously. For a UD composite the
properties in the two transverse directions are approximately the same meaning the following
engineering constants are set equal: the Young’s moduli E; and E3, the Poisson’s ratio v12 and
v13, and the shear moduli Gi2 and Gi3. Moreover, to keep the tests as realistic as possible it
is important to adjust the Poisson’s ratios accordingly when changing the Young’s moduli of
the material. To relate the Poisson’s ratios with the Young’s moduli the following equations
will be used:

vo1 - Fy vs1 - By v3a - Fo

Es E3 E3

It must be noted that for UD material 115 = 113 and 93 = v39 as E2 = E3. To calculate
the desired Poisson’s ratios an estimate for the value o7 is required. For this purpose the vo;

V192 = (4—3) Vi3 = (4—4) V93 — (4—5)

Kimberly M.M. van den Bogaard Master of Science Thesis



4-1 Sensitivity Study on the Relation between Material Engineering Constants and Blade Behaviour 45

will be calculated using Equation 4-3 and Table 4-6 for the relevant NFRCs. The extreme
minimum test value for E; originates from the Sisal-PLLA material and thus the v21 value
from Sisal-PLLA will be used to calculate v12 for this test case. Similarly the v21 from
Flax-PLA will be used when E9 and E3 are changed. Additionally, when changing Eo and Es
the engineering constant ©23 will also be changed to the value of Flax-PLA as this Poisson’s
ratio relates to Eg and Es.

Similarly, for a +45° BIAX material the engineering constants in the two in-plane direction
are equal. Hence, the following engineering constants will be changed in pairs: the Young’s
moduli E1 and E2, the Poisson’s ratio 113 and 1o3, and the shear moduli G13 and G23.
Equation 4-3, Equation 4-4 and Equation 4-5 are again used to calculate somewhat realistic
Poisson’s ratios when changing the Young’s moduli. As 143 = o3 only the Poisson’s ratios
o1 and 3y are needed in the calculation. The extreme minimum test values for E1, E2 and
E3 originate from Flax-PLA and this material’s Poisson’s ratios v5; and 32 will thus be used
to calculate the required Poisson’s ratios for the different tests.

Furthermore, changing from one material to another will in most cases result in multiple
engineering constants changing. Therefore, an extreme case will also be tested where all the
UD engineering constants are set equal to the extreme minimum test values. For this test
case the 12 = v13 value is calculated using v21 from Sisal-PLLA as the combination of E1
and E2 is most similar to this material. The value v23 is set equal to the Flax-PLA material
as E2 and E3 originate from this material. Similarly, there will be an extreme test case with
all the BIAX engineering constants set to the extreme minimum test values.

It must be noted that for both the UD and BIAX material, only an extreme case is tested
were all the material engineering constants are set to the extreme minimum test values. This
is due to the fact that the stiffnesses of the NFRCs do not reach higher than that of the
GFRCs. Only the Poisson’s ratios show values higher than GFRCs. The sensitivity of the
Poisson’s ratios, although analysed separately, will already be tested in the test cases for the
Poisson’s ratios making the extreme maximum test case redundant.

A final case will be analysed where both the UD and BIAX engineering constants will be set
equal to the "extreme min" case. This test is useful as both the UD and BIAX material will
be replaced in a redesign. Thus, this case will provide information on what extreme can be
expected when changing both materials simultaneously.

All the inputs per test case for the UD and BIAX material are combined in Table 4-11 and
Table 4-12 respectively, where the changed parameters are indicated in red. Each test case is
given the name of the format "[material] [input] [min/max]".

Master of Science Thesis Kimberly M.M. van den Bogaard



46 Methodology - Sensitivity Study

Table 4-11: Test cases for the sensitivity study on the UD material properties for the DTU 12.6
m blade. The terms "min" and "max" indicate whether the extreme test value is a minimum or
maxima compared to the baseline values. The term "mid" refers to the test value at the midpoint
of the baseline and extreme test value. The term "quarter" refers to the test value at one quarter
from the baseline to the extreme test value. Red indicates the values changed compared to the
baseline model.

Test E, E, Es V12 13 V23 Gi2 Gis Gos
case MPa MPa MPa - - - MPa MPa MPa
Baseline | 42705.8 | 12585.4 | 12585.4 | 0.2577 | 0.2577 | 0.3640 | 4613.36 | 4613.36 | 4613.36
E; min 6405.87 | 12585.4 | 12585.4 | 0.1336 | 0.1336 | 0.3640 | 4613.36 | 4613.36 | 4613.36
.El. 24555.8 | 12585.4 | 12585.4 | 0.1699 | 0.1699 | 0.3640 | 4613.36 | 4613.36 | 4613.36
mid min
Er 1936308 | 12585.4 | 12585.4 | 0.2020 | 0.2020 | 0.3640 | 4613.36 | 4613.36 | 4613.36
quarter min
Efnf?’ 42705.8 | 5034.16 | 5034.16 | 0.7165 | 0.7165 | 0.4219 | 4613.36 | 4613.36 | 4613.36
Glf;fl?’ 42705.8 | 12585.4 | 12585.4 | 0.2577 | 0.2577 | 0.3640 | 1614.68 | 1614.68 | 4613.36
GiatGis | for059 | 12585.4 | 12585.4 | 0.2577 | 0.2577 | 0.3640 | 3114.02 | 3114.02 | 4613.36
mid min
GuatGis | oz058 | 12585.4 | 12585.4 | 0.2577 | 0.2577 | 0.3640 | 3863.69 | 3863.67 | 4613.36
quarter min
Gog min | 42705.8 | 12585.4 | 12585.4 | 0.2577 | 0.2577 | 0.3640 | 4613.36 | 4613.36 | 1614.68
”1;;;13 42705.8 | 12585.4 | 12585.4 | 0.3866 | 0.3866 | 0.3640 | 4613.36 | 4613.36 | 4613.36
Vo3 max | 42705.8 | 12585.4 | 12585.4 | 0.2577 | 0.2577 | 0.4550 | 4613.36 | 4613.36 | 4613.36
Vo3 min | 42705.8 | 12585.4 | 12585.4 | 0.2577 | 0.2577 | 0.3458 | 4613.36 | 4613.36 | 4613.36
Exg;me 6405.87 | 5034.16 | 5034.16 | 0.3340 | 0.3340 | 0.5369 | 1614.68 | 1614.68 | 1614.68
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4-1 Sensitivity Study on the Relation between Material Engineering Constants and Blade Behaviour 47
Table 4-12: Test cases for the sensitivity study on the BIAX material properties for the DTU 12.6
m blade. The terms "min" and "max" indicate whether the extreme test value is a minimum or
maxima compared to the baseline values. The term "mid" refers to the test value at the midpoint
of the baseline and extreme test value. The term "quarter" refers to the test value at one quarter
from the baseline to the extreme test value. Red indicates the values changed compared to the
baseline model.
Test E, E, Es V12 V13 V23 Gi2 Gis Gas
case Mpa Mpa Mpa - - - Mpa Mpa Mpa
Baseline 14273.3 | 14273.3 | 13351.3 | 0.5470 | 0.1698 | 0.1698 | 12448.8 | 4613.36 | 4613.36
Erlntfz 5709.34 | 5709.34 | 13351.3 | 0.6451 | 0.0738 | 0.0738 | 12448.8 | 4613.36 | 4613.36
E.1+E.2 9991.34 | 9991.34 | 13351.3 | 0.3545 | 0.2183 | 0.2183 | 12448.8 | 4613.36 | 4613.36
mid min
EitEs 1151303 | 12132.3 | 13351.3 | 0.5467 | 0.1444 | 0.1444 | 12448.8 | 4613.36 | 4613.36
quarter min
E3 min 14273.3 | 14273.3 | 5340.5 | 0.5470 | 0.4614 | 0.4614 | 12448.8 | 4613.36 | 4613.36
G12 min 14273.3 | 14273.3 | 13351.3 | 0.5470 | 0.1698 | 0.1698 | 2489.76 | 4613.36 | 4613.36
.G12 . 14273.3 | 14273.3 | 13351.3 | 0.5470 | 0.1698 | 0.1698 | 7469.27 | 4613.36 | 4613.36
mid min
Gro . 14273.3 | 14273.3 | 13351.3 | 0.5467 | 0.1698 | 0.1698 | 9959.02 | 4613.36 | 4613.36
quarter min
Glfntf% 14273.3 | 14273.3 | 13351.3 | 0.5470 | 0.1698 | 0.1698 | 12448.8 | 1614.68 | 1614.68
V12 Max 14273.3 | 14273.3 | 13351.3 | 0.6561 | 0.1698 | 0.1698 | 12448.8 | 4613.36 | 4613.36
. Y12 14273.3 | 14273.3 | 13351.3 | 0.6017 | 0.1698 | 0.1698 | 12448.8 | 4613.36 | 4613.36
mid max
V12 14273.3 | 14273.3 | 13351.3 | 0.5743 | 0.1698 | 0.1698 | 12448.8 | 4613.36 | 4613.36
quarter max
V12 min 14273.3 | 14273.3 | 13351.3 | 0.3555 | 0.1698 | 0.1698 | 12448.8 | 4613.36 | 4613.36
.Vl? . 14273.3 | 14273.3 | 13351.3 | 0.4512 | 0.1698 | 0.1698 | 12448.8 | 4613.36 | 4613.36
mid min
Y12 . 14273.3 | 14273.3 | 13351.3 | 0.4991 | 0.1698 | 0.1698 | 12448.8 | 4613.36 | 4613.36
quarter min
V13+Vve3 . .
A 14273.3 | 14273.3 | 13351.3 | 0.5470 | 0.3142 | 0.3142 | 12448.8 | 4613.36 | 4613.36
Exg;me 5709.34 | 5709.34 | 5340.52 | 0.6451 | 0.1845 | 0.1845 | 2489.76 | 1614.68 | 1614.68

It is not only of interest to identify the engineering constants that drive the blade behaviour,

but also to know the relation between the input and output parameters.

Moreover, the

percentage change in inputs for the UD and BIAX materials differ, thus their results cannot
be directly compared. Establishing the relation between input and output for each material
allows for the assessment of their relative impacts on the blade behaviour. This will be a
valuable input for redesign of the blade with NFRCs.
results is presented in the lower part of Figure 4-7.
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48 Methodology - Sensitivity Study

To evaluate the relation between the input and output, additional data points need to be
evaluated. This will only be done for the input parameters that were found to bring about
significant changes in the outputs analysed. The additional data points that will be evaluated
are the mid point and quarter point between the baseline and extreme test case. So for
example, the change in shear stiffness of the BIAX material for the extreme test case was
80%, thus the mid point will now yield a change of 40% and the quarter point a change of
20%. These additional test cases have also been added to Table 4-11 and Table 4-12. The
names of these test cases are of the format "[material]_[input] [mid/quarter| [min/max]".
The additional test cases related to the UD material are for E1 and G12=G13. The additional
test cases related to the BIAX material are for E1=E2, G12 and vq».

Finally, the sensitivity of the blade to the core material stiffness will also be evaluated. For
the bending stiffness the thickness of the core material is generally more important than the
stiffness of the core itself. For example, increasing the core thickness of a sandwich plate
will increase the distance of the stiff composite plates to the neutral axis, thereby increasing
the moment of inertia which in turn increases the bending stiffness of the plate. To verify
this prediction, each loadcase will be analysed with the core’s Young’s modulus reduced by
50% while keeping all other values equal to the baseline. This means the Young’s modulus is
reduced to 275 MPa. As the core material is isotropic, the change in Young’s modulus will
impact both the bending stiffness and torsional stiffness.

4-1-6 Output Parameters

The output parameters that will be analysed are the following;:

e Tip deflection U: Due to the blade-tower interface, the maximum tip deflection is of
special interest for the PTS loadcase.

¢« Reaction moment RM3: For the Torque loadcase the torsional rigidity "G - J" of the
blade is of interest. Due to the complexity of determining the torsional rigidity of the
full blade, an alternative approach is used for the sensitivity analysis. The torsional
rigidity G - J expressed by the general torsion equation [70] is:

T-L

G-J 7

(4-6)
Where G is the torsional stiffness, J is the polar moment of inertia, T" is the applied
torque, L is the length over which the torque is applied, and 6 is the angle of twist. By
applying a prescribed rotation § = 10° to the blade of 12.6 m at the location L = 10.8 m,
the required torque to reach this rotation becomes an indication of the level of torsional
rigidity. The larger the required torque, the larger the torsional rigidity. Therefore,
the reaction moment at the blade root around the blade z-axis, RM3, becomes the to
be analysed output. The reaction moment at the root thus equals the required torque:
T = RMS3.

¢ Maximum Tsai-Wu value: The level of change in stress levels and possible resulting
material failure is important to analyse given the reduced strength values of NFRCs.
The Tsai-Wu failure criterion is selected for this purpose. This failure criteria considers
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4-2 Verification of geometric linearity assumption 49

the absolute stresses as well as the interaction between stresses. Moreover, the different
strengths in tension and compression for composite materials are taken into account.
The general formulation is given in Equation 4-7 [71].

o2 ol I 1 11 11 Tay
sz vV sereeert () oot (g ) ot g =1 60

If the Tsai-Wu failure criteria is above 1 it means that material failure has occurred in
one or more plies. The maximum envelop Tsai-Wu value will be used as output in the
sensitivity study.

Before the maximum Tsai-Wu outputs are interpreted, it is important to check the validity of
the results. Numerical failure, due to for example bad meshing, can lead to artificial failure
results. The results are considered real if the maximum Tsai-Wu value originates from a
large region with high maximum Tsai-Wu values. The value is artificial if the region is highly
localized and the maximum Tsai-Wu value location is next to a drop from a high to a low
value. The maximum Tsai-Wu value is then likely caused by issues with the mesh in the FE
model and thus called artificial. Through Hooke’s law it is likely to see the maximum Tsai-Wu
location coincide with the maximum strain location. This becomes an additional check for
the validity of the results. Furthermore, it will be checked whether the max Tsai-Wu failure
occurs in a UD or BIAX ply as their failure differ in criticality.

For all loadcases, the results will be presented by the absolute percentage difference with
respect to the baseline results.

4-2 Verification of geometric linearity assumption

All the FEM simulations of the sensitivity study have been performed using a linear static
analysis. The linear static analysis has the advantage that the behaviour scales with the
applied loading as the stiffness is constant with changing shape [57]. However, geometric
linearity can only be applied under the small strain assumption. Geometric non-linearity
considers the effect of the change in shape on the stiffness. Only if the change in shape is small
the effect can be neglected and the results from both analysis types will be similar. For the
geometric non-linear analysis the stiffness will thus need to be re-computed at each increment
making this analysis much more computationally expensive. There are three guidelines that
generally indicate that geometric non-linearity should be used for a cantilever beam [72][73]:

e Guideline 1: Beam’s deflection is more than half the beam’s thickness. This yields
deflections larger than 0.34 m for the DTU 12.6 m blade.

e Guideline 2: The deformation anywhere in the beam is larger than %th of the largest
dimension [74]. This yields deformations larger than 0.63 m for the DTU 12.6 m blade.

o Guideline 3: The strains in the beam exceed 5% and/or the angles of rotation in the
beam exceed 5 to 10 degrees.

It is important to check if the difference between the linear and non-linear analysis is sig-
nificant. If the difference is significant this can affect the type of analysis that is chosen to
perform the redesign of the blade.
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To test the effect of incorporating geometric non-linearity a few test cases will be analysed.
The most critical loadcase in terms of deflection is the PTS loadcase where the longitudi-
nal stiffness of both materials have the largest impact on the blade’s deflection and stress
levels. Therefore, the "PTS Baseline", PTS "UD_E1_ min" and PTS "BIAX_E1_E2 min"
test cases will be analysed. Furthermore, it is also important to analyse the effect of ge-
ometric non-linearity on the torsional stiffness of the blade as that affects the aeroelastic
behaviour of the blade. The material’s shear stiffness has the largest impact on the torsional
stiffness, hence, the test cases "Torque Baseline", Torque "UD_G12_G13_min" and Torque
"BIAX__G12_min" will be analysed.

The required output to compare with guidelines 1 and 2 is the magnitude of the tip deflection
"Tip U mag" and/or the maximum deflection anywhere in the blade "Max (U mag)". For
guideline 3 the maximum magnitude of angle of rotation "Max(UR mag.)", and the percent-
ages strains "e11, €99, €12" are the required outputs.

It must be noted that the maximum angle of rotation for the Torque loadcases equal the
threshold of 10 degrees as the load is applied through the prescribed rotation of 10 degrees.
The results will establish whether the threshold of guideline 3 for this specific blade is higher
or lower than 10 degrees.

The conclusions from the application of the guidelines will be verified by running the non-
linear analysis for the selected test cases. The results are presented as the percentage

difference of the outputs of the non-linear analysis with respect to the linear analysis, so

nonlinear—linear
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Chapter 5

Results & Discussion: Sensitivity
Analysis

The outputs of all the different test cases will need to be compared to the baseline model
outputs to be able to draw conclusions on the sensitivity of the various outputs to each input
parameter. The to be analysed outputs for the baseline model are summarised in Table 5-1.
All the results of the sensitivity study will be presented as the percentage difference with
respect to these baseline model results.

Table 5-1: DTU 12.6 m baseline blade model outputs that will be used in the analyses of the
sensitivity study on the impact of individual material properties on the blade’s behaviour.

Unit PTS TTL Torque
RM3 due to 10° twist
at T = 10.8 m Nm - - -4050
Max tip deflection
in load direction m 2.18 0.31 )
Max. Tsai-Wu - 0.71 0.41 -
Location of: i Upper spar-cap | Trailing edge i
max. Tsai-Wu r~6m r~4m

5-1 Core material test results

The results of the sensitivity study where the Young’s modulus of the core material is halved
are presented in Table 5-2. From the results it can be concluded that the stiffness of the core
material does not play a significant role in the blade performance. However, the thickness of
the core material will play a significant role as it influences the moment of inertia. This will
be of special interest when designing for the torsion during the redesign process.
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52 Results & Discussion: Sensitivity Analysis

Table 5-2: Results of the sensitivity study on the Young's modulus of the core material of the
DTU 12.6 m blade.

Baseline | Core  E min | Difference
PTS max U2 tip deflection [m] 2.18 2.17 -0.5%
TTL max Ul tip deflection [m] 0.31 0.30 -3%
Torque RM3 root [Nm] 4050 4020 -0.7%

5-2 Torque loadcase results

The results of the sensitivity study of the torsional stiffness of the blade showed that only a
few material engineering constants have a significant impact. The results of the other material
engineering constants only had a very small impact, of which most less than 1% change. The
results of all material engineering constants can be found in Appendix E. The significant
results of the sensitivity study on torsional stiffness are presented in Figure 5-1, where the
blue corresponds to the UD material test cases, the orange corresponds to the BIAX material
test cases and the red corresponds to the "extreme_min" test case where all properties for
both the UD and BIAX material are set to the minima of the test ranges.

UD_G12_G13_min
extreme_UD_min -
BIAX_G12_min -
extreme_BIAX_min -

extreme_min A

-80 —60 —40 -20 0
Difference in RM3 w.r.t. baseline [%]

Figure 5-1: Significant results of sensitivity study on torque loadcase of the DTU 12.6 m blade:
percentage difference in RM3.

Analysing the results it can be stated that the torsional stiffness of the blade is only sig-
nificantly impacted by the shear moduli G12=G13 for the UD material and the shear mod-
ula G12 for the BIAX material. The comparison of the "extreme UD_ min" result with
the "UD_G12_G13_min" result confirms this as they are almost equal meaning that the
G12=G13 property has the largest contribution, the same holds for the BIAX material.
These results are expected as the torsional stiffness mainly depends on the shear stiffness
of the materials.

Comparing the "extreme_min" results with the results of "extreme_UD_ min" and

"extreme_ BIAX_min" show that the impact is more or less the summation of the two individ-
ual material’s results. This is expected as now both materials have a lower shear stiffness and
one material now cannot counter act the reduced performance of the other material anymore.
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5-3 Pressure-to-Suction loadcase results 53

The relation between the shear stiffness’ and the required torque are established in Figure 5-2.
The percentage difference in input and output with respect to the baseline model is plotted
for both materials. The results show that the relation is linear for both materials. Moreover,
the slope of the linear relation is significantly larger for the BIAX material compared to the
UD material confirming that the shear stiffness of the BIAX material has a significantly larger
impact on the torsional stiffness of the blade. This result is expected as the BIAX material has
a higher shear stiffness with its fibres aligned with the load direction resulting from applying
shear loading.

Furthermore, the thickness of the shearwebs is another significant design parameter for the
torsional rigidity as it influences the polar moment of inertia.

0 —
.--"‘—.._'-'—-
— ,--‘.F-'-—-
< 101 B
m -1
= —20
5
& -30
3
@]
E —40
> e UD
J:J ~50 —-—- y =0.28x + 0.29 with R? = 0.9984
BIAX
=601 y = 0.80x + 1.10 with R? = 0.9980
|
-80 -70 -60 -50 -40 -30 -20 -10 0

Change in Input: G12 [%]

Figure 5-2: Percentage difference in RM3 vs percentage change in Gio input for the torque
loadcase in the sensitivity study on the DTU 12.6 m blade.

In conclusion, the most critical material design parameter for the torsional stiffness is the
shear stiffness of the BIAX material. Additionally, the thickness of the shearwebs influence
the polar moment of interia which directly relates to the torsional rigidity of the blade as
well.

5-3 Pressure-to-Suction loadcase results

The full results of the sensitivity study of the tip deflection for the PTS loadcase are presented
in Appendix E. The significant results are presented in Figure 5-3. The results of the
other material engineering constants only had a very small impact of less than 1% change.
Analysing the results it can be stated that the flapwise tip deflection of the blade is only
significantly impacted by the longitudinal bending stiffness E1 of the UD material and the
bending stiffness E1=E2 of the BIAX material. These results are as expected as the flapwise
tip deflection mainly depends on the longitudinal bending stiffness of the blade which is
provided by the longitudinal bending stiffness of the used materials. Moreover, the impact
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of the the longitudinal stiffness of the UD material is highly significant with a tripling of the
tip deflection for a significant reduction of that property. This is expected as the flapwise
deflection of the blade mainly depends on the longitudinal stiffness provided by the spar-caps
which are made up of mostly the UD material. This also explains why the impact of the
BIAX longitudinal stiffness is less significant, on top of the fact that the stiffness of the UD
materials is higher than that of the BIAX material.

UD_E1_min
extreme_UD_min
BIAX_E1 E2 min
extreme_BIAX_min

extreme_min

0 50 100 150 200 250 300 350 400
Difference in tip deflection magnitude w.r.t. baseline [%]

Figure 5-3: Significant results of sensitivity study on PTS loadcase of the DTU 12.6 m blade:
percentage difference in tip deflection magnitude.

Finally, the "extreme_min" result is compared to the "extreme_ UD_ min" and

"extreme_ BIAX_ min" results. It can be seen that the tip deflection when changing both
materials to their minimum is much larger than either of the tip deflections of changing only
one of the materials and their summation. The UD stiffness does have the most significant
impact as its individual results is more than half of the combined result. While the individual
BIAX result is only 12% which is significantly smaller than the increase of 158% from only
changing the UD material to also changing the BIAX material. This result can be explained
by comparing the E1 values for all three test cases. When changing only the UD material,
the stiffness of the BIAX material is higher than that of the UD material and will contribute
most to the total blade stiffness. The BIAX stiffness is significantly lower than the original
UD stiffness, hence the tripling of the tip deflection. Changing only the BIAX material has
less impact on the tip deflection as the UD stiffness is already much higher than the original
BIAX stiffness and thus provides most of the total blade stiffness. However, when on top of
changing the UD material the BIAX material is also changed, the BIAX stiffness drops again
below the already low UD stiffness. The BIAX material can no longer compensate for the
low UD stiffness causing a significant additional increase in tip deflection.

The relation between the longitudinal stiffness’ and the tip deflection magnitude are estab-
lished in Figure 5-4. The percentage difference in input and output with respect to the
baseline model is plotted for both materials. Both a linear and quadratic curve-fitting is
presented to evaluate which type of relation better fits the data. For the BIAX material the
linear and quadratic curve are almost equal and it can be said that the relation is practically
linear. For the UD material the quadratic curve fits the data better. This is an important
observation as it makes the selection of a UD material with a high longitudinal stiffness even
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more significant for the redesign in order to limit the blade deflections.
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Figure 5-4: Percentage difference in tip deflection magnitude vs percentage change in E; input
for the PTS loadcase in the sensitivity study on the DTU 12.6 m blade.

The full results of the sensitivity study of the maximum Tsai-Wu value for the PTS loadcase
are presented in Appendix E. The results are similar to the presented results of the deflection.
Higher deflections will lead to larger strains which induces larger stresses which in turn will
increase the value of the Tsai-Wu criteria through its definition in Equation 4-7. However,
in terms of the BIAX material not only the longitudinal bending stiffness has a relatively
significant impact on the maximum Tsai-Wu value, but also the in-plane Poisson’s ratio. The
percentages of the Poisson’s ratio test cases can be trusted as the maximum Tsai-Wu values
all originate from the same location as the baseline results. The relation between the BIAX
in-plane Poisson’s ratio r15 and the maximum Tsai-Wu value is exponential, see Figure 5-5.
Although the impact is relatively small, a lower value is preferred to limit the stresses.

The Poisson ratios of the NFRCs are highly estimated. When analysing the Tsai-Wu values
during the redesign process this has to be considered. Given the variability of the Tsai-Wu
value with the Poisson ratio the Tsai-Wu value can only give an estimate. Combining the
Tsai-Wu criterion with the maximum stress criterion will increase confidence in the redesign.
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Figure 5-5: Percentage difference in max. Tsai-Wu value vs percentage change in v15 input for
the PTS loadcase of the sensitivity study on the DTU 12.6 m blade.

For the PTS loadcase it can be concluded that changes in the BIAX material properties does
not result in the blade failing. However, the blade can fail dramatically if the longitudinal
stiffness of the UD material is reduced significantly. Similarly to the tip deflection the relation
between the UD longitudinal bending stiffness and the maximum Tsai-Wu value is quadratic.
With the curve-fitting it can be established that a reduction of more than 30% in UD longi-
tudinal bending stiffness results in material failure if the BIAX materials is kept equal to the
baseline.

5-4 Trailing-to-Leading edge loadcase results

The full results of the sensitivity study of the tip deflection for the TTL loadcase are presented
in Appendix E. These results may be of interest for a further study into the aeroelastic
behaviour of the blade once a redesign is established. For now the focus is on the structural
performance of the blade for which the tip deflection in the TTL is not as interesting due to
the absence of a tower interface. The most interesting parameter in the TTL loadcase is the
stress levels in relation to material performance. Hence, the results for the maximum Tsai-Wu
value are of interest to see if the blade starts failing for certain material property combinations.
The full sensitivity study results can be found in Appendix E while the significant results are
presented in Figure 5-6.

The TTL loadcase can be interpreted as a bending beam problem. Therefore, the stiffness in
the direction of the length of the beam will have the largest impact on the deflection of the
beam. Larger deflections lead to larger strain levels which increase the stress levels and in turn
increases the value of the maximum Tsai-Wu criterion. Therefore, the changes in longitudinal
stiffness of the UD and BIAX material are expected to impact the maximum Tsai-Wu value.
The results confirm the impact of the longitudinal stiffness of the UD material. However, the
results of the longitudinal stiffness of the BIAX material produced an artificial Tsai-Wu value
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making the result invalid for this analysis. Therefore, only the longitudinal stiffness of the
UD material is present in Figure 5-6. That said, the analysis of the tip deflection of the blade
did confirm the significant impact of the longitudinal stiffness of the BIAX material on the
edgewise blade’s deflection.

The TTL loadcase will also lead to tension/compression in the direction of the transverse
stiffness E2 of the materials. Changes in this material property might also lead to changes
in the maximum Tsai-Wu value. However, the longitudinal stiffness E1 of the UD material is
significantly larger than that of the transverse stiffness of both materials and might dominate
the results. The latter is indeed the case for the transverse stiffness of the UD material. The
transverse stiffness of BIAX material equals that of its longitudinal stiffness due to the fibre
alignment. Therefore, the individual influence of the transverse stiffness cannot be established
and becomes irrelevant. Nonetheless, it is already established that the in-plane stiffness of
the BIAX material does have a significant influence on the edgewise blade behaviour. The
result of the BIAX in-plane stiffness in relation to the maximum Tsai-Wu value produced
artificial results. However, the midpoint test case did produce a valid result. A reduction in
BIAX stiffness of 30% did not lead to a significant change in the maximum Tsai-Wu value.
Hence, the longitudinal stiffness of the UD material dominates the blade’s performance in the
edgewise bending loadcase in terms of material stress levels.

UD_E1 min 15.6
extreme_UD_min 16.1
BIAX_nul2_min 8.4

extreme_min 4 0.3

0 2 4 6 8 10 12 14 16
Difference in max. Tsai-Wu w.r.t. baseline [%]

Figure 5-6: Significant results of the sensitivity study on the TTL loadcase for the DTU 12.6 m
blade: percentage difference in maximum Tsai-Wu value.

Furthermore, it can be observed that the maximum Tsai-Wu value did not reach critical levels
for all the test cases. The baseline maximum Tsai-Wu value was already relatively low at 0.41
and is located in the outer BIAX ply at a third of the blade span on the trailing edge. The
maximum Tsai-Wu value of the "UD_ E1 min" and "UD extreme min" test cases occur at
roughly the same location so that the calculated percentage difference originates from a fair
comparison. With only a difference of 16% it can be concluded that the UD longitudinal
stiffness is much less critical for the TTL loadcase compared to the flapwise loadcases. So
it is likely that if the UD stiffness is sufficient for the flapwise loads that the blade will also
withstand the edgewise loads.

Similarly to the flapwise loadcases the Poisson’s ratio of the BIAX material plays an additional
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significant role in terms of the maximum Tsai-Wu value. The value originates from the same
location as the baseline so the percentage difference result can be trusted. The impact is
significant compared to the other material properties, but critical levels are not reached.

Finally, it must be noted that the impact of "extreme min" loadcase is significantly lower
than that of the other significant loadcases. It seems that the reduction in BIAX properties
on top of the reduction in UD properties counteracts the increase in maximum Tsai-Wu value
that is observed when only reducing the UD material properties, which was unexpected. A
possible explanation could be obtained from the Hooke’s law: ¢ = € - E. Reducing the
stiffness will lead to larger deflections and thus larger strain levels which would increase the
stress levels. However, the stress level also depend on the stiffness and is therefore determined
by the combination of the increase in strain and decrease in stiffness. The strong reduction
in stiffness could explain the lower maximum Tsai-Wu value for the "extreme_min" test case
compared to the "extreme_UD_min" test case. However, a detailed investigation into these
results is outside the scope of the current work. However, the verification of this theory is
complicated by the fact that not all test cases produced valid and consistent results and that
the location of the maximum Tsai-Wu value of the "extreme min" test case differs from the
baseline result. Further investigations into these results is outside the scope of the current
work.

The results that are valid show that the TTL loadcase is less critical compared to the other
loadcases, it is therefore decided to accept that not all results can be used in the sensitivity
study of the maximum Tsai-Wu value for the TTL loadcase. It will be assumed that if
the blade design can meet the requirements for the flapwise loads, that it will also sustain
the edgewise loads safely. The structural redesign process that will follow in Chapter 7 will
provide information on the validity of this assumption.

Where possible it is still of interest to investigate the relation between the significant changes
in input versus output to inform the material selection and redesign process.

The results for the longitudinal stiffness are presented in Figure 5-7. For the UD material all
three results were real and from the same location and ply, so that all results could be used to
find the relation type. Similarly to the tip deflection the relation between the UD longitudinal
bending stiffness and the maximum Tsai-Wu value is quadratic. For the BIAX results only
the mid point results were not artificial and originates from the same location as the baseline.
This leaves too little data-points to be able to draw conclusions on the relation between that
input and the maximum Tsai-Wu value output. What can be identified is the relation between
the BIAX longitudinal stiffness and the tip deflection which can also be compared with that
of the UD longitudinal stiffness. These results are presented in Figure 5-8, showing similar
relations compared to the PTS loadcase; quadratic for the UD material and linear for the
BIAX material. What differs is the relative impact of the two materials. For the edgewise
deflection the impact of the longitudinal stiffness of the two materials is similar, and even
slightly larger for the BIAX material. This can be explained by the fact that the material
furthest away from the neutral axis, which influences the moment of inertia, consists of BIAX
material. Furthermore, comparing Figure 5-7 and Figure 5-8 it can be seen that the impact
of the longitudinal stiffness on the tip deflection is significantly larger than on the maximum
Tsai-Wu value. The increase in tip deflection could be seen as a summation of the increase in
local strains. The local strains thus change less compared to the global tip deflection which
explains the difference between the result of Figure 5-7 and Figure 5-8.
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Figure 5-8: Percentage difference in tip deflection magnitude vs percentage change in E; input
for the TTL loadcase of the sensitivity study on the DTU 12.6 m blade. Note: E; = E; for the

BIAX material.

The percentage input change in BIAX in-plane Poisson’s ratio versus the maximum Tsai-Wu
output is presented in Figure 5-9. All results are not artificial and originate from the same
location and ply as the baseline result, except for the "BIAX_ nul2_ max" test case which
is excluded from the graph. This leaves enough data points to identify the relation type.
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60 Results & Discussion: Sensitivity Analysis

The relation between the BIAX in-plane poisson’s ratio and the maximum Tsai-Wu value is
quadratic. This means that for the BIAX material selection a value close to the baseline is
desired for the in-plane Poisson’s ratio to minimize the stress levels in the blade.

The same remark can be made here as for the PTS loadcase. The Poisson ratios of the NFRCs
are highly estimated which must be considered during the redesign when analysing the Tsai-
Wu values. Given the variability of the Tsai-Wu value with the Poisson ratio the Tsai-Wu
value can only give an estimate. Combining the Tsai-Wu criterion with the maximum stress
criterion will increase confidence in the redesign.

BIAX
Quadratic, R? = 0.9986

(=] co
| I

Change in Output: max. Tsai-Wu [%]
N

o

-30 ~20 ~10 0 10
Change in Input: vy [%]

Figure 5-9: Percentage difference in max. Tsai-Wu value vs percentage change in v15 input for
the TTL loadcase of the sensitivity study on the DTU 12.6 m blade.

5-5 Results of verification of geometric linearity

The outputs for the selected Torque loadcases to verify the linear assumption of the analysis
are presented in Table 5-3. The last column indicates the thresholds for the blade provided
by the three guidelines outlines in the methodology. The maximum deflection and strains in
the blade for all three cases are well below the thresholds set by the guidelines [72][73][74].
This suggest that the deformations are relatively small and that the linear assumption is still
valid for a rotation angle of 10 degrees.
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Table 5-3: Outputs of the linear analysis of the selected Torque loadcases on the DTU 12.6 m

blade, to verify with the guidelines for the incorporation of geometric non-linearity.

U
Torque Torque UD | Torque BIAX pper
. . ) threshold
Baseline | G13+Gi3 min G129 min .
from guidelines
Max(U mag.) [m] | 0.0467 0.04674 0.04645 0.34 or 0.63
Max(UR mag.) | [deg] 10.0 10.0 10.0 5 to 10
€11 (%] 0.346 0.309 0.316 5
€22 [%] 0.419 0.344 0.19 5
€12 [%] 1.12 0.946 1.18 5

The outputs for the selected PTS loadcases to verify the linear assumption of the analysis are
presented in Table 5-4. The last column indicates the thresholds for the blade provided by
the three guidelines outlines in the methodology.

The tip deflection for all three PTS cases analysed is larger than the threshold for both
guidelines 1 and 2, and thus suggest a need for including geometric non-linearity. However,
the maximum strains are well below the threshold of 5% of guideline 3. On the other hand, the
maximum angle of rotation is well above the threshold of 10 degrees. This result emphasises
the importance of analysing both the strains and the maximum angle of rotation to be able
to draw conclusions about geometric non-linearity. Geometric non-linearity is either driven
by strain or by the angle of rotation. For the current blade model it is clear that the angles of
rotation drive the geometric non-linearity. As both the tip deflection and angles of rotation
suggest large deformations the linear assumption is likely not valid for the PTS loadcase.

Table 5-4: Outputs of the linear analysis of the selected PTS loadcases on the DTU 12.6 m
blade, to verify with the guidelines for the incorporation of geometric non-linearity.

PTS PTS UD | PTS BIAX || Upper threshold
Baseline | E; min | E;+E>; min from guidelines
Tip U mag. [m] 2.18 X 6.96 X 2.42 X 0.34 or 0.63
Max(UR mag.) | [deg] | 21.3 X 68.3 X 23.6 X 5 to 10
€11 [%] 0.398 1.29 0.447 5
€22 [%] 0.22 0.58 0.28 5
€12 (%] 0.187 0.228 0.202 5

The conclusion from the PTS loadcase analysis raises questions about the validity of the
sensitivity study results described previously. Before answering this question the impact
of the inclusion of the geometric non-linearity will be evaluated first. This will verify the
conclusions from the applications of the guidelines.

The results are presented in Table 5-5 as the percentage difference of the outputs of the
non-linear analysis with respect to the linear analysis.

The torque loadcases all show a difference of less than 1% in the results between the linear
and non-linear analysis. This confirms that the linear assumption for this loadcase is still
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62 Results & Discussion: Sensitivity Analysis

acceptable for a maximum angle of rotation of 10 degrees. For loadcases with larger angles
of rotation the assumption needs to be re-evaluated.

The results for the tip deflection for the "PTS Baseline" and PTS "BIAX E1_ E2 min"
loadcases show a relatively small difference between the two analysis types. This is somewhat a
surprise as the tip deflection is much larger than the thresholds set by the guidelines. However,
the tip deflection for the other loadcase, PTS "UD_E1_ min", did change significantly. The
difference with the other two cases is that the maximum angle of rotation is three times
larger for the PTS "UD__E1_min" loadcase, see Table 5-4. This confirms that the geometric
non-linearity is driven by the angle of rotation for the current blade model. Moreover, the
results indicate that the threshold for the angle of rotation is around 20 degrees rather than
the 10 degrees described by the guidelines.

Another observation is that the tip deflection reduces when including the geometric non-
linearity. For a cantilever beam under bending, the applied load can be resolved into a
tangential and normal component in the beam. The tangential component is not seen in a
linear analysis. The tangential component applies tension in the beam to which the material
resists, which in turn restricts the deflection of the beam. This restriction is taken into account
in the non-linear analysis resulting in the reduction in tip deflection. This difference between
the two analyses makes that the linear analysis provides a worst case scenario.

Given that the linear analysis provides a worst case scenario, the results of the sensitivity
study described in the previous sections are still valuable. The goal of the sensitivity study
was to evaluate which material properties are critical for the blade design. Changing from
a linear to a non-linear analysis will likely only change the absolute value of the percentage
change in output, while the trends will remain the same. As the trends are the most valuable
output of the sensitivity study the results can still be used for the material selection and
redesign process.

Finally, the largest difference were observed in the "UD__E1_min" test case. Since the stiffness
of NFRCs is significantly smaller compared to GFRC it is important to include the geometric
non-linearity in a blade redesign with NFRCs. This will facilitate a fair comparison between
the different materials. Furthermore, the applied loads are derived from the HAWC2 simula-
tions which include geometric non-linearity as well. So including the geometric non-linearity
in the Abaqus model allows for a fair comparison between the tower clearance calculated by
both models.

Table 5-5: Percentage difference in sensitivity study output between the linear model and non-
linear model of the DTU 12.6 m blade for the selected Torque and PTS loadcases.

Torque baseline | UD__G12__ G13__min | BIAX_G12_ min
| RM3 0.94 % -0.66 % 0.19 %
PTS baseline UD_E1 min BIAX_ E1_ E2 min
| Tip deflection 31 % -20.7 % 3.2 %
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5-6 Material selection based on results sensitivity study

With the obtained knowledge the materials for the redesign of the blade can be selected.
For the UD material it is important to find a NFRC that has a high longitudinal stiffness,
high shear stiffness and high longitudinal and shear strengths. For the BIAX material it
is important to find a NFRC that has a high longitudinal stiffness, high shear stiffness,
low Poisson’s ratio v12 and high longitudinal and shear strengths. Additionally, for both
materials, a high strain to failure characteristic may be beneficial as the material can stretch
more without failing. This parameter can be used to help choose a material when two NFRCs
scores are close together.

It will be difficult to find one material that scores the best on all the identified design driving
material properties. Thus, it is important to find a balance. The minima and maxima value
per material property were identified with red and green respectively in Table 4-6 and Table 4-
10. This information was used to select the UD and BIAX biocomposites. For the significant
engineering constants the maximum and minimum value with the corresponding NFRC are
summarised in Table 5-6 along with the values of the selected NFRCs. This table will help
explain the choice for the selected NFRCs and place their properties in perspective to minima
and maxima of the six NFRCs.

Table 5-6: Summary of the minima and maxima values for the design driving engineering con-
stants within the set of NFRCs and their corresponding NFRC, along with values of the selected
NFRCs for the redesign in Chapter 6 and Chapter 7.

Eng. UD UD UD BIAX BIAX | BIAX
Const. Max. Selected Min. Max. Selected | Min.
Eq Flax Flax Sisal Ramie Ramie Flax
[GPa] 24 24 8.2 8.9 8.9 6.1
G2 Bamboo Flax Flax Flax Ramie Sisal
[GPa] 3.2 1.8 1.8 6.5 5.1 2.9
ot Flax Flax Sisal Flax Ramie Sisal
[MPal] 340 340 149 72 53 31
of Bamboo Flax Flax Ramie/Bamboo | Ramie Flax
[MPa)] 210 120 120 52 52 26
o} Hemp Flax Flax Flax Ramie Sisal
[MPa)] 36 19 19 79 61 42
o5 Hemp Flax Flax Ramie Ramie Flax
[MPa] 110 53 53 62 62 42
T Hemp/Sisal Flax Bamboo Bamboo Ramie Flax
[MPa] 30 29 25 38 36 21
€f Jute Flax Hemp Flax Ramie Hemp
] 0.02 0.014 0.01 0.012 0.006 0.004

The NFRC that is selected for the UD material in the redesign is the Flax/PLA material.
In Table 5-6 it can be seen that the Flax/PLA scores best in terms of the longitudinal
bending stiffness and strength. However, the Flax scored lowest in terms of longitudinal
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compression strength and shear stiffness for which Bamboo/PLA would be the best option.
The reason Bamboo/PLA was not chosen is its significantly smaller longitudinal bending
stiffness compared to flax which cannot be accepted due to its significance for the blade
design. Compared to the shear stiffness the longitudinal stiffness showed to be of larger
significance during the sensitivity study. If the low shear stiffness and strength values of the
Flax/PLA turn out to be an issue for the torsional stiffness and bending it can be decided
to add UD Ramie/PLA in the blade. Ramie is chosen instead of Bamboo as Ramie scores
second best on the longitudinal stiffness and strength values as well while the Bamboo scores
even lower. The Ramie composite thus balances out the different desires making it a good
runner up. Alternatively, more BIAX material can be added to the design to increase the
strength of the blade and its torsional stiffness.

The NFRC that is selected for the BIAX material in the redesign is the Ramie/PLA material.
For the bending loadcases the longitudinal bending stiffness and longitudinal strengths are the
most important to limit deflection and stress levels. The Ramie composite scores best at the
longitudinal bending stiffness and compression strength, and second best for the longitudinal
tension strength, see Table 5-6. However, another important function of the BIAX material
is to provide torsional stiffness which directly affects the aeroelastic behaviour of the blade.
In that regard the Flax/PLA composite scores better. However, it is important for the
redesign to select a material that best balances out all desires, which in this case will be the
Ramie/PLA which scores either first or second best for all important properties. However,
if changing the amount of BIAX and/or thickness of the shearwebs cannot provide sufficient
torsional stiffness in the redesign, it can be decided to add/use BIAX Flax/PLA.

The hybridisation of composites are a compelling solution. The interaction of different fibres
in such a hybrid composite should be further investigated. The different properties of each
material could for example lead to unexpected failure modes. For the sake of the current work,
it will be assumed that the hybrid composite will behave the same as a uniform composite.

With the results of the sensitivity analysis and the selected NFRC materials, the structural
redesign of the DTU 12.6 m blade can be performed. The next chapter will outline the
methodology for the redesign process.
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Chapter 6

Methodology - Structural Redesign of
DTU 12.6 m Blade with NFRCs

With the selected NFRCs of the sensitivity study the structural redesign of the DTU 12.6 m
blade can start. This process will aid in answering research sub-questions 2 and 3. Firstly,
the model parameters for the redesign process will be outlined where the design loadcases
and inputs will be defined. The method of changing the design will be discussed followed by
the methodology of the redesign process itself and the redesign evaluation strategy.

6-1 Model parameters

Before diving into the actual redesign process, it is important to establish the model param-
eters under which the redesign will take place. The blade is designed for wind class TA from
IEC 61400-1 which refers to an average wind speed of 10 m/s, a reference wind speed of 50
m/s and a reference wind turbulence intensity of 0.16 [20]. Furthermore, the rated rotor speed
is 68 rpm and together with the rotor radius of 13 m this results in a rated wind speed of 9.475
m/s. The minimum rotor speed is set equal to 20 rpm = 2.0933 rad/s and the aerodynamic
rated power is 153.06 kW. The tower was modelled as a stiff tower since the aim of the present
study is to investigate the wind turbine’s blade design. By using a stiff tower its influence on
the blade’s behaviour is eliminated.

Furthermore, the design loadcases that have been evaluated for the current blade design are
DLC1.2 and DLC1.3 from the IEC 61400-1 [20]. DLC1.2 provides the fatigue loads under
normal operation using a normal turbulence model. DLC1.3 provides the ultimate loads
under normal operation with an extreme turbulence model. The DLC1.3 will be used for the
redesign of the blade with bio-based materials. The other design loadcases will not yet be
considered. It is first required to establish if a bio-based blade design is feasible for normal
operation. If that is not the case, it will not be worth it to look at the other DLC’s.

Furthermore, the redesign will be performed using a simulation of a static load test as required
for certification. During a static test the blade is manufactured and the true materials are
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66 Methodology - Structural Redesign of DTU 12.6 m Blade with NFRCs

present. Therefore, no safety factors are applied with regards to the material properties.
Since the redesign will simulate such a static test, the material properties in the model will
also not include a safety factor. This is deemed acceptable as the current study focusses on
the preliminary design only. This might lead to a more positive outcome on the feasibility of
bio-based blades. However, the materials used in the redesign are highly estimated and on
the conservative side of the spectrum. Once it is established that a bio-based blade design is
feasible with these material properties, it will be useful to obtain the true material properties
from testing. The design with the true material properties will need to include the material
safety factors to meet certification standards.

The static load test is represented as four point loads in the Abaqus model. These loads are
calculated from the bending loads, see DLC1.3 in Figure 3-3, by using the distance to each
load application point. This means solving the system "[M] = [A] - F" for F', with [M] the
matrix with bending loads and [A] the matrix with the moment arms for the forces in F'. The
resulting forces for each load direction of the DLC1.3 loadcase are summarised in Table 6-1.
It is important to note that these values already include the partial safety factor (SF) for
loads of 1.1 * 1.35 = 1.485. The partial safety factor of 1.1 accounts for the scatter of rotor
blade characteristic in series production for statics tests, as specified by DNVGL-ST-0376
standard for wind turbine rotor blades [56]. The safety factor of 1.35 is required for DLC1.3
loads as specified by the IEC 61400-1 standard [20].

Table 6-1: Point forces to represent the DLC1.3 loadcase in the Abaqus DTU 12.6 m blade

model.
R [m] PTS [N] STP [N] TTL [N] LTT [N]
2.6 4130 -1690 3030 -2120
5.2 6850 -4430 2430 -1460
7.9 8620 -6210 2270 -2010
10.8 9850 -8610 3250 -2730

Furthermore, as the sensitivity study showed only small differences between the two flapwise
and edgewise loadcases, it is decided to only focus on one edgewise and one flapwise loadcase.
The most important flapwise loadcase is PTS, as this is critial for the tower clearance. For
the edgewise loadcase the TTL load is the most important as it has the largest stress/strains.

Figure 6-1: Clamped surface of the DTU 12.6 m blade at r = 10.8 m for load application.
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In the Abaqus model, the loads are applied to the blade through clamps on the blade which
distribute the load over the entire blade circumference. The width of the clamps will be
simulated as being 10 centimetres, which is 2 to 3 elements wide. The load is applied to
a reference point at the elastic centre of the cross-section which is coupled to the clamping
surface through a continuum coupling constraint. The clamping surface is visualised in Fig-
ure 6-1. The application of the loads is the same as for the sensitivity study and visualized
in Figure 4-2 for the PTS, TTL and Torque loadcases.

The blade needs to be designed to resist torsional loads. The torque loadcase will prescribe a
rotational displacement to the clamp at the tip, at r = 10.8 m. In order to apply this rotation
to the clamp, the continuum coupling constraint at r = 10.8 m is changed into a kinematic
coupling constraint so that the motion of the clamp follows the rigid body motion of the
reference node [57]. The prescribed rotation to the reference node will be 10 degrees which
converts to 0.175 radians.

To ensure a fair comparison between each design iteration, the reference baseline model will
use the calculated UD and BIAX material properties as specified in Section 4-1-4. Table 6-2
provides a summary of all the material properties of the materials used in the redesign process
along side those of the GFRCs used in the baseline model.

Table 6-2: Material properties of the NFRCs that will be used during the DTU 12.6 m blade
redesign process along side the material properties of the conventional GFRCs [21] used in the
baseline design.

Property UD BIAX BIAX UD | BIAX
Flax/PLA | Ramie/PLA | Flax/PLA GFRC | GFRC
E; [MPa] 24000 8850 6060 42700 | 14300
E2 [MPa] 5500 8850 6060 12600 | 14300
Ej [MPa] 5500 8550 6190 12600 | 13400
G12 [MPa] 1830 5080 6530 4610 | 12500
G13 [MPa] 1830 3100 1830 4610 4610
G23 [MPa] 1830 3100 1830 4610 4610
vi2 [ 0.38 0.43 0.65 0.26 0.55
V13 [ 0.38 0.24 0.2 0.26 0.17
vas [] 0.49 0.27 0.2 0.36 0.17
p [g/cm?] 1.23 1.25 1.23 1.95 1.95
ol [MPa] 340 53 72 1000 223
ol [MPa] 19 61 79 47 223
o$ [MPa] 120 52 26 813 209
o5 [MPa] 53 62 42 147 209
T12 [MPa] 29 36 21 48 155
Vi [ 0.41 0.4 41 0.534 | 0.53

The Abaqus model that is used in the redesign is the conventional 2D shell element model
as described in Section 3-2-2. The model will include geometric non-linearity as deemed
required per Section 5-5. To ensure a fair comparison between the different designs it is
chosen to use the same mesh for all designs and only change the used materials and layup
definitions. To facilitate this method, Philipp Haselbach generated a specific workflow to
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generate the conventional blade model, see Figure 6-2. The workflow starts off with the
abaqus model with just the geometry, mesh, materials, constraints, boundary conditions,
loads and requested output parameters specified. The structural design is specified in the
Blade Modelling Tool by specifying the different layups with their materials for the different
sections across the blade. This information is read in by a Matlab script which consequently
writes three python scripts. These pythons scripts can be read in by Abaqus to build up the
model. They have to be run in a specific order. Before running these three scripts, another
script has to be run by Abaqus to import libraries and expressions needed to run the three
python scripts. Consequently the generated python scripts can be run. The first python
script generates the section layers. The second script generates the composite layups and the
third script creates the section assignments, thereby completing the model.

Save completed

Airfoil data Uﬂ_abaqus_impnrts_ancl_reacl_ﬂles.p',r] madel

| Empty DTU12 6m
» Abaqus conventional
| shell element model

BMT with baseline
design

“LayuplD™:
Adjust lay-up design
—_—

F 3

—)[ Python_SectionLayer_01.py ]7
A4

Run Matlab:
Generate 3 python —)[F"ﬁhun_CDmpnsite_La‘fL|p_02.p'f

scripts
—>[F"rthnn_Sectinn_Assignment_US.p‘:.r

Figure 6-2: Workflow to generate Abaqus conventional shell element model of the DTU 12.6 m
blade from the BMT where the lay-up design is specified.

£

:

6-2 Redesign evaluation methodology

With all the model parameters established, the redesign process can start. The first step is to
establish the methodology to be followed in this redesign process. The current baseline design
is deemed feasible, hence, the goal of the redesign is to match the structural behaviour of this
baseline design. The idea is that if the structural behaviour of the blade is fairly similar,
the aeroservoelastic behaviour of the wind turbine will also be similar. This is important
for the wind turbine performance and stability, as well as future design load iterations. The
methodology is visualised in Figure 6-3
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Figure 6-3: Methodology of the redesign process where NFRCs will replace the GFRCs in the
DTU 12.6 m research wind turbine blade. The workflow in the dotted lines, using NFRCs, is the
scientific contribution of this thesis.

The first design iteration will replace the UD and BIAX materials of the baseline design with
the NFRCs selected in Section 5-6. This design will be referred to as "lonl" as the only
difference with the baseline is the 1-on-1 material replacement. The results of this design
iteration provide information on the structural implications of switching to NFRCs, and will
form the starting point for the further redesign.

The second design iteration will focus on mathcing the deflection in the PTS loadcase which
will be driven by the UD material. The redesign methodology will be informed by the sensi-
tivity study. The sensitivity study showed that the PTS loadcase will likely drive the redesign
due to the significant impact of the longitudinal stiffness on the deflection, whose design limit
is set by the tower clearance. The longitudinal stiffness also has a significant impact on the
edgewise loadcase, but this impact is significantly smaller compared to the flapwise load-
case. Hence, the order of first looking at the PTS loadcase followed by looking into the TTL
loadcase.

The third iteration will focus on matching the deflection of the TTL loadcase with the baseline
design, driven by both the UD and BIAX material. However, the BIAX material also plays
a significant role in withstanding the stresses and strains, thereby influencing the failure
limit. Hence, the redesign for TTL deflection will focus on the BIAX material design. For
the edgewise loadcase the maximum stress and strains are the most critical parameters for
the redesign. However, the set goal is to match the structural behaviour of the baseline
design. Moreover, the edgewise stiffness will also influence the eigenfrequencies of the blade
and thereby influence the aeroelastic stability. This is why the initial focus is to match the
deflection curve for the TTL loadcase as well. Afterwards the maximum Tsai-Wu criteria will
be investigated to ensure the materials can withstand the load.

The fourth iteration will then focus on the torsional rigidity of the blade as this is critical for
the aeroservoelastic behaviour of the wind turbine. The goal is to match the torsional rigidity
by analysing the reaction moment to a prescribed rotation as described in Section 4-1-6. The
idea is that by matching the torsional rigidity, a stable aeroservoelastic design is achievable
just as for the baseline wind turbine. This iteration will focus on the design of the shearwebs
as well as the biax material design.
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Once the fourth iteration is finished, it is important to check the PTS and TTL loadcases
for this new design. The stress and strain levels in all loadcases need to be analysed. If the
design fails prematurely it is important to go into a fifth design iteration where more BIAX
material is added to reduce the stress levels and delay failure.

Another aspect of the design that will be analysed in all iterations is the mass of the blade.
An optimised design can fulfil the structural requirements at the lowest weight possible. The
natural fibre reinforced composites are significantly lighter than the glass fibre reinforced com-
posites. It is interesting to see whether the reduced structural properties can be compromised
by the low material density. A blade design that is significantly heavier than the current
GFRC design will not be considered desirable nor feasible.

Once a design is reached that fulfils the structural requirements of the static load tests, an
eigenvalue analysis will be performed. From the resulting eigenvalues an estimate can be
made of the Campbell diagram for this new blade design. This will provide insights in the
aeroelastic differences between the baseline and redesigned blade.

The next chapter will present the results of the structural redesign process of the DTU 12.6
m research wind turbine blade.
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Chapter 7

Results & Discussion: Structural
Redesign DTU 12.6 m Blade with
NFRCs

This chapter will present the results of the redesign process of the structural design of the
DTU 12.6 m blade, utilising natural fibre reinforced composites. The order in which the
results are presented will follow the methodology described in the previous chapter.

7-1 Design lteration 1 - 1 on 1 material replacement

The first design iteration replaces the UD and BIAX materials of the baseline design with the
NFRCs selected in Section 5-6. This design will be referred to as "lonl". The results of this
design iteration provide information on the structural implications of switching to NFRCs,
and will form the starting point for the further redesign.

The sensitivity study indicated that the flapwise deflection is mainly dependent on the lon-
gitudinal stiffness of the UD material. The difference in longitudinal stiffness of the UD
glass composite and UD flax composite is about 44%. From the established relation curve in
Figure 5-4 it can be derived that a deflection of about 60% to 70% in tip deflection can be
expected when making the switch to the natural fibre reinforced composites, with possible
higher numbers as the BIAX material will change simultaneously. The deflection curves for
the different designs under PTS loading are presented in Figure 7-1, where "U2" stands for
the deflection in the flapwise direction. The results confirm a large increase in deflection when
the materials are replaced without changing the design. The tip deflection has increased from
about 2.48 m to 3.94 m, an increase of 59%, which is inline with the expectations based on
the sensitivity study results.

The sensitivity study indicated that the edgewise deflection is mainly dependent on the lon-
gitudinal stiffness of both the UD and BIAX material. The difference in longitudinal stiffness
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of the BIAX glass composite and BIAX Ramie composite is about 38%. From the established
relation curve in Figure 5-8 it can be derived that an increase in tip deflection of about 25%
can be expected when switching to NFRC UD material, and an additional 35% increase from
switching to NFRC BIAX material, with possible higher numbers from the combined effect
of changing both the UD and BIAX material. The deflection curves for the different designs
under TTL loading are presented in Figure 7-3. From the difference in baseline results and
the "1 on 1" design result, it can be concluded that the increase in edgewise tip deflection is
the combined effect of changing the UD and BIAX material. The tip deflection has increased
from 0.231 m to 0.377 m, which is an increase of 64%.

The sensitivity study indicated that the torsional rigidity is mainly dependent on the in-plane
shear stiffness of the BIAX and UD material. The difference in shear stiffness of the UD glass
composite and UD flax composite is about 60%, and 59% for the BIAX shear stiffness’ of
glass and ramie. From the established relation curve in Figure 5-1 it can be derived that a
decrease in reaction moment at the root of about 16% can be expected when switching to
Flax UD material, and an additional 45% increase from switching to Ramie BIAX material.
Comparing the baseline with the "l on 1" design results shows that the reaction moment
at the root to the prescribed rotation of 10 degrees has decreased from 4.896e+06 Nmm to
2.057e+06 Nmm. This is a reduction of 58% which indicates the combined effect of changing
both UD and BIAX materials.

Furthermore, the mass of the blade was reduced from 404 kg to 273 kg as the density of the
NFRCs are significantly lower, a 32% reduction.

7-2 Design lteration 2 - match tip deflection curve of PTS loadcase

In order to match the deflection curve with the baseline design, the bending stiffness of the
blade needs to increase. The bending stiffness is defined by E - I, where E is the Young’s
modulus and [ is the area moment of inertia. For a non-uniform cross-section, the different
members may have different stiffnesses. The equivalent bending stiffness of the cross-section
is then obtained by the summation of those of the different members: (E1)eq = > (EI); [71].
The sparcaps provide the majority of the bending stiffness of a wind turbine blade in the
PTS direction. This is due to the large distance of the sparcaps to the neutral axis which
yields a high moment of inertia. Further increasing the bending stiffness of this region will
be the most effective method to increase the equivalent bending stiffness of the blade. This
can be done by increasing the amount of UD plies in the sparcap laminates. Increasing the
amount of UD plies will both increase the Young’s modulus of the laminate and increase the
area moment of inertia of the sparcaps.

Since the cross-section varies with blade length, so does the bending stiffness. Through
Hooke’s law it can be established that the larger the experienced load, the higher the stiffness
needs to be to limit deflections. Since the bending moments are highest at the blade root, see
Figure 3-3, this section needs to poses the highest bending stiffness. This is why the thickness
and amount of UD is largest at the root in the baseline design. Identifying the regions with
the largest change in deflection in the high load regions will inform where to add more UD
material in the sparcaps for the redesign. Comparing the deflection curve of the baseline and
design iteration 1 in Figure 7-1 indicates that the region between 2 and 8 meters of the blade
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Figure 7-1: DTU 12.6 m blade flapwise deflection under PTS loading for different designs with
NFRCs (left) compared to the baseline design with GFRC, with a zoom-in on the blade tip
deflection (right).

The design that matches the deflection curve has an increased UD thickness in the root by 5
plies (from 69.3 mm to 73.6 mm), which extends to a blade length of 6.3 meters. From there
onwards the thickness is reduced stepwise towards the tip. Figure 7-2 compares the layup
design of the sparcaps (indicated by the term "flanges" in the BMT) for design iteration 1 ("1
on 1" material replacement) and this PTS redesign iteration. The total mass of the design
equals 342 kg, still 14% below the baseline design. The maximum Tsai-Wu value is about
0.9 which means this is still within the failure limit. However, this value must be met with
caution due to the high uncertainty in the Poisson’s ratio of the materials. The sensitivity
study pointed out that changes in the in-plane Poisson’s ratio of the BIAX material could
lead to a higher maximum Tsai-Wu value. To increase certainty in the structural performance
of the blade a lower Tsai-Wu value would be desirable. Before making any changes to the
design to accommodate for this uncertainty, the design iterations for the other loadcases will
be carried out first.
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Figure 7-2: Comparison of layup design of the sparcaps (indicated by "flanges" in the BMT) for
the DTU 12.6 m blade baseline layup of design iteration 1 and the PTS redesign iteration layup
with NFRCs.

7-3 Design lteration 3 - match tip deflection curve of TTL loadcase

As the set goal is to match the structural behaviour of the baseline design, the initial focus
is to match the deflection curve for the TTL loadcase as well. Afterwards the maximum
Tsai-Wu criteria will be investigated to ensure the materials can withstand the load.

The sensitivity study indicated that the deflection is mainly dependent on the longitudinal
stiffness of the UD and BIAX material. The deflection curves for the different designs under
TTL loading are presented in Figure 7-3. From the difference in baseline results and the "1 on
1" design result of the first iteration, it can be concluded that the tip deflection has increased
from 0.231 m to 0.377 m, which is an increase of 64%. As the tip deflection depends on both
the provided longitudinal stiffness of the UD and BIAX material, it is interesting to see the
result of the second design iteration where more UD material was added to the blade. Indeed
a reduction in tip deflection is seen, to 0.30 m which is about 30% higher than the baseline
design. As the BIAX material plays an important role in both the edgewise deflection and
stress limits of the blade, the focus of this third iteration is placed on the BIAX material
design.

Kimberly M.M. van den Bogaard Master of Science Thesis



7-3 Design lteration 3 - match tip deflection curve of TTL loadcase 75

TTL
Baseline
0.35 1 1onl
0.301 —* - PTSdesign *
--e- TTL design , 4
0.25 1 —e— Torque design 7 o
— ] P
£ 020 LA
5 ’/ . ,/‘
0.15 R
¢ ‘.o.’ -~
0.10 - N
8
7 A
0.05 - e
,_,:;5‘""
0.00 = T T T : T
0 2 4 6 8 10 12
rm]

Figure 7-3: DTU 12.6 m blade deflection under TTL loading for different design iterations with
NFRCs compared to that of the baseline design with GFRC.

The same theoretical approach as outlined for the second design iteration applies to this
third design iteration. However, in the edgewise load direction it is the leading edge and
trailing edge that are furthest away from the neutral axis. Reinforcing these areas in the
regions with the largest change in deflection in the high load regions was the first step. From
the deflection curves it can be identified that the deflection already deviates from the root
onwards. Hence, the leading and trailing edges were reinforced with BIAX from the root up
to 7.5 meters. Unfortunately this approach was not as effective in changing the deflection of
the blade. When the blade is loaded in the TTL direction the trailing edge will experience
tension, the leading edge will experience compression, but the upper and lower part of the
blade will also experience shearing. Reinforcing these regions will increase the shear stiffness
and thereby the overall edgewise bending stiffness of the blade. Hence, in the next attempt
the entire circumference is reinforced with BIAX from the root up to 7.5 meters. This change
to the design lead to a sufficient reduction in tip deflection. The reinforcement is largest at
the root and the plies drop in number at a radial position of 4, 5 and 7.5 meters.

Figure 7-4 shows the design of this iteration and can be compared with the baseline design
in Figure 3-11.

The total mass of this new design equals 3834 kg, still 5% below the baseline design. The
maximum Tsai-Wu value is about 0.4 which means this is still within the failure limit, despite
it having doubled compared to the baseline design.

It is also interesting to see how the design of this iteration performs under the PTS loadcase.
The deflection curve for PTS loading is presented in Figure 7-1 as well. It can be seen that the
tip deflection has slightly decreased to below baseline levels. This is expected as the added
BIAX material increased the overall bending stiffness of the blade. The maximum Tsai-Wu
failure has also slightly reduced from 0.91 to 0.89, as the stresses are mainly carried by the
BTAX material this is expected. The more BIAX materials the load can distribute itself over,
the lower the stress in the individual plies, thereby increasing the distance to the failure limit
represented as a lower Tsai-Wu value.
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Figure 7-4: Layup design for all sections of the DTU 12.6 m blade in the TTL redesign iteration

with NFRCs.
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7-4 Design lteration 4 - match RM3 of Torque loadcase

The fourth iteration’s goal is to match the torsional rigidity by analysing the reaction moment
to a prescribed rotation as described in Section 4-1-6. The idea is that by matching the
torsional rigidity, a stable aeroservoelastic design is achievable just as for the baseline wind
turbine design. The to be analysed reaction moment equals the required torsion load to reach
a twist of 10° at r = 10.8 m. The larger this reaction moment the larger the torsional rigidity
of the blade according to the general torsion equation [70].

The torsional rigidity is defined by G - J, where G is the shear stiffness and J is the polar
moment of inertia. For a non-uniform cross-section, the different members may have different
stiffnesses. The equivalent torsional rigidity of the cross-section is then obtained by the
summation of those of the different members: (GJ)eq = >(GJ); [71].

The sparcaps and shearwebs in a wind turbine blade form the load carrying beam. This
can be approximated by a box-beam model. For a hollow rectangular cross-section the polar
moment of inertia is the summation of its area moments of inertia I, and I,. This means
that increasing the area moments of inertia will increase the polar moment of inertia, which
in turn increases the torsional rigidity. The most weight effective method to increase the
polar moment of inertia is to increase the thickness of the shearwebs by increasing the core
thickness. Further increasing the shear stiffness of the cross-sectional members can be done
by adding more material, specifically BIAX material.

The first redesign iteration where the materials of the baseline design were replaced with the
NFRCs resulted in a significant decrease in RM3 of 58%, see Figure 7-5a. A reduction was
expected as the shear stiffness of the materials are lower compared to the baseline.

The second redesign iteration in Section 7-2 added a significant amount of UD material to
the sparcaps, 19% added volume w.r.t the baseline. This would have increased the thickness
of the sparcaps as well as the shear stiffness. This increase resulted in a slight increase in
RM3 compared to the first iteration, to minus 55% w.r.t. the baseline design, see Figure 7-5a.
This is a relatively small difference, however, the torsional rigidity is more dependent on the
BIAX material than the UD material.

The third redesign iteration in Section 7-3 added a significant amount of BIAX material to
the second design iteration, 11% added volume w.r.t. the baseline. The resulting torsional
rigidity did improve but only slightly, RM3 increased to minus 52% w.r.t the baseline design,
see Figure 7-ba. Compared to the seen improvements from the previous iterations, one might
have expected a larger improvement. With the rigidity still far from desired levels, these
results indicate that the redesign to match the torsional rigidity won’t be straightforward.
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Figure 7-5: Evolution of the required torque RM3 (a) and total blade mass (b) through the
different redesign iterations of the DTU 12.6 m blade with NFRCs.

To further increase the torsional rigidity of the blade, the core thickness of the shearwebs were
increased significantly. The original thickness was 20 mm in the root and 10 mm throughout
the rest of the blade. To test the impact of the shearweb core thickness, the thickness was
increased to 40 mm throughout the blade. The change in thickness is visualised in Figure 7-6.
Contrary to what is expected, the torsional rigidity was not increased according to the results
of the FEA. The reaction moment at the root even showed a very slight decrease from 2340
Nm to 2319 Nm, see "Torque test" in Figure 7-5a. This result might be the consequence of
using the 2D shell elements to model the blade. In this model the thickness is not explicitly
modelled in the geometry but incorporated in the element definition [57]. Therefore, the effect
of thickness on torsional rigidity may not always be fully captured.

The option of using an Abaqus model with 3D continuum shell elements was not available
to this project. Therefore, an attempt was made to come up with a design in the 2D shell
element model that has the desired torsional rigidity according to its model results.

(a) Redesign iteration 3: TTL design (b) Torque test

Figure 7-6: Cross-section at r = 2.6 m of DTU 12.6 m redesign iteration 3 and a test design
for the Torque redesign iteration where the core thickness of the shearwebs have been increased
significantly.
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To inform the next steps, the rotational displacement "UR3" along the blade is plotted, see
Figure 7-7. The rotation will always be the same at r = 10.8m as this is the load introduction
point using a prescribed rotation. The other points can still provide information on where the
blade twists the most. The steeper the curve, the larger the change in angular deformation,
indicating a lower torsional rigidity. Analysing this plot for the third design iteration shows
that the root of the blade is stiffer compared to the baseline while the tip is significantly
weaker. The increased stiffness of the blade at the root can be explained by the added BIAX
material to those regions. As the tip twists so easily, the required moment to reach the set
rotation is significantly lower. The first steps to improve the torsional rigidity will have to
focus on reinforcing the second half of the blade which will be done by adding more BIAX
material.
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Figure 7-7: Rotational displacement along the DTU 12.6 m blade (left) leading to the applied
twist of 10° at r = 10.8 m, with a zoom-in on the twist at r = 7.9 m (right).

Initial trials focused on added BIAX material to the shearwebs which did improve results
but by far not enough to reach the desired rigidity. Additionally, extra BIAX was added
towards the tip of the blade in the circumference which improved results further. However,
the weight of the blade quickly succeeded that of the baseline design without being close to
the desired torsional rigidity. This indicates that it can be more efficient and/or effective to
implement other structural changes, besides adding more material to the existing structure.
These structural changes can be the addition of a third shearweb, or ribs like in a wingbox
structure. Or even diagonal ribs/webs/rods to specifically target the torsional loading. The
addition of stiffeners to the inside of the flanges and/or outside of the shearwebs is another
option. However, these design methods require significant changes to the geometry of the
blade model. This is unfortunately not possible in the current workflow using the Abaqus
model and BMT. Trying to implement these changes will not be feasible within the timeframe
of this research. Hence, the next step focused on answering the following question: What
changes to the layup design of the blade are required given the current geometry and material
options to reach the desired torsional rigidity?.

The first step taken was to change the BIAX material from Ramie to Flax as this material has
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a higher shear stiffness. Solely changing the material was not sufficient as the shear stiffness
of the BIAX Flax material is still significantly lower than the original Glass fibre material.
More BIAX material was added along the blade in both the shearwebs and circumference,
the latter focusing on reinforcing the second half of the blade, as seen from the UR3-plot in
Figure 7-7 as required. This did lead to a design with sufficient torsional rigidity, however,
the stress levels exceeded the material limits in both the torsion and PTS loadcases. This
is due to the reduced strengths of the Flax material compared to the Ramie material. This
means that the replacement of material to increase torsional rigidity cannot be justified.

Taking the established redesign with BIAX Flax material and changin the BIAX back to
Ramie did reduce the maximum stress levels to below the material limits. However, the
torsional rigidity dropped significantly below the baseline performance due to the reduction
in material shear stiffness.

Finally the effect of using a hybrid of both Flax BIAX and Ramie BIAX material was explored.
Thereby combining the strength of the Ramie material with the higher shear stiffness of the
Flax material. The design from the TTL iteration was taken as the basis onto which Flax
BIAX was added. More BIAX material was added along the blade in both the shearwebs
and circumference, the latter focusing on reinforcing the second half of the blade. This final
design reached a torsional rigidity of minus 6.8% w.r.t. the baseline and a weight of 15%
above the baseline design, see Figure 7-5. In absolute numbers this means a required torsion
moment of 4.565e+06 Nmm and a total mass of 465 kg. The maximum Tsai-Wu levels are
acceptable across all loadcases. From all the iterations performed, this design matches the
structural requirements best.

The evolution of the blade mass through the different iterations is shown in Figure 7-5 along
side the evolution of the RM3 response of the different design iterations. To further optimise
the weight, different core materials can be explored with lower densities. However, it is best to
first analyse the design with a 3D element model to accurately assess the torsional rigidity of
the blade and the impact of the core thickness. Moreover, it must be noted that the maximum
Tsai-wu levels, although below 1, are significantly higher than in the baseline model. The
other design loadcases described in the IEC 61400-1 [20] will have to be analysed to see if
the design is also sufficient under these other load conditions. For this purpose an accurate
characterisation of the NFRC properties, especially its strength values, is desirable.

The final layup design is presented in Figure 7-8 which also visualizes the total thickness
and can be compared with the baseline design in Figure 3-11. It can be seen that the total
added BIAX thickness is constant along the blade, as this provided the best torsional rigidity.
However, the BIAX Ramie is only added in the first half of the blade and is equal to the
design from the TTL iteration. The remainder BIAX is from Flax and the amount of added
Flax increases towards the tip to maintain equal BIAX thickness along the blade, while also
reinforcing the weaker part of the blade in torsion. Furthermore, it can be seen that the
thickness of the core material in the shearwebs are reduced by 5 mm. This was done to
compromise the added weight of the BIAX and deemed possible due to the added thickness
of the extra BIAX in the sandwich faces. Regarding the latter, it must be noted that the model
did not fully capture the effect of the thickness on the torsional rigidity as was established
earlier on. Future research should investigate the torsional rigidity of a NFRC blade with a
FEA with 3D elements. This will also allow for the further investigation of sustainable core
material options.

Kimberly M.M. van den Bogaard Master of Science Thesis



7-4 Design lteration 4 - match RM3 of Torque loadcase

81

B UD flax W BIAX ramie
Layup Tail 1,49

[ BIAX flax

Bm Core_web  mmm Core_shell
Layup Shearwebs

70

t [mm]
88883

Layup Tail 48

Layup Flange

70

t [mm]
88883

10

Layup Tail 2,47

Layup Flange + Shearwebs

70

t [mm]
88883

10

Layup Tail 3,46

Layup LE panels

70

t [mm]
By8883

10

Layup TE panels

Layup Nose

70

t [mm]
888883

10

o 1 2 3 4 5 6 7 8
r[mj

9 10 11 12

3 4 5 6 7 8 9% 10 11 12
r[m]

Figure 7-8: Layup design for all sections of the DTU 12.6 m blade in the final (Torque) redesign

iteration with NFRCs.
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7-5 Final redesign evaluation

A more detailed analysis of the final redesign, established in the fourth design iteration, will
be outlined in hereafter.

The final redesign was also analysed under the PTS and TTL loading. The deflection curve
of this design under PTS loading is presented in Figure 7-1 as well. It can be seen that the tip
deflection has slightly decreased compared to the other iterations and is slightly below baseline
levels. This is expected as the added BIAX material increased the overall bending stiffness of
the blade. However the change isn’t very significant as the flapwise bending stiffness mainly
dependent on the UD material design. The maximum Tsai-Wu failure level has also further
reduced to a value of 0.718 and is located at the quarter blade length, at the intersection of the
TE shearweb and flange, see Figure 7-10 and Figure 7-11. The failure mode is longitudinal
compression failure in the inner most BIAX ply, similar to the baseline design. Since the
stresses are mainly carried by the BIAX material the reduction in value is expected given
the increase in BIAX material. However, the location of the maximum Tsai-Wu value did
shift compared to the baseline design. The baseline design has its maximum Tsai-Wu value
around the mid-blade point right on the flange where a ply drop in UD material occurs, see
Figure 7-9. A possible explanation could be the use of two different BIAX materials in the
redesign, and the difference in their layup thickness between the flange and shearweb design.
Furthermore, the baseline design was mainly driven by the deflection, whereas the redesign
is driven by the torsion and failure criteria. One final observation to point out is that the
material failure occurs in the inner most ply. Under PTS loading the largest compression
would be expected in the outer ply, furthest away from the neutral axis. The inner most ply
refers to the flax BIAX material in the flange of the shear web that is glued to the sparcap.
The longitudinal compression strength of the flax material is significantly lower than that of
the ramie material which is likely why the first ply failure is expected in the inner most ply
rather than the outer most ply.
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Figure 7-9: Maximum Tsai-Wu value distribution of DTU 12.6 m blade baseline design under
PTS loading.
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Figure 7-10: Maximum Tsai-Wu value distribution of DTU 12.6 m blade design iteration 4,
redesign for Torque with NFRCs, under PTS loading.
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Figure 7-11: Maximum Tsai-Wu value distribution of DTU 12.6 m blade design iteration 4,
redesign for Torque with NFRCs, under PTS loading. Zoom-in on location with overall highest
Tsai-Wu value at r = 3.72 m.

The deflection curve of the final design iteration under TTL loading is presented in Figure 7-
3 as well. it can be seen that the tip deflection has decreased significantly to 0.184 m, well
below the baseline deflection curve. This can be expected as the Torque iteration required a
significant amount of extra BIAX material which plays a large role in the edgewise bending
stiffness as well as the torsional rigidity. As expected, the maximum Tsai-Wu failure level has
also reduced, to a value of 0.348 and is located on the trailing edge at the root, see Figure 7-13
and Figure 7-14. The failure mode is longitudinal tension failure in the inner most BIAX ply,
similar to the baseline design. Since the stresses are mainly carried by the BIAX material the
reduction in value is expected given the increase in BIAX material. The location at the root
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coincides with the final ply drop to zero in UD material in the trailing edge, which causes a
stress concentration as the loads have to redistribute over less material. However, the location
on the blade of the maximum Tsai-Wu value did shift compared to the baseline design. The
baseline design has its maximum Tsai-Wu value around one third of the blade where a ply
drop in BIAX material in the trailing edge occurs, see Figure 7-12. This difference is likely
caused by the additional BIAX material along the blade stiffening the blade further towards
the tip, thereby moving the location of the maximum Tsai-Wu to another weak point. The
weak point now being the transition of the root into the airfoil shape combined with the drop
in UD material. One final observation to point out is that again the material failure occurs
in the inner most ply. Under TTL loading the largest tension would be expected in the outer
ply, furthest away from the neutral axis. A possible explanation can be the level of interaction
between the different stress components. The Tsai-Wu criterion accounts for this interaction
and may indicate failure even if the individual components are within the failure limit of the
material. The inner most ply experiences not only high longitudinal tension stresses, but also
high transverse tension and some shear stresses.
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Figure 7-12: Maximum Tsai-Wu value distribution of DTU 12.6 m baseline design under TTL
loading.
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Figure 7-13: Maximum Tsai-Wu value distribution of DTU 12.6 m blade design iteration 4,
redesign for Torque with NFRCs, under TTL loading.
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Figure 7-14: Maximum Tsai-Wu value distribution of DTU 12.6 m design iteration 4, redesign
for Torque, under TTL loading. Zoom-in on location with overall highest Tsai-Wu value: TE at
the root at r =1 m.

Finally, the maximum Tsai-Wu value in the Torque loadcase equals 0.81 for the final design
iteration. It must be noted that there is a location with a Tsai-Wu value of 1.08, which would
indicate failure. However, this value occurs at the load introduction point and is highly
localised. This indicates that this value is a numerical error and not what can be expected in
reality. Moreover, the failure type at this location shows longitudinal compression failure of
the inner most BIAX ply, which is not expected in this loadcase. Hence, the highest Tsai-Wu
value outside this point that is deemed a realistic result is the value of 0.81, see Figure 7-15.
The failure type in this region shows shear failure of the outer BIAX ply. This is a logical
result given that torsion loads mainly introduce shear stresses and deformations.

The maximum Tsai-Wu value plot of the baseline design did not indicate numerical issues
and shows the highest Tsai-Wu value at the leading edge transition into the nose region, see
Figure 7-16. The failure type is shear failure in the inner BIAX ply. The failure likely occurs
at the inner ply due to stresses introduced by the lap joint of the upper and lower half of the
LE panels in the nose region. In the transition from the nose to the LE panel the stresses
have to redistribute itself. The plies drop at the inside of the blade, likely causing the stress
concentration to be the highest at the inner BIAX ply.
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Figure 7-15: Maximum Tsai-Wu value distribution DTU 12.6 m blade design iteration 4, redesign
for Torque with NFRCs, under Torsion load. Zoom-in on blade tip at with load introduction at r
= 10.8 m.
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Figure 7-16: Maximum Tsai-Wu value distribution of the DTU 12.6 m baseline design under
Torsion load. Zoom-in on blade tip at with load introduction at r = 10.8 m.

A non-linear buckling analysis as well as the analysis of creep deformations need to be per-
formed to further evaluate the design and inform additional design iterations. However, given
the limitations in the design of the current work along with the time constraints of the project,
it was decided that these analyses will not be performed for the current body of work. These
steps will have to be part of future research.

7-5-1 Estimated Structural Campbell Diagram and Aeroelasticity Predictions

Finally, the new blade design will have to be tested in an aeroservoelastic simulation, like
HAWC2, to establish its performance in an operating wind turbine. This is especially critical
given the slightly lower torsional rigidity and increased edgewise rigidity of the blade as well
as the significant weight increase. This analysis will also lead to an iteration of the design
loads which should then be checked with Abaqus again to see if the design withstands these
updated loads. However, the process of obtaining the structural input file for the HAWC2
analysis is labour intensive and required additional software. Given the limited time frame of
this research, these steps have to be handed to future research.

Using the eigenvalue analysis in Abaqus, an estimate can be made of the Campbell diagram
of the new blade design. Although the structural Campbell diagram neglects the aerody-
namic forces, it is still a useful tool to check for possible resonance issues. The estimation of
the structural Campbell diagram [75] is based on the assumption that the mode shapes are
dominated by blade motion for the standstill rotor modes. The symmetric blade modes are
typically invariant with the windspeed. The forward whirling modes increase linearly with
windspeed, and the backward whirling modes decrease linearly with windspeed. Starting
from the natural frequencies at zero wind speed, the lines can be drawn for each mode. The
forcing frequencies are multiples of the rotor speed indicated by 1P, 3P and 6P. Any overlaps
between the P-harmonics and lightly damped modes indicate the potential of resonance. Ta-
ble 7-1 summarises the natural frequencies obtained from the eigenvalue analysis performed
in Abaqus. Figure 7-17 presents the estimated structural campbell diagram along with the
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P-harmonics.

Table 7-1: Natural frequencies as calculated by Abaqus for the conventional shell element model
of the DTU 12.6 m baseline (GFRC) and redesigned (NFRCs) blade.

Baseline [Hz] | Redesign [Hz]
1st Flap 2.28 2.09
1st Edge 4.23 4.06
2nd Flap 7.78 6.58
2nd Edge 15.2 13.6

In reality the motion of the tower also impacts the rotor mode shapes and will cause small
deviations between theory and reality, especially for the flapwise modes. Furthermore, the
edgewise collective mode is difficult to predict due to the free boundary condition on the shaft
that changes the cantilevered mode shape into a free-free mode shape [75]. Therefore, the
edgewise collective modes for operating turbines will generally be significantly higher than
the whirling modes, contrary to the prediction in Figure 7-17. The other modes will generally
match well with the theoretical modes [75].

In Figure 7-17 it can be seen that the forward whirling edgewise mode shape overlaps with the
6P-harmonic. Since this mode is lightly damped, resonance can be an issue. A full aeroelastic
Campbell diagram needs to be analysed to confirm if resonance will be an issue. The same
holds for the backward whirling edgewise mode shape that crosses with the 3P-harmonic.
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Figure 7-17: The estimated structural Campbell diagram for the first order blade modes of the
DTU 12.6 m redesigned blade with NFRCs.

The expectation is that the aeroelastic behaviour as a whole changes, making it complicated
to make predictions without actually performing the analysis. What can be noted, is that
generally speaking, small blades are very stiff when comparing their deflection to the blade
length. The more flexible a blade is, the larger the impact of the blade design on the aeroelastic
behaviour. Changing the blade design for this small blade would likely not lead to significant
changes in the aerodynamic forces. When assuming unchanged aerodynamic forces, one can
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look into the inertia loads expectations.

The significant increase in blade mass will effect four load channels. The yaw bearing pitch,
in-plane BRM and tower base moments.

In terms of yaw bearing pitch, the added weight will counteract part of the thrust, thereby
reducing the extreme loads driven by thrust. The yaw bearing pitch fatigue loads will likely
be unchanged as the gravity loads do not play a big role in fatigue for this load channel.

The in-plane blade root moment will experience higher fatigue loads. Moreover, it might be
required to reinforce the blade root to support the added weight.

The tower base side-side and fore-aft moments will likely increase in terms of both extreme
and fatigue loads. Additionally, the added blade mass will reduce the natural frequency of the
tower. This leads to possible resonance occurring at a lower rpm. This would be beneficial as
it allows the minimum rotor speed to be reduced, thereby producing energy at a larger range
of wind speeds.

Furthermore, it must be noted that design for fatigue was outside the scope of this research
and will have to be investigated in future works.

In conclusion, the aeroelastic simulation, currently beyond the scope of this research, is es-
sential to evaluate the impact of the NFRC blade design on the overall turbine behaviour.
The estimated structural Campbell diagram highlights potential resonance issues, particularly
with the lightly damped edgewise blade modes which overlap with the 3P- and 6P-harmonic
forcing frequencies. Future research must address these areas, including fatigue design and
comprehensive aeroelastic behaviour analysis, to ensure the blade’s reliability and perfor-
mance in practical applications.
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Chapter 8

Conclusions

This thesis investigated the structural implications of using bio-based materials, specifically
natural fibre-reinforced polymer composites (NFRCs), in wind turbine blade design. The
primary focus was on redesigning the DTU 12.6 m research wind turbine blade to enhance
environmental sustainability while maintaining structural integrity.

8-1 Conclusions

The findings from the literature study indicate that while NFRCs can significantly reduce
the environmental footprint of wind turbine blades, their lower mechanical properties - such
as bending and shear stiffness and strength - limit their direct replacement of traditional
glass fibre composites. The higher porosity levels, lower fibre volume content, and interface
challenges of NFRCs contribute to these performance limitations. Furthermore, the literature
study identified that bio-based composite systems with fibres like flax, ramie, hemp and
bamboo, combined with a bio-based matrix like PLA, show potential for application in wind
turbine blades.

A sensitivity study was performed to investigate the influence of utilising NFRC materials
on blade performance. This sensitivity study on the implications of the different material
engineering constants identified the longitudinal and shear stiffnesses and strengths of the UD
and BIAX materials as the critical design parameters when switching to NFRCs. The UD
longitudinal stiffness drives both the deflections and consequently the failure limits defined by
the Tsai-Wu criterion. The BIAX longitudinal stiffness also impacts the edgewise deflections
and resulting failure limits. The shear stiffness and strength of the BIAX material mainly
dominates the torsional rigidity and failure limit. The impact of the thickness of the shearweb
core thickness also needs to be considered for the torsional rigidity. Furthermore, it can be
derived that the Pressure Towards Suction side deflection will likely drive the design process,
as is typical for wind turbine blades. This lead to the material selection of UD Flax/PLA
and BIAX Ramie/PLA for the redesign of the DTU 12.6 m blade.

The redesign process revealed that torsional rigidity and material strengths are the primary
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drivers for bio-based blade design. This differs from the conventional blade design where the
tip deflection and therefore specific stiffnesses are the main drivers. To address the reduced
torsional rigidity, the core thickness of the shear webs was significantly increased. However,
contrary to expectations, this adjustment did not improve torsional rigidity in the model
results. This discrepancy may stem from limitations in the 2D shell element model used,
where thickness is not explicitly modelled in the geometry but is instead incorporated into
the element definition [57]. As a result, the influence of increased core thickness on torsional
rigidity may not have been fully captured. The use of 3D continuum shell elements in future
studies is required to provide an accurate torsional analysis and full design validation.

Using the 2D shell model, the structural redesign of the DTU 12.6 m blade focussing on the
UD and BIAX layup design showed that the hybridization of NFRCs is a promising strategy
to address the material weaknesses. However, meeting structural requirements required sig-
nificant increases in material use, leading to a blade mass over 15% higher than the original
GFRC design despite the lower density of NFRCs. In order to meet the design requirements
the structural blade design will need to be rethought, for example by incorporating other
structural elements like stiffeners and ribs.

The estimated structural Campbell diagram of the established redesign indicates possible
resonance issues for the edgewise forward and backward whirling mode shapes. Full aeroelastic
analyses should confirm whether resonance becomes and issue on an operating turbine.

The findings highlight the need for further refinement of both the material properties and the
modelling techniques to fully assess and realize the potential of bio-based materials in wind
turbine blade applications. Enhancing NFRC mechanical properties, validating advanced
material models, and addressing the limitations of current design approaches will be essential
to overcome the technical barriers to using NFRCs in wind turbine blades effectively.

8-2 Recommendations

To advance the development and application of bio-based wind turbine blades, the following
recommendations are proposed based on the conducted research:

e Conduct experimental validation of the mechanical properties of natural fibres, bio-
based matrix properties, and their resulting composite properties.

e Conduct extensive model validation and refinement of the micro-mechanical model for
NFRCs.

e Enhance the mechanical performance of NFRCs, particularly stiffness, strength, and
shear stiffness. For example through material refinement, focusing on reducing porosity
and improving fibre-matrix compatibility.

o Investigate possible challenges that may result from the use of different natural fibres
in a hybrid composite.

« Investigate the torsional rigidity of NFRCs blades using advanced 3D continuum shell
element models.
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o Investigate the integration of stiffeners, ribs, and additional shear webs to improve
rigidity and strength while minimizing weight increases.

o Explore alternative NFRC materials, such as bamboo strips, for improved sustainability
and performance.

e Conduct aeroservoelastic studies to assess the dynamic behaviour of bio-based blades
in operational conditions, ensuring their robustness and stability.

o Investigate the lifespan expectancy for NFRC blades, accounting for issues like moisture
resistance and creep among others.

o Conduct a Life Cycle Assessment (LCA) to evaluate the environmental impact of util-
ising natural fibre reinforced composites in wind turbine blades.
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Conclusions
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Appendix A

HAWC2 controller re-tuning process

Section 3-1 describes the aeroservoelastic HAWC2 model that is used to obtain the design
loads for the blade design. An existing model was received that needed to be verified. In
theory the static loads assumed in the received Abaqus model of the blade, see Section 3-2,
should originate from the DLC1.3 simulation of the blade with HAWC2. The analysis showed
a clear discrepancy, see Figure A-1. Therefore, the HAWC2 model needs to be analysed and
verified in more detail.
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Figure A-1: Extreme design loads from DLC1.3 calculated from received HAWC2 model and
provided to the Abaqus model of the DTU 12.6 m blade. Upper left subplot: flapwise bending
moment towards tower, upper right subplot: flapwise bending moment away from tower, lower left
subplot: edgewise bending moment towards trailing edge, lower right subplot: edgewise bending
moment towards leading edge.
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To verify that the HAWC2 model runs correctly, the first test is running a stepwind simulation.
Such a simulation shows a turbine’s behaviour at different steady windspeeds. Furthermore,
it shows how quickly the turbine responds to a change in windspeed by finding its new
equilibrium state. The latter information can give an indication of how well the controller
works. The stepwind results for the received HAWC2 model are presented in Figure A-2. The
simulation starts at the cut-in wind speed of 4 m/s and ends at the cut-out wind speed of 25
m/s where each step has a duration of 40 seconds. The first 100 seconds are disregarded to
eliminate transient influences from starting up the simulation.
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Figure A-2: Stepwind results of original HAWC2 model of the DTU 12.6 m blade as received.

Analysing the results, it is immediately clear that there is a huge instability present around
the rated wind speed of 14 m/s where the power reaches rated power of 150 kW. The pitch,
rotor speed and power overshoot dramatically upon this steps in wind speed and cannot reach
a state of equilibrium within the 40 seconds of this step duration. This is likely an instability
caused by the controller which fails to regulate the turbine’s behaviour at these wind speeds.
It is likely that the extreme loads previously calculated originate from this unstable region,
thereby making the calculated extreme loads unreliable and thus unsuitable as design loads
for the wind turbine blade. It is therefore required to re-tune the controller of the HAWC2
model with the original 12.6 m blade to generate a stable model that produces realistic and
reliable design loads for the redesign. The models of the DTU 12.6 m research wind turbine
blade are unfortunately poorly documented at the moment of writing. Therefore, an article
on a 100 kW wind turbine with an 11 m wind turbine blade by Gozcii et al. [76] was used as
reference to guide the controller re-tuning process.

To calculate the controller tuning parameters the HAWC2S software is used. This software
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requires some operational settings as well as the frequencies and damping ratios (called poles)
for which the controller shall be tuned. The first parameter is the optimal tip speed ratio
which is set to 9.77 in accordance with the reference article [76]. Furthermore, the rated rotor
speed will be based on the maximum tip speed of 95 m/s yielding a maximum allowable rotor
speed of:

Vinaz ti 95
Qnas allowed = %ﬁspm =[5 = 7-308 rad/s = 1.163 Hz = 69.78 rpm (A-1)

To built in a small margin it is chosen to use a rated rotor speed of 68 rpm. Together with
the rotor radius of 13 m this results in a rated wind speed of 9.475 m/s. The minimum rotor
speed is set equal to 20 rpm = 2.0933 rad/s as noted in the comments in the original model
file. The aerodynamic rated power is assumed equal to the electrical rated power divided by
the generator efficiency. The latter is 98% as specified in the original model leading to an
aerodynamic rated power of % = 153.06 kW. The minimum pitch is set to -1.1 degrees,
a value found in a different HAWC2S model file for the DTU 12.6 m wind turbine on the
cluster.

Finally, the controller tuning inputs were set for quadratic gain scheduling and constant power.
The PI controllers are tuned for a specific frequency and damping ratio, called the poles of
the controller. So the goal of the initial re-tuning process of the controller is to find a set of
poles that generate stable turbine behaviour. For the initial re-tuning attempt, the tuning
frequency and damping ratio were set to 0.1 Hz and 70% for both the torque controller in
the partial load region and the pitch controller in the full load region, equal to the poles used
in the reference article. The goal was to find the poles that result in controller parameters,
proportional and integral gains of the PI controller, in the same order of magnitude as for
the HAWC2 model of blade-1 in the reference article [76]. It is chosen to find results more
similar to this model as the model in the article produced stable results whereas the original
DTU 12.6 m model is unstable. Furthermore, it must be noted that the damping ratio of 70%
is very typical for a wind turbine and is thus kept equal throughout the re-tuning process.
It controls the amount of overshoot in the output signal as a response to a change in input
signal. A larger damping ratio means less overshoot. The tuning frequency determines how
quickly the output signal can respond to a change in input signal. A higher frequency thus
means a faster response.

The different poles that have been tested are listed in Table A-1. Attempt 1 has the poles
as aforementioned. Attempt 2 and attempt 3 half and double the frequencies of attempt 1
to see how the controller tuning parameters change with an increase and decrease in tuning
frequency. The results are presented in Table A-2 alongside the tuning parameters of the
original model and the model of blade-1 in the reference article. It must be noted that the
optimal C, tracking factor K is constant with changing tuning poles. It depends on the
maximum C,, optimal tip speed ratio, rotor radius and generator efficiency. Additionally,
the full load parameters K; and Ko are determined by fitting a curve to the derivative of
aerodynamic torque w.r.t. the collective pitch angle, based on the assumptions of quasi-
steady aerodynamics and constant induced velocities [54]. These parameters are inherently
tied to the aerodynamic design and operational characteristics of the wind turbine blade,
therefore remaining constant with changing tuning poles.
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Table A-1: Poles for the controller re-tuning of the DTU 12.6 m HAWC2 model.

Partial load Full load
Attempt # | £, [Hz] | ¢ [-] | £ [Hz] | €[]
1 0.1 0.7 0.1 0.7
0.05 0.7 0.05 0.7
0.2 0.7 0.2 0.7
0.3 0.7 0.3 0.7
0.1 0.7 0.2 0.7
0.3 0.7 0.2 0.7

O O | W DN

Comparing the results it can be stated that the attempt 1 results show relatively similar
results to the blade-1 in the reference article for the partial load region, the full load region
differs more. Furthermore, the proportional gains indeed vary proportionally with the tuning
frequency when comparing attempt 1 with attempt 2 and 3. The integral gains vary quadrat-
ically with the tuning frequency. As the gains of these first three attempts still differ from
the gains in the article, other controller poles were explored.

On the DTU cluster a tuning file for the DTU 12.6 m blade was found with the tuning
frequencies both equal to 0.3 Hz and damping ratios to 70%. The controller tuning parameters
for the partial load of that tuning model matched the parameters in the original HAWC2
model received. Therefore, these poles were tested as well for the newly set up tuning file,
named attempt 4. Indeed the partial load gains were similar to the original HAWC2 model,
however, the full load gains differed significantly from both the original HAWC2 model and
the article.

The next attempt (attempt 5) was selected to match the controller tuning parameters of the
reference article blade-1 as closely as possible. This meant selecting the tuning frequency of
0.1 Hz for the partial load region and 0.2 Hz for the full load region. It must be noted that
the focus was on matching the proportional gains as they are more straight forward to adjust
the tuning frequencies to. Additionally, another attempt (attempt 6) was performed choosing
the tuning frequency of 0.3 Hz in the partial load region to match with the original HAWC2
model while keeping the full load tuning frequency at 0.2 Hz to match the stable model
from the reference article. The resulting sets of controller tuning parameters for these two
attempts were tested by running a stepwind simulation. This was done to identify whether
these parameters result in a stable model as well as to compare the two options to choose
the better performing one. The stepwind time series results are shown in Figure A-3. The
stepwind results are only presented for attempts 5 and 6 as their set of gains are of the order
of magnitudes that are expected to produce stable results.
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Table A-2: Controller tuning parameters for the DTU 12.6 m blade for the various controller
poles in Table A-1, alongside those of the model in the reference article by Goézcii et al. [76].

78GT0'89E | PSST0'89€ | ¥8ST0'89¢ | FRST0'8IE | ¥8ST0'89E | ¥8STO'89E | GLT00SSET 0 739D D
erP8 01 erP8 01 erP8 01 ErP8 01 ETP8 01 ETP8 01 9LVL8'8 0% 3op Pl
6E885€°0 6E88GE°0 88€L08°0 6E885E°0 7.o¥5c0'0 | 860L680°0 €LG9LT°0 90 per/per | Iy
S el
9€9217°0 9€921¥°0 GgSe190 9€921¥°0 €08211°0 8VL21T°0 96,0270 I'T ( \\WSV 3]
vl
€O88LT L'€LS6T €O8SLT LV676L oV'8967 L'ELS6T 91821 1C68LT \Wz oIy
. . . . (s/pen) | 4,
98TET 6'18CH¥ 9r8TET 8'€9G88 1713% 6'18CH¥ G'6L¥8¢ 688CET N |
. . o(s/per)
09€ 09€ 09¢€ 09¢ 09¢ 09¢ L¥. 661 VRETLY g M
[°epouwt [°epowx
9 jdwdgye | g ydweyje | § ydweyje | ¢ ydwdyje | g jduwagye | 1 jduragye sprry | ewsuo

Kimberly M.M. van den Bogaard

Master of Science Thesis



98

HAWC2 controller re-tuning process

254 30
] o 25

20 g
— 2 201
w —
= 151
E 215
= = i

101 c 10

=
5 — Try 5 =
— Try 6
0 T T : T -5
200 400 600 800 1000
Time [s]

701 1501
'E‘ 60 E 1254
£ <
—_— [ 4
© 50+ 2 100
¥ 2
=3 — 75
L 40 i
P - 50,
2 @

30+ — Try 5 w 5 |

— Try 6
20 T T T T
200 400 600 800 1000
Time [s]

| — Try 5
— Try 6
200 400 600 800 1000
Time [s]
— Try 5
— Try 6
200 400 600 800 1000
Time [s]

Figure A-3: Stepwind results of new HAWC2 model of the DTU 12.6 m blade with the controller

tuning parameters from attempt 5 and attempt 6.

It can be seen that the results of both sets of tuning parameters are very similar. Moreover,
there are no apparent instabilities in the response of the output parameters. The output
signals show small overshoot and especially from around rated windspeed the new set-point
is reached quickly. The set-point is not reached within the set 40 seconds per wind step for
the lower windspeeds. This has to do with the K factor for optimal C,, tracking as that value
sets the set-point. This can only be changed by changing for example the tip speed ratio and
aerodynamic design of the blade, however, the aerodynamic design is outside the scope of
the current research. The goal for the current work is to obtain a stable model to establish
realistic design loads for the structural redesign, which is achieved.

To be able to distinguish between the results of the two datasets of controller tuning param-
eters, the pitch and electrical power curves were zoomed in on, see Figure A-4. The step
zoomed in on in the pitch curve is the one from a windspeed of 10 m/s to 11 m/s. There is
a small irregularity visible in the pitch curve of which the attempt 5 curve is more smooth.
Whether this poses a real issue will be analysed by testing the model with a turbulent wind
simulation. Furthermore, the overshoot in electrical power when stepping up from 10 m/s to
11 m/s is smaller for the attempt 5 curve while its response is a bit slower than the attempt
6 curve. However, the variation once the set-point is reached, after 364 s, is larger for the

attempt 6 curve.

From the discussed small differences between the two datasets it is chosen to go with the
controller tuning parameters of attempt 5 as the pitch curve is slightly smoother, the overshoot
in electrical power slightly lower as well as the steady state variation in the latter.
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Figure A-4: Zoom in on stepwind pitch and electrical power results of new HAWC2 model of
the DTU 12.6 m blade with the controller tuning parameters from attempt 5 and attempt 6.

Besides the controller parameters obtained with HAWC2S
there are a few other parameters of the controller that need
to be adjusted. The HAWC2S software also calculated the
optimal pitch angle for each wind speed to obtain maximum
power output. These pitch angles will be used as minimum
pitch angle for the wind speeds below rated power and are
specified in a file named "wpdata.100". The content of this
file is presented in Table A-3. The minimum pitch angle at
a wind speed of 50 m/s is set equal to that of the last wind
speed before rated power. This means that for any windspeed
of 9 m/s or higher the minimum pitch angle is equal to that
specified value.

Another parameter is the generator control switch which is set
to 0.95, where 0 means constant torque and 1 means constant
power, set equal to the model in the reference article [76].
Furthermore, the time constant of 1st order filter on wind
speed used for minimum pitch as well as the time constant

Table A-3: Content
"wpdata.100" file speci-
fying the minimum pitch
angle for HAWC2.

Vv 0
m/s | degrees

0 | -0.520993
4 | -0.520993
) -0.536761
6 -0.548933
7 | -0.558490
8 -0.567163
9 -0.572136
50 | -0.572136

of 1st order filter on pitch angle used for gain scheduling shall be equal to [1/1P] which is

0.88235 given the new rated rotor speed of 68 rpm.
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To ensure that there are no resonance issues with the new rotor speed, a modal analysis was
performed. The aeroelastic Campbell diagram is shown in Figure A-5 and the corresponding
aeroelastic damping diagram is presented in Figure A-6. Eigenmodes with damping per-
centages higher than 10% are typically considered highly damped. Around 10% is medium
damping and below 5% is considered low damping. Furthermore, it must be noted that there
are no tower modes present in the diagrams. This is due to the use of a stiff tower result-
ing in a very high resonance frequency for the tower modes making them irrelevant. The
eigenmodes that are likely to cause resonance issues are those that are poorly damped and
cross with a low multiple of the rotor speed, i.e. 1P, 3P and 6P. The higher the multiple of
the rotor speed, the less likely it is to generate resonance issues. The one mode that forms
a real threat is the first backwards whirling edgewise blade mode which crosses the 3P line
at approximately 8.7 m/s, see Figure A-5, and has low damping, see Figure A-6. The only
method to avoid this crossing is by increasing the edgewise stiffness of the blade by adjusting
the design of the blade. This is only truly necessary when the simulations in turbulent wind
indicate the presence of resonance, indicated by the presence of an outlier in the edgewise
blade loads around a wind speed of 8.7 m/s. As the current blade design has already been
manufactured and tested it is likely that there were no occurrences of resonance. To verify
this the new HAWC2 model was analysed with turbulent wind simulations. Alternatively, if
resonance becomes an issue, an alternative method to avoid it is to adjust the controller in
such a way that it prevents the turbine from operating at a certain rotor speed at the wind
speed that poses the risk of resonance.
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Figure A-5: Aeroelastic campbell diagram of new stable HAWC2 model of the DTU 12.6 m
blade.
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Figure A-6: Aeroelastic damping diagram of new stable HAWC2 model of the DTU 12.6 m
blade.

The next phase is to run the new HAWC2 model with a turbulent wind to verify the turbine’s
behaviour. This is done by running the DLC1.1 simulations which are then processed to obtain
statistical data, visualised in Figure A-7 to Figure A-9.

For the turbulent wind simulation it must be noted that the original resolution of the tur-
bulence box was 8192 x 32 x 32 points (longitudinal, lateral and vertical, respectively). For
the final model the turbulence resolution in the longitudinal direction was reduced to 1024
to speed up the simulations. An article by Jamie Liew et al. [77] investigated the required
turbulence resolution for convergence in a 10 minute simulation on one turbine for the DTU
10MW reference turbine. Analysing the results in the article it was concluded that the re-
duced turbulence box can still provide sufficiently accurate results while increasing simulation
efficiency. It must be noted that this turbulence box is not the best option for high accuracy
results. However, the goal in this project is to perform a relative comparison between two
designs. Therefore, the chosen turbulence box is sufficient as long as the same settings are
used for both design evaluations.

The resulting statistical data for DLC1.1 immediately showed a clear outlier in the data at a
wind speed of 16 m/s which is unexpected. This was especially clear in the tower clearance
in Figure A-7 as well as the thrust in Figure A-8. The effect of the outlier is also visible in
the absolute maximum out-of-plane blade root moment, see Figure A-9, which corresponds
to the simulation that produces the outlier in the tower clearance. This simulation is the one
with a wind speed of 16 m/s at a yaw angle of 10 degrees and seed number 1605.
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Figure A-7: Minimum tower clearance comparison between new and original HAWC2 model for
the DTU 12.6 m blade in DLC1.1.
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Figure A-8: Aerodynamic thrust maxima, minima and mean comparison between new and original
HAWC2 model for the DTU 12.6 m blade in DLC 1.1
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Figure A-9: Out of plane blade root moment maxima, minima and mean comparison between
new and original HAWC2 model for the DTU 12.6 m blade in DLC 1.1
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The time series result corresponding to the simulation that produces the outlier in the tower
clearance is analysed in detail to evaluate the origin of this unexpected behaviour. The time
series outputs of the wind speed, pitch angle, rotor speed, electrical power and generator
torque are presented in Figure A-10. The results show clear unstable behaviour around 400
seconds. This region of the time series is zoomed in on and presented in Figure A-11. The
instability starts after 390 seconds and corresponds with the wind speed increasing from below
to above the rated wind speed of 9.475 m/s. This indicates that there is likely something
going wrong in the controller when it needs to switch from torque control (below rated) to
pitch control (above rated). Alternatively, the unstable behaviour can be a numerical issue.
The analysed turbine is a relatively small system that comes with higher frequencies. It can
be that the time step of 0.005 s is too large to capture all turbine behaviour. The simulation
was rerun using a time step of 0.0005 s, however, the unstable behaviour was still present.
Hence, the issue is likely with the controller and needs further investigation.
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Figure A-10: Time series outputs for original simulation dlc12_wsp16_wdir010_s16005.htc for
the DTU 12.6 m blade. Showing from top to bottom the wind speed, pitch angle, rotor speed,
eletrical power and generator torque.
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Figure A-11: Close-up  of time series outputs for original simulation
dlc12_wspl6_wdir010_s16005.htc for the DTU 12.6 m blade. Showing from top to bot-
tom the wind speed, pitch angle, rotor speed, electrical power and generator torque.

Besides the controller tuning parameters in Table A-2 there are many other parameters that
make up the design of the turbine controller. So far, these have been kept equal to the
values in the original received model. These will now be looked into to identify possible
solutions for the unstable behaviour. There are two sets of constants that have an impact
on the behaviour of the controller when a switch between control regions is required. These
are the proportional and integral power error gains (constants 19 and 20), the time for the
maximum torque rate (constant 33) and the upper angle above the lowest minimum pitch
angle for switching (constant 34). When constant 34 is equal to the minimum pitch angle
specified by constant 5, it means there is a hard switch between the partial and full load
region. As the issue seems to be with the switching of regions the first attempts were put
into trying different combinations for parameter 34. The original model has parameter 34
equal to 0.5 The parameter 34 was set to 1.5 in the reference article as well as in the PR0011
model found on the cluster, a softer switch. This setting was tested first and did show an
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improvement in the response but still not stable, see Figure A-12. Next, it was tested if a
slower torque rate could further improve the results. Hence the following test set parameters
33 and 34 both equal to 1.5. Figure A-12 shows that the response is better than the original
response but worse than the previous attempt. This means that a slower torque rate did
not improve the results of the previous attempt. Hereafter, a different set of parameters was
chosen to create an even softer switch with a more shallow slope by increasing parameter
34 to 3.0. Additionally the maximum torque rate is increased slightly by setting parameter
33 equal to 1.0. This combination of parameters resulted in an almost fully stable output,
see Figure A-12. Only a small irregularity remains in the pitch angle between 390 and 395
seconds.
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Figure A-12: Close-up of time series outputs for dlc12_wspl6_wdir010_s16005.htc for the DTU
12.6m blade with variations in controller parameters 33 and 34. Showing from top to bottom the
wind speed, pitch angle, rotor speed, electrical power and generator torque.

The effect of parameters 19 and 20 is difficult to predict and was thus also analysed to see if
changing these parameters could further improve the results. For these tests the parameters
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33 and 34 were kept equal to the original values of 0.5. In the model file of the original model
there were a few different sets suggested in the comments for parameters 19 and 20. These
were all tested to see if one of these would result in a stable model, see Figure A-13. The
original combination set parameter 19 equal to 3e-6 and parameter 20 equal to 6e-6. The
first new combination of setting both parameters equal to 4e-6 (based on the PR0011 model)
resulted in an even more unstable output from 390 seconds and on-wards, the outputs do not
stabilise at all. The combination of parameter 19 equal to 6e-6 and parameter 20 equal to
8e-4 (no origin mentioned) showed even worse results with instabilities throughout the full
duration of the simulation. However, the combination of parameter 19 equal to 2e-6 and
parameter 20 equal to 4e-6 did show an improvement compared to the original model. This
combination originated from the model used in the Blatigue project from DTU. However,
there is still some oscillation present in the region between 390 and 400 seconds.
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Figure A-13: Close-up of time series outputs for dlc12_wspl6_wdir010_s16005.htc for the DTU
12.6 m blade with variations in controller parameters 19 and 20. Showing from top to bottom
the wind speed, pitch angle, rotor speed, electrical power and generator torque.
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As the test with different combinations of parameters 19 and 20 all used different values for
both parameters compared to the original model it is difficult to isolate the effect of each
individual parameter. It was thus decided to test the individual parameters as the previous
test did show that these two parameters significantly impact the controller behaviour in the
region of interest. The original value of parameter 19 was set equal to 3e-6. The parameter
was reduced to 2e-6 as well as increased to 4e-6 to see the effect of increasing/decreasing this
parameter. The results in Figure A-14 show that decreasing the value improved the results
significantly while increasing the value worsened the results. The initial value of parameter
20 was set to 6e-6 and is now tested for a lower value of 4e-6 as well as a higher value of
8e-6 to see the effect on increasing/decreasing this parameter. The results in Figure A-15
show that increasing the value improved the results while decreasing the value significantly
worsened the results, which is opposite of what was seen for parameter 19.
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Figure A-14: Close-up of time series outputs for dlc12_wspl6_wdir010_s16005.htc for the DTU
12.6 m blade with variations in controller parameter 19. Showing from top to bottom the wind
speed, pitch angle, rotor speed, electrical power and generator torque.
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Figure A-15: Close-up of time series outputs for dlc12_wsp16_wdir010_s16005.htc for the DTU
12.6 m blade with variations in controller parameter 20. Showing from top to bottom the wind
speed, pitch angle, rotor speed, electrical power and generator torque.

The information from the tests of the individual parameters 19 and 20 were combined into a
new set of parameters. Parameter 19 was decreased to le-6 and parameter 20 was increased to
9e-6, the extremes while keeping the same order of magnitude. These results are showcased in
Figure A-16 alongside the results from the best combination of parameters 334+-34. The new
combination of parameters 19 and 20 show very stable results, there is only a small irregularity
in generator torque and electrical power between 380 and 385 seconds. Furthermore, the new
combination of parameters 19 and 20 only is slightly better than the new combination of
parameters 33 and 34 only, see behaviour between 390 and 395 seconds. To see if the results
can be further improved, the best combination of parameters 19 and 20 were combined with
that of parameters 33 and 34. This means that parameters 19 and 20 were set to le-6 and
9e-6 respectively, while parameters 33 and 34 are set to 1.0 and 3.0 respectively. The results
in Figure A-16 show that the irregularity between 380 and 385 seconds is now also removed
and the final resulting model is fully stable. However, this small irregularity in the other two
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model versions is actually the controller responding more accurately to the dip in wind speed.
It is therefore decided that the final model will be the model where only parameters 19 and
20 are adapted (to 1.0e-6 and 9.0e-6 respectively) and parameters 33 and 34 kept equal to
the original model values of 0.5 (changes as little as possible to the original model).
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Figure A-16: Close-up of time series outputs for dlc12_wspl6_wdir010_s16005.htc for the DTU
12.6 m blade with variations in controller parameters 19, 20, 33 and 34. Showing from top to
bottom the wind speed, pitch angle, rotor speed, electrical power and generator torque.

To verify that the new model is indeed fully stable the DLC1.1 was run again. The results
were checked for outliers which were now not present. To further confirm that the model
functions properly the time series of three simulations of the DLC1.1 were checked; for a low
wind speed below rated, for a wind speed around rated and for a wind speed close to the
cut-out wind speed. All showed stable results and the new HAWC2 model is finalised. The
DLC1.1 results are shown and discussed in the following section. The obtained new design
loads from DLC1.3 are presented in Section 6-1.
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A-1 Final HAWC2 model results - DLC1.1 statistical data

The operational data results for DLC1.1 for the original and new model are presented in
Figure A-17 to Figure A-21 to analyse the turbines behaviour. The small dots represent
the minima and maxima and the diamonds represent the mean values. Each graph will
be discussed whereby the behaviour is compared to what is typically expected from a wind
turbine.

The mean pitch values in Figure A-17 should in theory match the pitch curve from the step
wind simulation in Figure A-1. This holds for both models. However, the extremes are
significantly larger for the original model which even reach an unrealistic value of 50 degrees.
This is caused by the controller instabilities identified earlier causing extreme pitch variations.
The extreme pitch values for the new model are still within an acceptable range.

The rated rotor speed for the new model is higher than for the original model which is
confirmed in Figure A-18. In the above rated region the extremes in the original model are
significantly larger than for the new model. This can be related to the extremes in pitch
angles. The relation between power and torque is given through the rotor speed with the
equation P = wT. Above rated the power is kept constant. If the pitch then increases
drastically the blades will experience stall which reduces the torque which then needs to be
compensated by a higher rotor speed. Smaller variations in pitch will thus also require less
variation in the rotor speed to maintain constant power which is the case for the new model.

The electrical power should increase up to rated power and then stay constant. For the original
model the controller was designed for constant torque which introduces some variation in the
electrical power. The new model was designed for constant power and this is indeed visible in
Figure A-19 confirming that the controller works properly. Running the turbine for constant
power also means that the maxima for the power above rated will coincide with the mean
values which is indeed observed for the new turbine. The maxima for the original model will
deviate from the mean values as the turbine runs for constant torque. However, the extremes
deviate significantly from the mean, especially the minimum values. This is undesirable as it
means that less power is generated making the turbine less profitable.

As the original model runs for constant torque one should see the extremes coincide with the
mean values in Figure A-20. However, this is not the case, especially for the minima which are
extremely low. This is another indication that the controller of the original model does not
function properly. The new design runs for constant power and some variation are expected
in the above rated region which is indeed observed. The variation is relatively small which is
in line with the variation present in the rotor speed that relates the generator torque to the
constant power. It is important to keep in mind what the generator torque curve looks like as
the turbine loads in the direction perpendicular to the wind generally follow the same shape.

Finally, the thrust curves are presented in Figure A-21. The thrust should increase with
increasing wind speed up to rated velocity after which it should reduce again to maintain
rated power. This trend is indeed visible for the new design, however the maxima for the
original design does not follow this trend which is another indication that the original model
does not function as it should. Furthermore, the maximum thrust reached around rated wind
speed is higher for the new model due to the higher rated rotor speed. It is important to keep
in mind what the thrust curve looks like as the turbine loads in the direction of the wind
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relate to the thrust.
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Figure A-17: Pitch angle maxima, minima and mean comparison between final and original
HAWC2 model of the DTU 12.6 m blade in DLC1.1.

< Final - 1] L #o 0o
— 77 ¢ original ¢ g E ?g ﬁ ?\;) <ixi> <'Ig> (;(E)
3 6 B N
£ ¢ E cwow
o 5 | ! w o° i ge
g o i b oo
P % g c: @ ® o o o W X
[=] .
S t
® 34 s E = : b8 L2 | I L

2418
fl) lID 1|5 2|0 2‘5

Wind speed [m/s]

Figure A-18: Rotor speed maxima, minima and mean comparison between final and original
HAWC2 model of the DTU 12.6 m blade in DLC1.1.
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Figure A-19: Electrical power maxima, minima and mean comparison between final and original
HAWC2 model of the DTU 12.6 m blade in DLC1.1.
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Figure A-20: Generator torque maxima, minima and mean comparison between final and original
HAWC2 model of the DTU 12.6 m blade in DLC1.1.
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Figure A-21: Aerodynamic thrust maxima, minima and mean comparison between final and
original HAWC2 model of the DTU 12.6 m blade in DLC1.1.

The different extreme turbine load results for DLC1.1 for the original and new model are
presented in Figure A-22 to Figure A-29 where the small dots represent the minima and
maxima and the diamonds represent the mean values. Each graph will be discussed whereby
the behaviour is compared to what is typically expected from a wind turbine.

The tower-base Fore-Aft (FA) moment follows the thrust curve which is indeed observed for
the new model in Figure A-22. The mean values of the original model follow the thrust as
well, however, the maximum values keep increasing above rated opposite of what is expected.
In fact, the tower base FA moment does follow the thrust but the maxima in the thrust
curve of the original model also continue increasing above rated. Furthermore, the difference
between the minima and maxima is smaller for the new model compared to the original which
is beneficial for the fatigue loads in the tower.

The tower-base Side-Side (SS) moment is induced by wind shear and asymmetric loading.
This means that for increasing turbulence levels, which increase with increasing wind speed,
the tower-base SS moments increase as well. The results in Figure A-23 are in line with this
expectation for both models where the difference between the minima and maxima keeps
increasing for increasing wind speeds.

The yaw-bearing pitch moment follows the thrust curve in principle which is indeed seen in
the mean value trends in Figure A-24. However, the loads seems to increase again once the
wind speed reaches above 15 m/s. Moreover, the difference between the maxima and minima
grows with increasing wind speed. This is due to the influence of wind shear on this loading
which depends on the turbulence levels. The turbulence levels increase for increasing wind
speeds causing the trends observed.

The yaw-bearing roll moment should follow the shape of the torque curve which is indeed
observed in Figure A-25. The loads are significantly lower for the new model compared to
the original. This is due to the higher rated rotor speed. An increase in rotor speed means
that the mass of the blades spends less time in the "heavy" position which reduces the load
that is build up in that position. Furthermore, the extreme minima of the original model are
undesirable and a result of the poor controller design.
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HAWC2 controller re-tuning process
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Figure A-22: Tower base Fore-Aft moment maxima, minima and mean comparison between final
and original HAWC2 model of the DTU 12.6 m blade in DLC1.1.
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Figure A-23: Tower base Side-Side moment maxima, minima and mean comparison between
final and original HAWC2 model of the DTU 12.6 m blade in DLC1.1.
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Figure A-24: Yaw bearing pitch moment maxima, minima and mean comparison between final
and original HAWC2 model of the DTU 12.6 m blade in DLC1.1.
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Figure A-25: Yaw bearing roll moment maxima, minima and mean comparison between final
and original HAWC2 model of the DTU 12.6 m blade in DLC1.1.

The shaft torsion moment is caused by the aerodynamic moment generated by the wind over
the blades and by the generator torque controller. The curve should thus follow the shape
of the torque curve which is indeed observed in Figure A-26 but flipped up side down due to
the sign convention. Furthermore, the rated rotor speed influences the height of this load as
well through P = wT'. As the new model has a higher rotor speed the shaft torsion is reduced
which is indeed observed. The increasing difference between the minima and maxima of the
original model are caused by the extreme pitch extrusions which influence the aerodynamic
moment. These large fluctuations are undesirable for fatigue life.

The Out-of-Plane Blade Root Moment (OoP BRM) should follow the thrust curve which is
indeed observed in Figure A-27 where the flapwise BRM is plotted for both models. It is
important to note that the flapwise BRM is measured in the coordinate system of the blade
that pitches when the blade pitches, while the OoP BRM is measured in the coordinate system
of the hub and does not rotate when the blade pitches. The most negative flapwise BRM for
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the new model is higher than for the original model as the maximum thrust is higher with the
higher rotor speed. Besides the thrust force, the wind shear also influences the flapwise BRM
which explains the increasing difference between the minima and maxima for increasing wind
speeds, which have increasing turbulence levels.

The In-Plan Blade Root Moment (IP BRM) is also influenced by the aerodynamic moment
as that moment makes the blades turn which then generates the in-plane loads. This is why
the IP BRM mean curves are more similar to the shape of the torque curve. However, the
edgewise BRM is measured, see Figure A-28, where the torque does not always act on the same
direction due to the pitching of the blade. This is why the edgewise BRM starts decreasing
slightly above the rated wind speed. Furthermore, variations in the edgewise load are present
due to varying gravity loads and the operation of the torque controller. The edgewise BRM
of the new model are slightly lower than that of the original model which can be explained by
the higher rotor speed that reduces the torque. A higher rotor speed also means the blades
spend less time in the "heavy" position preventing a high build up of in-plane gravitational
loads.
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Figure A-26: Shaft torsion moment maxima, minima and mean comparison between final and
original HAWC2 model of the DTU 12.6 m blade in DLC1.1.
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Figure A-27: Flapwise blade root moment maxima, minima and mean comparison between final
and original HAWC2 model of the DTU 12.6 m blade in DLC1.1.
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Figure A-28: Edgewise blade root moment maxima, minima and mean comparison between final
and original HAWC2 model of the DTU 12.6 m blade in DLC1.1.

Finally, the minimum tower clearance is presented in Figure A-29. The tower clearance
relates to the flap-wise deflection of the blades which is driven by the OoP BRM. The curve
should thus follow the inverse of the thrust curve which is indeed observed for the new model.
However, the original model maintains a small tower clearance for higher wind speeds which
is in line with the minima trend of the OoP BRM which follows the maxima trend of the
thrust curve which indeed kept increasing for the original model. Furthermore, the minimum
tower clearance for the new model is significantly smaller compared to the original model due
to the higher thrust force at rated wind speed due to the higher rotor speed. Fortunately,
the tower clearance is still larger than the minimum tower clearance required by DNV GL
[56]. They require a minimum tower clearance of 30% of the unloaded tower clearance. The
unloaded tower clearance of the current model is 2.26 m of which 30% equals 0.68 m which
is still significantly lower than the observed minimum tower clearance in Figure A-29.
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Figure A-29: Minimum tower clearance comparison between final and original HAWC2 model of
the DTU 12.6 m blade in DLC1.1.

From the DLC1.3 load simulations the new maximum blade loads can be extracted and they
are compared with the original model loads as well as the loads in the received Abaqus, see
Figure 3-3. It can be observed that the edgewise loads are lower for the new model compared
to the loads in Abaqus. Furthermore, the flap-wise loading away from the tower (STP) is
very similar to the current load in Abaqus. However, the flap-wise loading towards the tower
is approximately 15% higher than the load in Abaqus which could pose a challenge for the
redesign. This load is related to the higher thrust forces in the new HAWC2 model. This could
be reduced through peak shaving but that turned out to be insufficient. The alternative is to
reduce the rated rotor speed to reduce the maximum thrust. An attempt was made to reduce
the rotor speed to 55 rpm, midway between the original and new HAWC2 model. However,
new instabilities arose and it turned out too complicated to resolve these instabilities through
adapting the controller.

A-1-1 AEP comparison

Now that the full turbine behaviour of the new HAWC2 model has been analysed and deter-
mined to be realistic, the next step is to compare the Annual Energy Production (AEP) of
the two different models. It was already observed that the electrical power was more often
at rated for the new model compared to the original model. This suggest that the AEP for
the new model will be higher as well which indeed is the case. The AEP has increased from
738.4 kWh to 822.1 kWh which is an added bonus.
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Appendix B

Micro-Mechanical Model for Fibre
Reinforced Composite Lamina

To predict the mechanical properties of a composite from the properties of its constituents, a
micro-mechanical model can be used. The micro-mechanical model and its equations used in
the current research are elaborated upon in this section.

The micro-mechanical model needs the volumetric composition as input. The volumetric
composition is the volume fraction of fibres, matrix and porosity. Generally, the fibre volume
fraction is a given input. If the fibre volume fraction V/ is given the porosity volume fraction
can be found with the following equation [43]:

v, = S ) T ) T Opr(@) ~ Opm(1) | Ypm) (B-1)
L+ apm)

Where (1) is the matrix porosity
constant related to voids in pure matrix @
regions. The oy, values are the fibre .
porosity constants where the first relates ”
to voids inside the fibres (fibre porosity),
the second relates to voids at the inter-
face between a fibre and the matrix (in-
terface porosity), and the third relates
to voids due to poor impregnation of the
fibre bundles with the matrix (impreg-
nation porosity). The different porosity
types are illustrated in Figure B-1. The

a .- &
-

-

|~ Fibre porosity

~ Inferface porosity

.

> Impregnation porosity

-

o O

" Matrix porosity

given equation is only valid when the Figure B-1: Schematic illustration of the four
fibre volume fraction is lower than the different porosity sub-components that have been
maximum fibre volume fraction, mean- identified from composite cross-sections [43].

ing no structural porosity (dry spots).

Master of Science Thesis Kimberly M.M. van den Bogaard



120 Micro-Mechanical Model for Fibre Reinforced Composite Lamina

Once the fibre and porosity volume fractions are known the matrix volume fraction can be
found with V,,, =1 —V; — V). If instead of the fibre volume fraction the fibre weight fraction
is provided, the fibre volume fraction can be calculated with [43]:

Wipm(1+app) + (L= We)pr(1 + apm)

Vi (B-2)
Where a,y is the fibre porosity constant which is a summation of three sub-components
related to the fibre porosity, interface porosity and impregnation porosity. The o, is the
matrix porosity related to voids in regions of pure matrix. Similarly to the fibre volume

fraction the porosity volume fraction can also be calculated from the fibre weight fraction
through [43]:

_ Wipmaps + (1 = Wy)psopm
Wipm(L+ app) + (1= Wy)ps(1+ opm)

Vo (B-3)

With the volumetric composition known, the composite density can be calculated with [78]:

Pc = prf + Vipm (B_4)

Where py and p,, are the densities of the fibres and matrix materials.

The composite Young’s modulus E.; can be calculated using the combined rule of mixture
for longitudinal composite stiffness [78]:

Ec,l = (noanfEf + VmEm)(l - VED)n (B_5)

Where E; and E,, are the fibre and matrix longitudinal stiffness’ respectively. Furthermore, n
is the porosity efficiency exponent which is typically equal to 2 for plant fibres. It quantifies the
effect of porosity giving stress concentrations in the composite. The 7, is the fibre orientation
efficiency factor which equals 1 for unidirectional composites with the fibres in the loading
direction. And the 7; is the fibre length efficiency factor which equals 1 for long fibres.

To calculate the transverse composite stiffness, the regular inverse rule of mixture is used [78]:

1 1 1 1
= =V, + Vin—— B-6
Eco FE.s 'E;y  TEn (B-6)

Where Ef 5 is the transverse stiffness of the fibres. The porosity is in this case only taken
into account through the slight reduction in fibre and matrix volume fractions. Furthermore,
it is assumed that E.2 = F. 3.

The composite shear stiffness is calculated with the following formula found in the Blade
Modelling Tool excel sheet provided by DTU. This formula was used to calculate the composite
shear stiffness for the GFRC of the DTU blade:

Gm
=08

G2 = Gi13 = Ga3 = (B-7)
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Where Gy and G, are the shear stiffness of the fibre and matrix respectively. It is assumed
that the shear stiffness is the same in all three directions.

The in-plane poisson’s ratio of the composite is also given by the rule of mixture [78]:

vig =113 = Vivio f + Viniam (B-8)

Where v19 r and v12, = v (isotropic) are the poisson’s ratios of the fibres and matrix. The
out-of-plane poisson’s ratio of the composite is calculated with the following equation which
is the rewritten equation for shear stiffness of a transversely isotropic material:

_ EC,Q _
2G23,c

93 (B—g)

To calculate the longitudinal tensile strength of the composite the simple strength models
will be used. This model assumes no fibre strength variation, equal strain until failure, and
the Hooke’s law to calculate the failure strains of the matrix, €,,, = %":;, and the fibres
€fu = % Where 0, and oy, are the tensile failure strengths of the matrix and the fibre

materials respectively. There are multiple tensile failure types for a composite. Either the
matrix is brittle and fails before the fibres do, €, < €y, or the fibres are brittle and fail
before the matrix does, €, > €f,. In case the matrix fails before the fibres do, the failure
type can either be a single matrix crack if the fibres cannot carry the entire load alone, or
multiple matrix cracking if the fibres can carry the entire load alone. In the former case the
failure strain of the composite is equal to that of the matrix and the composite strength is
given by [65]:

ol = (1= Vy)omu + Vio (B-10)
Where,
;o Omu
oy =Ey B, (B-11)

0} is the stress carried by the fibres when the matrix fails. In the case of multiple matrix

cracking the failure strain of the composite equals that of the fibres, and the strength of the
composite is given by [65]:

Oeu = Vi (B-12)
The criterion on the fibre volume fraction for multiple matrix cracking to occur is [65]:

1

Ofu _ By 1
Em+1

Omu

Vf > Vfc,m (B—13)

In case the fibres are brittle and fail before the matrix does, two different failure types are
possible. Again a single fracture can occur when the matrix cannot carry the load alone and
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the composite failure strain will equal that of the fibres. In that case the composite strength
is given by [65]:

ok =(1—Vp)al, + Viog, (B-14)
Where,
A i B-1

o), is the stress carried by the matrix when the fibres fail. Alternatively, the fibres can also
fail through multiple cracking if the matrix can carry the full load alone. In that case the
failure strain of the composite equals that of the matrix, and the composite strength is given
by [65]:

Ufu = (1 - Vf)amu (B-lﬁ)
The criterion on the fibre volume fraction for multiple fibre cracking to occur is [65]:

/

/
Omu — Op, T Oty

Omu — O,

Vf<

The transverse tensile strength of the composite, including effect of porosity, can be calculated
with the empirical equation developed by Ever J. Barbero [79]:

1 B,
oL = g Cy(1 — v;)E—’2 (B-18)
Where,
4V,
Cp=1—[—" B-19
m(1—=Vy) ( )

Where V,, is the void volume fraction which is assumed to equal V,,. The same strength
equation can be used to calculate the transverse compression strength of the composite by
replacing the tensile failure strength of the matrix by the compression failure strength o¢,,,.

The composite shear strength can also be calculated using the C, factor with the following
equation [79]:

o = T+ (V7 = V7)1 = ) (B-20)

Finally, the longitudinal compression strength of the composite can be calculate with the
following equation [79]:

kG

L m

o = ~ kGia. B-21
cu 1 ‘ff 127 ( )
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Where k is an empirical correction factor determined from an experimental test. The equation
also ignores fibre misalignment and assumes a linear shear stress vs strain relation.
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Appendix C

Classical Laminate Theory

The classical laminate theory facilitates the calculation of the global properties of a laminate
composing of several lamina, with varying orientations.

The laminate theory to calculate laminate properties from ply properties starts with the
compliance matrix which relates the stresses with the strains. In general, the compliance
matrix of a laminate looks as follows [80]:

€z [ S11 S12 Si3 0 0 Sig] ( ox
Ey 512 522 523 0 0 526 Oy
ez | _| Sz S S 0 0 Sz P (C-1)
Vyz 0 0 0 Sy S5 0 Tyz
Yz 0 0 0 Sas Sz 0 Tez
Yy | S16 S26 Sze 0 0 Ses | \ 7uy

The terms that make up the compliance matrix can be calculated for each individual ply &
which has an orientation angle 6 by transforming the ply properties, to the laminate coordinate
system. This is done with the following equations [80] where s = sinf and ¢ = cosb:

Sk = (Elll + El22 - G112> s2c? — %121 (84 + c4> (C-3)
ng = —%13;02 — %82 (C-4)

St = E2Hc3s - E222033 + <Glu - 2;1112) (053 - 035) (C-5)
Sk = E2Hcs3 - E222635 + <C¥112 - 2;1112) (035 - 053) (C-6)
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1 1
Sk =9 (”23 — ”13> C-7 Sk = —s% 4+ —2 C-8
36 Ey  En (G-7) MG Ga3 (€-8)
1 1 1 1
k k 2 2
_ _ _ Sk — — C-10
S45 (G13 G23> SC (C 9) 55 Glgc + G238 ( )
1 1 2v 1
k_4< - 12)22 (s A 94202 11
See 11—1—222—1- » s°c +G12(s +c sc) (C-11)

From the compliance matrix of a single ply the stiffness matrix of that single ply can be
obtained by taking the inverse of the compliance matrix: C = S~!. Then the laminate
stiffness matrix can be constructed from the equal strain assumption [80]:

I %

Where h is the total thickness of the laminate and t; is the ply thickness. The resulting
matrix equation is:

Oy [ Ci1 Ci2 Ciz O 0 Cis | €z
oy Cia Co Ca3 0 0 Co% Ey
o. | _|Ciz Co3 C33 0 0 Cs €z
7 [ | 0 0 0 Cu Cgi O Yyz (C-13)
Trz 0 0 0 C(45 C55 0 Yz
Try | Cig O C36 0 0 Co6 1 \ vay

From the global stiffness matrix the global laminate properties can be determined. This can
be done by setting the stress tensor to zero except for one entry. The resulting system of
equations can be solved to find expressions for the different laminate properties. For example,
to derive the axial stiffness E, and corresponding poisson’s ratios v, and v,., all stresses
will be set to zero except for o, from which an expression for F;, v, and v, can be derived
as function of the stiffness matrix entries. Solving this system of equations provides the
expression for E,. The final results for all laminate properties will be shown below [80]:

Ch6C Ch6C C?
Ey = Ci1 — gy (Cm - 1(?6626> — VUgz (013 - 1066636) - CTEZ (C-14)

ChC CyC C2
E, = Cay — vys (Cm - 166’6626> — vy. (023 - 266,6636> - 0—22 (C-15)

Ch6C CoC C2
E, =C33 — vy <013 - 1066636) — Uzy (023 - 2066636> - szz (C-16)

Where,
N C12C% — C13096C36 — C16C23C36 + C16C26C33 + C13C23C66 — C12C33C66 (C-17)
Y Ce6C35 — 202302 C36 + C33C%; + C220%5 — C22C33C 56
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_ C12C%; — C13C26C56 — C16C23C36 + C16C26C33 + C13C23C66 — C12C33C 66

Vyz C-18
Y Ce6C%y — 2C13C16C36 + C33C%; + C110%5 — C11C33C66 ( )
o C13C35 — C16C23C — C12C6C36 + C16C22C36 + C12C23C66 — C13C22C66 (C-19)
rz 0660223 — 2C93C9%C36 + 0330226 + 02205?6 — C22033C66
- CFsCa3 — C13C16C26 — C12C16C36 + C11C26C36 + C12C13C56 — C11C23C k6 (C-20)
v Ce6C% — 2C13C16C36 + C33C%; + C110%5 — C11C33C66
oo — 0130226 — (1602309 — C12C2C56 + C16C22C36 + C12C23Cs6 — C13C22C%6 (C—Ql)
zr CosC%y — 2C12016Co6 + 0220126 + 0110226 — C11C22C%6
o CFCa3 — C13C16Ca6 — C12C16C36 + C11Ca6C36 + C12C13C66 — C11C23C66 (C-22)
- Ce6C3y — 2C12016C26 + Ca2C%s + C11C35 — C11C22Ce6
And,
C’lng> ( 013016) Cis
Gy = Ces — vy Cos — — VUgyz | C3g — - C-23
y 66 — Uzyy ( 26 i Vzy 36 Cn C11 ( )
Where,
; _ 0%2036 — (12C1305 — C12C14C93 + C13C16C92 + C11C93C5 — C11C92C36 (C—24)
e C33C%, — 2012013053 + C220%5 + C11C%5 — C11C22C33
N CF3096 — C13C16C23 — C12C13C36 + C12016C33 + C11Ca3C36 — C11C26C 33 (C-25)
wy C53C%, — 2C12013C3 + C220%5 4+ C110%5 — C11C22C33
And finally,
c? Ci
Gy. = Cyq — C;;z (C-26) Gz = Css5 — C’iiz (C-27)
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Appendix D

Natural Fibre Material Properties from
Literature

Table D-1: Bamboo dry fibre properties obtained from literature.

Source p Eq Es o-i G2 V12
lg/cm?] | [MPa] | [MPa] | [MPa) | [MPa] | [
[49] 118 | 32000 - 800 - -
[34] 0.85 21500 - 470 - -
Fibre bundle [81] 0.8 35900 - 441 - -
[82] 0.802 - - 200.5 - -
[83] _ 26000 - 323 - -
Single fibre [66] ; 34620 - 930 - -
Vascular bundle [66] 0.86 28590 - 470.87 - -
Bundle fibre [66] - 16500 - 290 - -
Fibre bundle [84] 0.68 12020 - 179.23 - -
Average 0.86 25890 - 456 - -

Table D-2: Hemp dry fibre properties obtained from literature.

Source p E; Es o-i G2 V12
lg/cm?] | [MPa] | [MPa] | [MPa] | [MPa] | []

Fibre bundle, - - - 702 - -

no heat treatment [85]

Table 2 [67] 1.15 45000 - 690 - -
Table 1 [49] 1.48 70000 - 900 - -

[34] 1.45 56750 - 585 - -

[33] - 70000 - - - -

[35] 1.35 45000 - 820 - -
Average 1.36 57350 - 740 - -
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Table D-3: Flax dry fibre properties obtained from literature.

Source p E; E-> o{ Gz V12

lg/cm?] | [MPa] | [MPa] | [MPa] | [MPa] | [-]
[86] - 52500 8000 - 2410 0.498
[87] 1.5 56000 - - - -
[88] 1.47 62000 - - - -
[89] 14 - - - - -
[49] 1.5 80000 - 1500 - -
[90] 1.55 60000 - 700 - -
[41] 1.46 70000 - 700 - -
[33] 1.4 70000 - - - -
[35] 1.38 65000 - 850 - -
[34] 1.45 65300 - 1171.5 - -
[44] - 67600 - 883 - -
[91] 1.44 84000 - 921.5 - -

Average 1.455 66582 8000 960 2410 0.498

Table D-4: Sisal dry fibre properties obtained from literature.

Source p Eq Es a’i Gz V12
lg/cm?] | [MPa] | [MPa] | [MPa] | [MPa] | []

[92] - 39500 - 690 - -
Table 2 [67] 1.295 19500 - 580 - -
Table 1 [49] 1.45 38000 - 700 - -
[34] 1.415 23500 - 531.5 - -
[33] 1.33 38000 - - - -
Average 1.37 31700 - 625 - -

Table D-5: Ramie dry fibre properties obtained from literature.

Source P E1 E2 O'i G12 V12
lg/cm?] | [MPa] | [MPa] | [MPa] | [MPa] | []

Table 3 [93] - 15500 - 525.9 - -
Table 2 [67] 1.5 44000 - 685 - -
[34] 1.275 | 76250 - 700 - -
[35] 144 | 23000 - 915 - -
Average 1.41 40000 - 706 - -
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Table D-6: Jute dry fibre properties obtained from literature.

Source p E; E-> 0'{ Gio V12
lg/cm®] | [MPa] | [MPa] | [MPa] | [MPa] | []

Table 2 [94] 1.46 20000 - 600 - -
Table 2 [67] 1.45 20000 - 600 - -
Table 1 [49] 1.46 30000 - 800 - -
[34] 1.395 43000 - 560 - -

[33] 1.46 20000 - - - -

[35] 1.23 46250 - 547.5 - -
Average 1.41 37000 - 706 - -
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Appendix E

Sensitivity Study Details

E-1 Calculation volume percentage UD/BIAX material

The relative amount of UD and BIAX material in the blade is calculated as volume percentage
to help interpret the results of the performed sensitivity study. The Blade Modelling Tool
(BMT) divides the cross-section into 19 sections plus the two shear webs for all 98 radial
positions from root to tip. For each radial position the arc-length of each section is given as
well as the material layup. As the airfoil is split in sections the curvature per section is small
and it will be assumed that the cross-sectional area can be calculated as the arc-length times
the thickness. Furthermore, the lay-up is specified through alternating UD and BIAX plies
by specifying the thickness of the consecutive UD or BIAX plies. Thus, the cross-sectional
area consisting of UD or BIAX material for each radial position can be calculated as follows:

21
A, = Z tn " Sp (E-1)

Where t,, is the sum of the thickness of eitﬁer1 the UD or BIAX plies in section n and s,
is the arc-length of section n. To calculate the volume, the cross-sectional area needs to be
multiplied by a radial section length. As the cross-sectional area of a wind turbine blade
varies along the blade it is decided to use an averaging method to determine the volume for
each radial section. For each radial section half the radial section length will be multiplied by
the cross-sectional area of the first radial position and half the radial length will be multiplied
by the cross-sectional area at the next radial position. The total volume is then calculated
using the following formula:

97
Tm+1 — Tm
V=> 7“2 (Am + A1) (E-2)
m=1

Where, r is the radial position and A the cross-sectional area taken up by the material of
interest. As the BMT tool splits the blade in many sections it is possible to distinguish the
amount of UD/BIAX material in the whole blade, the load carrying beam and the sparcaps
only. The percentage of UD and BIAX material in the blade is presented in Table E-1 where
100% is the summation of the two materials.
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Table E-1: Volume percentage UD and BIAX material for different blade components of the
DTU 12.6 m blade.

Entire blade | Load carrying beam only | Spar caps only
UD 56.6 61.1 72.7
BIAX 43.5 39.0 27.3

The results are in line with typical wind turbine designs where the distribution UD/BIAX is
60/40%. What is also visible is that the relative amount of UD material in the spar caps is
significantly higher compared to the rest of the blade. This is logical as the spar caps provide
the longitudinal bending stiffness which in turn is provided through many layers of the UD
material. This also means that the UD engineering constants likely have a larger impact on
the outputs compared to the BIAX engineering constants when analysing the flapwise loads
in the sensitivity study.

E-2 Torque full results

The results for all sensitivity tests for the UD and BIAX material for the torsional load is
presented in Figure E-1 and Figure E-2.
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Figure E-1: Percentage difference in RM3 as a result of a 10° twist at r = 10.8 m of the DTU
12.6 m blade: UD sensitivity results.
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E-3 PTS full results
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Figure E-2: Percentage difference in RM3 as a result of a 10° twist at r = 10.8 m of the DTU
12.6 m blade: BIAX sensitivity results.

E-3 PTS full results

The results for all sensitivity tests for the UD and BIAX material for the tip deflection under
the PTS loading is presented in Figure E-3 and Figure E-4. The "extreme min" result is not
presented in the BIAX plot as it is significantly larger than the values in the BIAX plot and
would reduce the visibility of the other results.
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Figure E-3: Percentage difference in tip deflection magnitude of the DTU 12.6 m blade: UD
sensitivity results in PTS loading
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Figure E-4: Percentage difference in tip deflection magnitude of the DTU 12.6 m blade: BIAX
sensitivity results in PTS loading

The results for all sensitivity tests for the UD and BIAX material for the maximum Tsai-Wu
value under the PTS loading is presented in Figure E-5 and Figure E-6. The "extreme_ min"
result is not presented in the BIAX plot as it is significantly larger than the values in the
BIAX plot and would reduce the visibility of the other results.

Analysing the results it can be stated that the maximum Tsai-Wu value is significantly im-
pacted by the longitudinal bending stiffness E1 of the UD material. The comparison with the
baseline is valid as the maximum Tsai-Wu value is not artificial and originates from the same
ply and approximately the same location as the baseline results.
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Figure E-5: Percentage difference in maximum Tsai-Wu value of the DTU 12.6 m blade: UD
sensitivity results under PTS loading.
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Figure E-6: Percentage difference in maximum Tsai-Wu value of the DTU 12.6 m blade: BIAX
sensitivity results under PTS loading.

E-4 STP full results

The results for all sensitivity tests for the UD and BIAX material for the tip deflection under
the STP loading is presented in Figure E-7 and Figure E-8. The "extreme min" result is not
presented in the BIAX plot as it is significantly larger than the values in the BIAX plot and
would reduce the visibility of the other results. The comparison of the significant parameters
is presented in Figure E-9. The relationship between the longitudinal stiffness inputs and the
tip deflection output for the STP loadcase is presented in Figure E-10.
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Figure E-7: Percentage difference in tip deflection magnitude of the DTU 12.6 m blade: UD
sensitivity results under STP loading.
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Figure E-8: Percentage difference in tip deflection magnitude of the DTU 12.6 m blade: BIAX
sensitivity results under STP loading.
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Figure E-9: Percentage difference in tip deflection magnitude of the DTU 12.6 m blade under
STP loading: significant parameters from sensitivity study.
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Figure E-10: Percentage difference in tip deflection magnitude vs percentage change in E; input

for the DTU 12.6 m blade under STP loading.

The results for all sensitivity tests for the UD and BIAX material for the maximum Tsao-Wu
value under the STP loading is presented in Figure E-11 and Figure E-12. The "extreme min"
result is not presented in the BIAX plot as it is significantly larger than the values in the BIAX
plot and would reduce the visibility of the other results. The comparison of the significant
parameters is presented in Figure E-13. The relationship between the longitudinal stiffness
inputs and the maximum Tsai-Wu value output for the STP loadcase is presented in Figure E-
14. The relationship between the BIAX in-plane poisson’s ratio input and the maximum
Tsai-Wu value output for the STP loadcase is presented in Figure E-15.
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Figure E-11: Percentage difference in maximum Tsai-Wu value of the DTU 12.6 m blade: UD
sensitivity results under STP loading.
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Figure E-12: Percentage difference in maximum Tsai-Wu value of the DTU 12.6 m blade: BIAX
sensitivity results under STP loading.
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Figure E-13: Percentage difference in maximum Tsai-Wu value for the DTU 12.6 m blade under

STP loading: significant parameters from sensitivity study.
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Figure E-14: Percentage difference in max. Tsai-Wu value vs percentage change in E; input for

the DTU 12.6 m blade under STP loading.
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Figure E-15: Percentage difference in max. Tsai-Wu value vs percentage change in v input
for the DTU 12.6 m blade under STP loading.

E-5 TTL full results

The results for all sensitivity tests for the UD and BIAX material for the maximum tip deflec-
tion under the TTL loading is presented in Figure E-16 and Figure E-17. The "extreme_min"
result is not presented in the BIAX plot as it is significantly larger than the values in the
BIAX plot and would reduce the visibility of the other results.
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Figure E-16: Percentage difference in tip deflection magnitude of the DTU 12.6 m blade: UD

sensitivity results under TTL loading.
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Figure E-17: Percentage difference in tip deflection magnitude of the DTU 12.6 m blade: BIAX
sensitivity results under TTL loading.

The results for all sensitivity tests for the UD and BIAX material for the maximum Tsai-Wu
value under the TTL loading is presented in Figure E-18 and Figure E-19. It must be noted
that the analysis of the results lead to the conclusion that some values were artificial as a result
of numerical issues. These results include the "BIAX E1 E2 min", "BIAX GI12 min",
"BIAX_ nul2 max" and "extreme BIAX min" test cases. This complicates the analysis of
the influence of the different engineering properties on the stress levels and failure limits.
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Figure E-18: Percentage difference in maximum Tsai-Wu value for the DTU 12.6 m blade: UD
sensitivity results under TTL loading.
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Figure E-19: Percentage difference in maximum Tsai-Wu value for the DTU 12.6 m blade: BIAX
sensitivity results under TTL loading.

The full results of the sensitivity study of the tip deflection for the TTL loadcase are presented
in Appendix E, the significant results are presented in Figure E-20. It can be observed that
the tip deflection in the edgewise direction mainly depends on the UD longitudinal stiffness
and BIAX longitudinal stiffness. The influence of the UD and BIAX stiffness is much more
similar in this loadcase compared to the flapwise loadcases. This is because the bending
stiffness in the edgewise load direction mainly comes from the material along the trailing
and leading edge which consist for the majority of BIAX material, thus explaining the larger
influence of the BIAX longitudinal stiffness compared to the flapwise loadcases. However, as
the longitudinal stiffness of the UD material of 42.7 GPa is significantly larger than that of
the BIAX material with 14.3 GPa, means that the UD material also provides a significant
amount of the blade’s bending stiffness in the edgewise direction. This explains why the UD
longitudinal stiffness also has a significant impact on the tip deflection in this loadcase.

Another interesting observation is that the transverse bending stiffness of the UD material
does not play a significant role in the edgewise bending stiffness of the blade. This is likely
caused by the fact that the longitudinal stiffness of 42.7 GPa is significantly larger than
the transverse stiffness of 12.6 GPa causing its influence to overpower that of the transverse
stiffness.

Furthermore, despite the stiffness of the UD and BIAX material contributing approximately
equally to the tip deflection, it must be noted that the tip deflection when changing both
materials is significantly larger compared to their individual results. This can be explained
similarly as for the flapwise loading. The reduction in stiffness of one material is no longer
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compensated by the higher baseline stiffness of the other material causing the significant
increase in deflection.
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Difference in tip deflection magnitude w.r.t. baseline [%]

Figure E-20: Significant results of sensitivity study on TTL loadcase for the DTU 12.6 m blade:
percentage difference in tip deflection magnitude.

As the impact of the UD and BIAX longitudinal stiffness is more similar in this loadcase it is
important to plot the percentage input versus percentage output to create a fair comparison.
The same additional data points are evaluated as for the PTS loadcase, see Table 4-11 and
Table 4-12. The results presented as percentage change in E1 versus tip deflection output
are shown in Figure E-21. Both a linear and quadratic curve-fitting is presented to evaluate
which type of relation better fits the data. For the BIAX material the linear and quadratic
curve are close together so one could conclude that the relation is practically linear. For the
UD material the quadratic curve fits the data better. Comparing the curves of the UD and
BIAX material show that the BIAX material has a larger impact than the UD material as
the BIAX curve lies above the UD curve. However, the difference in impact is significantly
smaller than for the flapwise loadcases as the two curves lie relatively close together.
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Figure E-21: Percentage difference in tip deflection magnitude vs percentage change in E; input
for the TTL loadcase of the sensitivity study on the DTU 12.6 m blade.
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Glossary

List of Abbreviations

Abbreviation  Property

2D 2-Dimensional

3D 3-Dimentional

abs. absolute value

AEP Annual Energy Production

APS Announced Pledges Scenario

BECAS BEam Cross-sectional Analysis Software

BIAX Bi-axial, fibres aligned in two directions

BMT Blade Modelling Tool

BW Backward Whirling mode

CFD Computational Fluid Dynamics

CO2 Carbon dioxide

COl Collective edgewise mode

COP26 Climate Change Conference 26

COVID-19 Coronavirus Disease 2019

Diff. Difference

DLC Design Load Case

DNV GL company: Det Norske Veritas and Germanischer Lloyd

DOF Degrees of Freedom

DTU Technical University of Denmark

E-glass glass characterised by its suitability for electrical insulation

EGR Emissions Gap Report

Eng. const. Engineering constant

EoL End of Life

EU European Union

FE Finite Element

FEA Finite Element Analysis

FEM Finite Element Method

FW Forward Whirling mode

GFRC Glass Fibre Reinforced Composite

GHG Green House Gases

HAWC2 Horizontal Axis Wind Turbine Code second generation

HAWC2S frequency based aeroservoelastic code for steady states computation and stability analysis
of horizontal axis wind turbines

IEA International Energy Agency

IEC 61400-1  International Electrotechnical Commission report 61400-1

IP BRM In-Plane Blade Root Moment
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Abbreviation Property

IPCC AR6 WGI  Intergovernmental Panel on Climate Change Sixth Assessment Report Working Group I
LCA Life Cycle Analysis

LTT Leading edge To Trailing edge

max maximum

min minimum

MPC Multiple Point Constraint

n.a. not available

NDC Nationally Determined Contributions

NFRC Natural Fibre Reinforced Composite

NZE Net Zero Emissions

OoP BRM Out-of-Plane Blade Root Moment

Par. Parameter

PGA Polyglycolide or poly(glycolic acid)

PHB Polyhydroxybutyrate

PI Proportional Integral

PLA Polylactic Acid

PLLA Ply-1-Lactic Acid

PTS Pressure To Suction

S8R 8-node conventional double curved thick Shell element with Reduced integration
SC8R 8-node Continuum Shell element with Reduced integration
SCF Stress Concentration Factor

STP Suction To Pressure

SYM Symmetric flapwise mode

TBD To Be Determined

Triaxial fibres aligned in three directions

TRL Technology Readiness Level

TRL Technology Readiness Level

TTL Trailing edge To Leading edge

TU Technical University

TU Technical University

UD Unidirectional, fibres aligned in one direction
UD90 Unidirectional with the fibres aligned in the direction of 90 degrees
UN United Nations

UNEP United Nations Environmental Program

wrt with respect to

List of Symbols

Symbol  Unit  Property

Qpf(1) [-] Fibre porosity constant related to fibre porosity
Qpf(2) [-] Interface porosity constant
Qpr(3) -] Impregnation porosity constant
Qpf [-] Fibre porosity constant

Qpm(1) ] Matrix porosity constant

Qpm -] Matrix porosity constant

) [mm] Elongation

€ [mm] Material strain

€fu [-] Fibre failure strain

Emu [-] Matrix failure strain

€f [-] Failure strain

€ [mm] Material strain in the i-direction
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Symbol Unit Property

Ntot -] Total Efficiency

m [-] Fibre length efficiency factor

Mo -] Fibre orientation efficiency factor

5y [mm) Material shear strain

vij [mm] Material shear strain in the 7j-plane

v [] Poisson ratio

Vij [-] Poisson ratio in the ij-plane

Vig,f [-] Fibre Poisson ratio in the 12 plane
Vi2,m -] Matrix Poisson ratio in the 12 plane
w [rad/s]  Rotational speed

Qmaz allowed  [rad/s] Maximum allowable rotor speed

P [g/cm3]  Density

Pe [g/em®]  Composite density

Pr [g/cm3]  Fibre density

Pm [g/cm®]  Matrix density

o [MPa]  Stress

o [MPa]  Material stress

b [-] Summation

ok, [M Pa] Longitudinal composite strength

ol [MPa]  Transverse composite strength

oy [MPa]  Stress carried by the fibres upon matrix failure
O fu [MPa]  Tensile failure strength of the fibres
Om, [MPa]  Stress carried by the matrix upon fibre failure
Omu [M Pal) Tensile failure strength of the matrix
of [MPa]  Longitudinal compression strength

at [MPa]  Longitudinal tensile strength

o5 [MPa]  Transverse compression strength

ab [MPa]  Transverse tensile strength

o [MPa]  Material stress in the i-direction

T [MPa]  Shear strength

Teu [M Pa] Composite shear strength

Tij [MPa]  Shear strength in the ij-plane

Trmu [MPa]  Matrix shear strength

0 [deg] Orientation angle

0 [deg] Pitch angle

A [m?] Area

A [m?] Cross-section

Am [mm?] Cross-sectional area of cross-section m
c [-] Parameter equal to cosine of 6

C [-] Laminate stiffness matrix

Cij [-] Laminate stiffness matrix entries

Cp [-] Power coefficient

Cy -] Void coefficient

E [MPa]  Young’s Modulus

E.1 [MPa]  Composite longitudinal stiffness

E.2 [MPa]  Composite transverse stiffness

E.3 [MPa]  Composite out-of-plane stiffness

E;» [MPa] Fibre transverse stiffness

E; [MPa]  Young’s Modulus in the i-direction
E;; [MPa]  Young’s Modulus in the ij-plane

E11 [- Strain in the direction of coordinate axis 1 (longitudinal)
E12 -] Strain in the coordinate axis 12 plane (shear)
E22 [] Strain in the direction of coordinate axis 2
E; [MPa] Fibre (longitudinal) stiffness

E.. [MPa]  Matrix (longitudinal) stiffness

Enm2 [M Pal) Matrix transverse stiffness
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Symbol  Unit Property
F [N] Force
F; [-] Coefficients of the Tsai-Wu failure criterion
G [M Pa) Shear Modulus
Giz2,c [M Pa] Composite shear stiffness in the 12 plane
Ga3,c [M Pa) Composite shear stiffness in the 23 plane
G [M Pa) Shear Modulus in the i-direction
Gij [M Pa) Shear Modulus in the ¢j-plane
Gy [M Pa) Fibre shear stiffness
Gm [M Pal) Matrix shear stiffness
I [mm)] laminate thickness
% [-] Indexing number
J [] Indexing number
K [Nm/(rad/s)?] Optimal C, tracking K factor
k [-] Emperical correction factor
Kig [Nm/(rad/s)]  Integral gain of torque controller
Kpy [Nm/(rad/s)]  Proportional gain of torque controller
K, [deg] Coefficient of linear term in aerodynamic gain scheduling
Ky [deg?] Coefficient of quadratic term in aerodynamic gain scheduling
K; [Nm/rad] Integral gain of torque controller
K; [rad/rad] Proportional gain of pitch controller
K, [Nm/(rad/s)]  Proportional gain of torque controller
K, [rad/(rad/s)] Proportional gain of pitch controller
L [m] Length
m [kg] Mass
M [N'm] Moment
m [-] Indexing number
N [-] Amount
n -] Indexing number
n [-] Porosity efficiency exponent
r (W] Power
Peec [W] Electrical power
R [m] Radius
Tm [mm] Radial position of cross-section m
R -] Correlation coefficient
RM3 [N/mm)| Reaction moment arount coordinate axis 3
s [-] Parameter equal to sine of 6
S -] Laminate compliance matrix
S11 [M Pa) Stress in the direction of coordinate axis 1 (longitudinal)
S12 [M Pal) Stress in the coordinate axis 12 plane (shear)
522 [M Pa) Stress in the direction of coordinate axis 2
S* [M Pa) Transverse shear strength
ST [M Pal) Longitudinal shear strength
Sij - Laminate compliance matrix entries
Sn [mm] Curve length of region n
T [N] Thrust
T [Nm)] Torque
t [mm] Thickness
t [mm)] laminate ply thickness
t [s] Time
tn [mm] Thickness of laminate region n
U [mm)] Deflection
U1 [mm)] Deflection along coordinate axis 1
U2 [mm)] Deflection along coordinate axis 2
U3 [mm)] Deflection along coordinate axis 3
UR [°] Rotational deflection
v [m/s] Velocity
v [mm)] Deflection
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Symbol Unit Property

Vv m/s] Wind speed

v mm?]  Volume

Vies -] Fibre volume fraction criterion for multiple fibre cracking failure mode
Viem -] Fibre volume fraction criterion for multiple matrix cracking failure mode
Viated tip speed  [M/S] Rated wind speed

Vs -] Fibre volume fraction

Vin -] Matrix volume fraction

Vp -] Porosity volume fraction

Vo -] Void volume fraction

[
[
[
[
[
[
[
|
Vy [m/s] Wind speed in the direction of the y-coordinate
[
[
[
[
[
[
[
[
[

Wy -] Fibre weight fraction

x¢ MPa] Longitudinal compression strength

X7 MPa] Longitudinal tensile strength

| MPa] Transverse compression strength

YT MPa) Transverse tensile strength

1P Hz] frequency equal to 1x the rotational speed
3P Hz] frequency equal to 3x the rotational speed
6P Hz| frequency equal to 6x the rotational speed
9P Hz] frequency equal to 9x the rotational speed
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